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Abstract: In this research, medical grade 316L stainless steel plate was treated 
by using surface mechanical attrition treatment (SMAT) and electropolishing (EP) to 
achieve a hard and smooth surface, as required for osteosynthesis plates for bone fracture 
reconstruction. Surface morphology, roughness and wettability of the plate after a series 
of treatments by using the SMAT and EP were then characterised, and the results were 
compared with the surface properties of osteosynthesis plate reported in the literature. The 
result of this research showed that the SMAT could increase the hardness of the surface 
and subsurface layer of the plate but could not produce a smooth surface as required for 
an osteosynthesis plate. Meanwhile, such a smooth surface could be achieved after the EP. 
With this treatment, surface hydrophobicity of the stainless steel also slightly increased, but 
with no surface hardening effect such as shown by the SMAT. To deal with this conflicting 
situation, EP was applied after SMAT to produce stainless steel plate with a smooth and 
hard surface. 

Keywords: Surface mechanical attrition treatment, electropolishing, surface characteristics, 
316L stainless steel, osteosynthesis plate
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1.	 INTRODUCTION

In the last few decades, osteosynthesis plate has been considered as the standard 
medical device that can used to aid the healing and reconstruction of bone fracture. 
Once implanted together with a set of fixation screws, the plate provides stable 
fixation and longitudinal compression for the fractured bone, which are needed 
to promote healing and reconstruction process of the injured bone.1 Until now, 
medical grade 316L stainless steel has been chosen as the standard material for the 
osteosynthesis plate, owing to its biocompatibility and anti-corrosion properties.1–3 
However, failures of the osteosynthesis plate fabricated from this material had been 
reported in the open literature, mainly due to overloading and fatigue fracture.3,4 
Therefore, improvement of mechanical properties of osteosynthesis plate  
fabricated from the standard medical grade 316L stainless steel remains necessary. 

In earlier studies, it is reported that mechanical properties and fatigue resistance 
of the medical grade 316L stainless steel could be increased by using surface 
mechanical attrition treatment (SMAT).5–7 With this treatment, surface hardness, 
tensile strength, fatigue resistance and wear resistance of metallic materials 
increased, owing to the formation of nanocrystallites at their surface and subsurface 
layer.5–10 On the basis of these studies, it is reported that the SMAT had recently 
been applied to increase fatigue resistance of osteosynthesis plate prepared from 
the medical grade 316L stainless steel.11 However, on the other hand, it is also noted 
that the SMAT produced stainless steel plate with a considerably rough surface, 
i.e., with arithmetic medium value (Ra) of 1.0 μm, as compared with the roughness 
of osteosynthesis plate reported in the literature, i.e., Ra = 0.59–0.88 μm.1,8,12 

Surface roughness and wettability have so far been considered as critical parameters 
that could be used to evaluate the mechanical properties and biocompatibility of 
osteosynthesis plate.1 Corrosion and fatigue resistance of stainless steel would 
deteriorate due to irregularities of the surface.13–16 In addition, the risk of an 
implant with rough surface from being infected by microbial increased, owing to 
enlarged surface area of the implant for bacterial colonisation.17 It is also reported 
that bacterial adhesion to a surface depends on the implant surface wettability, 
where a sterile implant generally possesses a hydrophobic surface.17,18 Hence, a 
less-hydrophobic surface of the stainless steel treated with the SMAT should be 
avoided in the design of osteosynthesis plates.8 

In this research, the use of SMAT and electropolishing (EP) in the preparation of 
osteosynthesis plate made from 316L stainless steel was studied. Basically, the 
EP was used for a surface finishing of metallic parts with a complex shape.19,20 
A preliminary study showed that the EP could lower the roughness of 316L 
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stainless steel after the SMAT.21 However, further investigation related to the 
effects of such hybrid treatment on surface structure and wettability should be 
carried out to ensure that this treatment could meet the clinical requirements for the 
preparation of osteosynthesis plate. In this work, the influences of SMAT, EP and 
their combination on surface morphology, roughness, wettability and subsurface 
microhardness distribution of medical grade 316L stainless steel are discussed.

2.	 EXPERIMENTAL

In this research, medical grade 316L stainless steel plates with chemical 
compositions (%wt) of 0.03 C, 16.69 Cr, 10.57 Ni, 2.39 Mo, 1.74 Mn, 0.67 Si, 
0.34 Cu and balanced Fe were prepared as the specimen with a dimension of  
100 mm × 50 mm × 4 mm. All the specimens were first cleaned by using 70% 
ethanol (PT Jayamas Medical Industri, Indonesia) prior to the treatments.

Figure 1:  Schematic illustration of the experimental setup.

As illustrated schematically in Figure 1, the SMAT was carried out by vibrating a 
rigid chamber with 250 spherical milling balls having 4.76 mm in diameter inside. 
The specimen was placed at the upper side of the chamber. During the treatment, 
the specimen surface received multiple impacts of the milling balls. Meanwhile, 
as also schematically shown in Figure 1, EP was carried out by utilising a pair of 
cathode and anode that were both prepared from 316L stainless steel, immersed in 
an electrolyte solution with a separating gap of 35 mm. In this case, the anode of 
this treatment was the specimen subjected to EP. An electric current and voltage of 
36 A and 9.5 V, respectively, were applied for 0–20 min during the treatment. The 
electrolyte solution was composed of 96% H2SO4 and 85% H3PO4 solutions, mixed 
together in a ratio of 1:1. In this research, both the as-received and the SMAT 
specimens were treated with EP. 

Surface morphology of the specimen was examined by using scanning electron 
microscope (SEM; Quanta 250, Oxford Instrument, UK). Prior to the measurement, 
the specimen was first cleaned through sonication in 99% ethanol (Wako, Japan). 
Energy dispersive X-ray (EDX) spectroscopy analysis was also performed to 
characterise surface elements of the specimen.
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Surface roughness of both the as-received and treated specimens was measured 
using Surfcom 120A contact stylus profilometer (Advanced Metrology System, 
UK). The specimen was first cleaned with 70% ethanol (PT Jayamas Medical 
Industri, Indonesia) prior to the measurement. With this measurement, the average 
of arithmetic medium values (Ra) of the surface specimen was determined in 
triplicate. 

Surface wettability of the specimen was evaluated by using sessile droplet contact 
angle test. Prior to the test, the specimen was also cleaned by using 70% ethanol, 
rinsed in distilled water, and dried at room temperature. A distilled water droplet 
was then injected through a syringe and deposited at five different locations on 
the surface of the specimen. A two-dimensional image of static water droplet on 
the surface of the specimen were then captured by using SX20IS digital camera 
(Canon, Japan). The contact angle of the water droplet deposited on the surface of 
the specimen was then determined through image analysis.

To confirm the surface hardening due to the SMAT, microhardness distribution 
across the specimen sectional area was characterised by using Vickers microhardness 
tester (Buehler, US). The specimen was first mounted in resin, ground and then 
polished mechanically prior to the testing. Vickers indentation test was carried out 
with an indentation load of 4.9 N for 15 s.

3.	 RESULTS AND DISCUSSION

Figure 2 shows a series of SEM micrographs illustrating the changes in the 
surface morphology of the stainless steel after SMAT, EP and their combination. 
The surface of as-received specimen could be recognised from its irregular 
structure, consisting of protrusions and cracks spreading over the surface of 
stainless steel, such as seen in Figure 2(a). By using EP, such irregular structure 
could be eliminated and a smooth surface could then be achieved, as indicated in 
Figure 2(b). Meanwhile, the multiple impacts of milling balls during the SMAT 
deformed protrusions plastically and resulted in a flat surface, though some pits 
could still be observed, indicating unimpacted region at the specimen surface, as 
demonstrated in Figure 2(c). Finally, in Figure 2(d), stainless steel surface with a 
morphology similar to that in Figure 2(b) could be produced, after a treatment with 
SMAT and EP.
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(a) As-received

(c) After SMAT (d) After SMAT and EP

(b) After electropolishing EP

Figure 2:	 SEM micrographs of 316L stainless steel surface: (a) as-received, (b) after EP, 
(c) after the SMAT and (d) after the combination of the SMAT and EP.

The results of roughness measurement of both the as-received and the treated 
surface of the stainless steel are shown in Figure 3. As seen in this figure, the 
Ra of the steel surface decreased from 3.98 µm to 0.99 µm due to the SMAT. 
Meanwhile, the EP produced a smoother surface than the SMAT, i.e., with  
Ra = 0.65 µm. The EP for 20 min for the SMAT specimen resulted in a steel surface 
with Ra = 0.15 µm.
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Figure 3:  Surface roughness of the specimen prior to and after the treatments.

The formation of a rough surface at the specimen with the SMAT corresponds 
to the formation of new peaks and valleys resulting from the impacts of milling 
balls.8 However, the roughness of an initially rough surface decreased after the 
SMAT, as the existing peaks, i.e., protrusions, on such surface were deformed by 
the multiple impacts of milling balls. In earlier study, it is also reported that the 
SMAT produced a surface with saturated roughness of Ra ≈ 1.0 µm, which was 
higher than the Ra values of osteosynthesis plate, i.e., Ra = 0.59–0.88 µm.1,8,12 

The use of EP to decrease the roughness of 316L stainless steel is confirmed in this 
study. With this treatment, the irregular surface structure of as-received specimen 
disappeared due to electrochemical dissolution in EP process.19,20 In this case, it 
is also noted that surface roughness of the steel decreased with the increasing 
duration of EP. A similar finding is reported in the works of Lee and Lai and also 
Lee.19,20 Changes in the surface roughness resulting from EP also depend on initial 
roughness of the specimen. As demonstrated in this research, the application of 
EP for certain duration of treatment after the SMAT resulted in a specimen with 
smoother surface, compared to the as-received or even the EP specimens. The 
work of Lee and Lai also showed that the EP produced a smoother surface from an 
initially less rough specimen.19 In this case, to achieve certain roughness, treatment 
with EP on an initially rough surface took longer than that on a smoother one. 
Pre-treatment, for instance mechanical polishing, was required to improve surface 
finish of a material by using EP.19 In this experiment, the ability of the SMAT 
to decrease the roughness led to the use of this treatment prior to EP to improve 
surface finish of 316L stainless steel.
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As indicated in a previous study, a rough surface obtained from the SMAT might 
be inappropriate for the design of osteosynthesis plate.1 With such a rough surface, 
corrosion resistance and fatigue resistance of a metallic material might reduce.13–16 
Meanwhile, the susceptibility of biomaterials or implants to bacterial adhesion 
generally increased with the increasing surface roughness of the materials.17 In 
this research, EP obviously altered the rough and irregularly-structured surface of 
the stainless steel (as processed with the SMAT) to a dense surface with a free-
defect and smooth appearance. Based on the measured surface roughness, it is also 
noted that a specimen surface with Ra of 0.1 µm could be obtained by using the 
EP for certain duration of treatment after the SMAT. Compared with the results 
reported in a previous study, the Ra value of 316L stainless steel processed with 
the SMAT and EP was lower than that of the standard osteosynthesis plate, i.e.,  
Ra = 0.59–0.88 µm.1
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Figure 4:  Surface wettability of the specimen prior to and after the treatments.

The effect of all the treatments performed in this research on static droplet contact 
angle deposited on the specimen surface was indicated in Figure 4. Apparently, 
both SMAT and EP did not alter the droplet contact angle. However, the EP 
treatment for 20 min after the SMAT resulted in the largest contact angle of the 
droplet deposited on the surface of the specimen. On the basis of this study, it 
is apparent that the SMAT did not influence the droplet contact angle, though it 
was able to decrease the roughness of the as-received specimen. As noted earlier, 
the SMAT has only a minor effect on surface wettability of 316L stainless steel.8 
Meanwhile, as demonstrated in this research, the application of EP decreased 
the roughness, but slightly increased droplet contact angle on the surface of 
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316L stainless steel specimen. The EP for certain duration of treatment after the 
SMAT could produce a larger droplet contact angle as compared to that of the EP 
surface. This phenomenon might be caused by the presence of smooth surface and 
nanocrystallites, produced by the combination of the SMAT and EP. However, 
further studies are needed to confirm this finding.

Surface wettability is a critically important aspect that should be considered in 
attempt to prevent bacterial contamination to biomedical implants. Hydrophilic 
bacteria could preferably adhere on a hydrophilic surface, whereas the hydrophobic 
ones tend to contaminate implants with hydrophobic surface.17 As demonstrated 
in this research, the droplet contact angle on the specimen treated with the 
combination of SMAT and EP was θ = 85.5°; which was close to the contact 
angle of droplet deposited on the surface of osteosynthesis plate, i.e., θ = 87° and 
mechanically polished 316L stainless steel with Ra = 0.04 µm, i.e., θ = 88.6°.1,8 
According to the previous studies, this finding might indicate a less hydrophilic 
property of stainless steel surface that had been treated with the combination of 
SMAT and EP, as compared to the as-received specimen and the specimens with 
the SMAT or EP.22,23 These properties might be beneficial since the adhesion of 
hydrophilic and hydrophobic bacteria on this surface might not be as powerful as 
the adhesion on a highly hydrophilic and hydrophobic surface. 

Figure 5:	 EDX spectra of (a) as-received specimen and specimens after (b) EP, (c) SMAT 
and (d) combined SMAT + EP.
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Figure 5 shows elemental compositions of the surface of the specimen, as revealed 
from the EDX spectroscopic analysis. In general, all the treated specimens indicated 
the presence of primary elements of stainless steel such as Fe, Cr and Ni. By using 
EP for 20 min after the SMAT, the C and Ni elements at the surface of the specimen 
could be eliminated, as indicated in Figure 5(d). This finding obviously indicated 
that the presence of undesired elements for biomedical implant applications, 
such as carbon (C) and nickel (Ni), at the surface of as-received specimen. In 
this research, it is shown that both C and Ni were no longer seen after surface 
dissolution and wear that happened during the SMAT and EP. 

In earlier studies, the application of SMAT to enhance mechanical properties of 
316L stainless steel has been reported in literatures.5–7 In this research, the increased 
micorhardness from Hv = 1.6 GPa to 2.9 GPa at a depth of 100 µm from the surface 
of the 316L stainless steel due to the SMAT is confirmed by the results of the 
previous works.5,7,8 As also noted in those works, the multiple impacts of milling 
balls during the SMAT were able to induce grain refinement at the surface and 
subsurface layer of the stainless steel, resulting in a material with a hard surface 
layer and improved mechanical properties.5–8
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Figure 6:  Subsurface microhardness distribution over the specimen cross-sectional area.

The subsurface microhardness distribution over the specimen cross-sectional 
area is presented in Figure 6. SMAT increased microhardness of the specimen 
subsurface, i.e., from Hv = 1.6 GPa to 2.9 GPa, as measured at 100 µm deep 
from the surface. As shown in Figure 6, a hard surface layer with 800 µm thick 
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could be formed after 20 min of the SMAT. Meanwhile, EP did not influence the 
microhardness of the as-received specimen, but it reduced the microhardness of 
the SMAT-processed specimen, as indicated by the decreased Hv from 2.9 GPa to 
2.2 GPa, as measured at 100 µm deep from the surface. Since the EP dissolved the 
surface layer of the specimen, the thickness of the hard surface layer formed by the 
SMAT decreased. Nevertheless, the surface of the specimen after the combined 
treatment of SMAT and EP remained harder than both the as-received and EP 
specimens. A longer duration of EP might result in total elimination of the hard 
surface layer that had been produced by the SMAT. Therefore, duration of EP 
should be applied appropriately. In this research, the combined treatment, i.e., 
20 min of SMAT followed by 20 min of EP, was considered promising to generate 
stainless steel with a hard but smooth surface; demonstrating the advantage of this 
particular treatment for post-processing technique to produce osteosynthesis plate 
with improved mechanical properties and biocompatibility. 

4.	 CONCLUSION

In this research, the effects of SMAT combined with EP on surface morphology, 
roughness and wettability of 316L stainless steel were studied. Based on the results 
of this research, it is concluded that the EP for 20 min after 20 min SMAT could 
generate 316L stainless steel with a hard, smooth and less hydrophilic surface, 
which are relevant and required in the design of osteosynthesis plate. 
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