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Abstract: In this study, ultrafine grain (UFG) SS316L was produced using an equal channel angular
pressing (ECAP) process at two different die angles namely 120° and 126°. The effect of different die
angles on mechanical, corrosion, and surface properties were thoroughly investigated. Furthermore,
the subsequent effect on the cytotoxicity of SS316L was investigated. The microstructure observation
shows ECAP processing has produced an elongated, finer grain size at 120° than 126°. The ECAP
processing also increases the hardness of SS316L. There is no change in wettability and surface rough-
ness observed. However, the ectrochemical measurement reveals that ECAP processing improves the
corrosion resistance of SS316L. The cytocompatibility of ECAPed SS316L was evaluated by both a
direct and an extract methods, finding the contribution of grain refinement by ECAP processing.
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1. Introduction

Severe plastic deformation (SPD) is a metalworking process that produces high defect
density and consistent ultrafine grain structure or crystalline with nano structure by
combining enormous strains with a characteristic complicated stress state or high shear in
the specimen. The SPD technique was developed in the 1930s and started to gain interest in
the past few decades. The SPD processes include equal channel angular pressing (ECAP),
high pressure torsion (HPT), accumulative roll bonding (ARB), and multidirectional forging
(MDE). Furthermore, many novel methods have been done to improve the technical
capabilities of the existing SPD methods including tubular channel angular pressing [1],
vortex extrusion [2] and sideways extrusion [3,4]. Equal channel angular pressing (ECAP)
remains one of the popular severe plastic deformation processes first introduced in the
1980s by Segal [5,6], and later improved by Ruslan Valiev [7-9]. In the ECAP process, the
sample will be pressed through an angular channel with the same cross-sectional area
under extremely high shear strain. By initiating high plastic strain into the materials, ECAP
improves the mechanical properties of the materials without changing their cross-sectional
area [10]. The process produces superior mechanical properties on the materials while
maintaining their shape and dimension [11]. Deformation of the ECAPed samples during
a single pass is related to the parameters of ECAP processing, such as the temperature, the
channel angle, and the outer radius angle. The channel angle of the common ECAP die
is 90°, which exerts very large single-pass shearing deformation. However, at a die angle
of 90°, a high processing temperature is needed to avoid the fracture of samples. Thus,
increasing the die angle allows the shear deformation to avoid specimen fracture, resulting
in dynamic recrystallization [12]. Furthermore, a higher die angle will decrease the pressing
force required [13]. To ease the sample extrusion required during ECAP especially at room
temperature, many researchers have adopted higher die angle even though it resulted in
smaller equivalent strain [14-16].
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Stainless steel (SS) 316L is primarily used in biomedical applications for implantable
devices due to its excellent corrosion resistance, high oxidation resistance, and good
formability [17]. This steel contains significantly more nickel than conventional austenitic
steel, ensuring a fully austenitic state [18]. However, the high nickel content is the primary
impediment to using steel in biomedical applications, as nickel and its compounds are
potent allergens. The corrosion resistance of the SS is attributed to the presence of protective
passive film which stability is largely influenced by the Cr content of the alloy. However,
the passive film on SS is susceptible to localized breakdown (pitting corrosion) [19]. It has
been found that nanocrystalline grain size has been shown to improve the pitting resistance
and passivation behaviour of the steels [20]. Thus, by applying the ECAP process on the
stainless steel, we may alter the grain structure and consequently improved the corrosion
behaviour. In this present study, we aimed to manufacture ultrafine grained SS316L at two
different die angles namely 120° and 126°. Consequently, we systematically investigated
the effect of ECAP die angle on the mechanical, electrochemical, and surface properties of
55316 and their influence on the cytocompatibility of SS316L.

2. Materials and Methods
2.1. Mechanical and Microstructure Properties

Commercial heat-treated SS316L with 10 mm diameter and 15 cm length was used as
the sample in this work. Two sets of ECAP dies with internal die angles of 120° and 126°,
respectively, were used as shown in Figure 1. The channel diameter of the die was 260 mm
with a channel diameter of 10 mm. The samples were pressed at room temperature for
one pass for each of the die at a pressure of 80 bar by using a hydraulic pressure machine.
Molybdenum disulphide (MoS;) was used for this process to reduce the friction between
the sample surface and the channel surface.

Figure 1. Insert of ECAP die with internal die angle of (a) 120° and (b) 126°.

For microstructure analysis, a metallurgical microscope (Olympus BX53, Melville, NY, USA)
was used. The image of the microstructure appeared after being etched using Carpenters
stainless steel etch. Only one of each condition was tested. Toupview software (Hangzhou
ToupTek Photonics Co., Ltd., Hangzhou, China) was used to further analysis of grain size
and particles area.

The hardness of ECAPed specimens was investigated using Vickers hardness machine
(Wilson Tukon 1202, Lake Bluff, IL, USA). The specimens were subjected to a load of 100 gf
for 10 s. The test was carried out in a grid of seven points horizontally and three points
vertically to check the hardness distribution across the samples (Figure 2).
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Figure 2. Hardness test points.

2.2. Electrochemical Test

5S316L specimens were polished by SiC papers upto UF-1200 (6.5 um), and sterilized
by ethylene oxide gas prior to the electrochemical test. The test was performed using
a typical three electrode system consisting of a platinum wire as a counter electrode, a
saturated Ag/AgCl (3 M NaCl) electrode as a reference electrode, and an SS316L sample
(exposed area of 0.264 cm?) as a working electrode. The electrodes setup was connected to a
potentiostat (VersaSTAT 4, Princeton Applied Research, AMETEK, Oak Ridge, TN, USA). A
5 mL portion of an electrolyte was poured into the electrochemical test chamber, and placed
in an incubator at a certain temperature for approximately 2 h to stabilize the the open-
circuit potential (OCP). Then, potentiodynamic (PD) measurement was performed at a
scanning rate of 0.16 mV /s with the potential range from —0.25 V vs. open circuit potential
(OCP) to the potential giving the current over 1 mA /cm?. Parameters such as corrosion
potential (Ecr) and corrosion current density (Icorr) were decided from polarization curves
by the Tafel method using VersaStudio software (Princeton Applied Research, AMETEK,
Oak Ridge, TN, USA). Testing conditions were as follows:

(1) In 0.9% NaCl at 37 °C with N, flow at 100 mL/min,

(2) In a cell culture medium at 37 °C under an atmosphere of 5% CO, in humidified air.

As the cell culture medium, Eagle’s minimum essential medium supplemented with
10% newborn calf serum (E-MEM + 10%NCS) was employed with pre-conditioning
overnight at the same condition to the test. At least three samples were tested for
each condition.

2.3. Cytotoxicity Test

Cytotoxicity test was performed following 1SO10993-5 (direct method and extract
method). Murine fibroblast L929 (NCTC Clone 929, purchased from Dainippon Pharma-
coceutical Co. Ltd., Osaka, Japan) was employed. All surfaces of SS316L disc samples
6~9 mm in diameter and 4~5 mm in thickness were polished by SiC paper up to UF-1200
(6.5 um). Then, polished samples were sterilized by ethylene oxide gas prior to the test.

For the direct method, disc samples were placed in the bottom of 24-well microplate
and then, 100 cells for L929 were inoculated with ImL of E-MEM supplemented with 10%
fetal bovine serum (E-MEM + 10%FBS). Control well is prepared as the well without a
sample. After 7d of incubation at 37 °C in an atmosphere of 5% CO; in humidified air,
cells are fixed with a 25% glutaraldehyde solution and stained with a 10% Giemsa staining
solution. The number of colonies formed on the sample surface or the bottom of the control
well was counted to calculate the relative plating efficiency (RPE) as follows:

RPE (%) = {(N sample / Asample)/ (Neontrol/ Acontro)} % 100

where Ngample and Neontrol indicate the average number of colonies on the sample surface
and on the bottom of the control well, respectively. Agample and Acontrol indicate the sample
top surface area and the bottom area of the control well, respectively.

For the extract method, five samples were immersed into E-MEM + 10%FBS at 37 °C
in an atmosphere of 5% CO, in humidified air for 24 h. The amount of E-MEM + 10%FBS
was set at the sample surface area to the solution rate as 3 cm? /mL. After immersion, the
supernatants were collected and diluted appropriately with E-MEM + 10%FBS. L929 were
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seeded on a 24-well microplate at a concentration of 50 cells per well in 0.5 mL of E-MEM +
10%FBS. After 4 h in a CO, incubator, the E-MEM + 10%FBS in the wells was discarded and
replaced with 0.5 mL of the extract or its dilution. A 0.5 mL portion of E-MEM + 10%FBS
was poured into the control wells. Then, the cells were incubated in a CO, incubator for 7 d.
The colonies formed on the well were fixed and stained to count the number of colonies
formed on the bottom of the each well. RPE was calculated by the following equation:

RPE(%) = (Nsample /Neontro) % 100

The bottom areas of the sample and a control well were the same as 1.9 cm?. Experi-
ments were carried out in triplicate.

2.4. Surface Characterization

Surface properties were investigated through water contact angle (WCA) and surface
roughness. The static water contact angle of a sample surface was measured by a contact
angle meter (DM700, Kyowa Interface Science Co. Ltd., Saitama, Japan) under atmospheric
conditions at ambient temperature. A distilled water droplet of about 1.5 uL was released
onto the surface and the water contact angle at both sides of the droplet was analyzed based
on its image using the tangent method after 2 s of waiting time. Sample surface roughness
was measured by a confocal laser microscope (VK-9710, Keyence Corp., Osaka, Japan) with
the scanning area of 704 x 527. For both WCA and surface roughness, three individual
measurements were performed for each type of sample.

2.5. Statistical Analysis

The results are presented as means + standard deviation. Responses of the cells to the
samples were statistically analyzed using the Student’s t-test. In all cases, p values lower
than 0.05 were considered statistically significant. Significant changes induced by samples
are marked by asterisks in the figures.

3. Results
3.1. Microstructure and Mechanical Characterization

The ECAP procedure altered the mechanical properties of SS316L, most notably during
the hardness test. The average value of hardness for before ECAP (BE), 120° and 126° was
345 £ 9, 440 & 16 and 444 £ 19 HV, respectively, suggesting the increase of hardness values
ca. 28% by the ECAP processing. Figure 3 illustrates the variation of the hardness values
across the sample for three different ECAP conditions. The hardness standard deviation for
120° ECAP was 16 HV, whereas the standard deviation for 126° ECAP was 19 HV indicating
the difference in the variation across the radial. The difference in the hardness profile is due
to the strain inhomogeneity produced during the ECAP process. Thus, increasing the die
angle could result in a reduction in the magnitude of the strain induced as evidence by the
average hardness, but the strain induced was more homogeneous throughout the samples.

The microstructure of SS316L before and after ECAP is depicted in Figure 4. The
coarse, equiaxed grain was observed in the BE sample as an mean grain size of 11.43 um.
For both ECAP-ed findings, a finer grain with an elongated shape was noted with some
sub-grains with mean grain size of 5.95 um for 120° and 7.10 um for 126°. Sub-grain
formation was also observed in the ECAPed samples. However, the grain refinement was
inhomogeneous due to uneven stress distribution after 1-pass ECAP.
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Figure 4. Metallographic observation of S5316L (a) before ECAP, (b) 120° ECAP and (c) 126° ECAP.

3.2. Electrochemical Characterization

Typical electrochemical test results of as received and ECAPed SS316L in 0.9% NaCl
and E-MEM + 10% NCS are shown in Figure 5a,b, respectively. Corrosion potential (Ecor),
corrosion current densities (Ic,rr) and pitting potential (Ep;;) obtained from the polarization

curves are listed in Table 1.
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Figure 5. Comparison of the potentiodynamic polarization curves in (a) 0.9% NaCl and (b) E-MEM + 10% NCS.
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Table 1. Corrosion parameters of 316L SS before and after ECAP.

SS316L in 0.9%NaCl SS316L in E-MEM + 10%NCS

ECAP Angles

Ecorr (mV) Icorr MA/cm?) Epit (mV) Ecorr (mV) Icorr (nA/cm?) Epit (mV)

BE
120°
126°

35=£311 146.8 £ 100.3 337.0 £ 35.0 —31.5£433 126.7 £ 924 311.0 £99.0
—52.2+49.3 246 £49 205.0 £90.0 —59.4 +£22.0 37.6 £24.3 348.0 £ 16.0
—-179£11.0 107.0 £ 82.0 186.0 £ 96.0 —56.0 £ 26.9 56.6 +27.2 307.0 £ 74.0

Water contact angle (%)

100

80

60

40

20

BE

The sample in 0.9% NaCl, before ECAP had the noblest E.,, and E,it among three
samples tested, but the 120° ECAP sample had the smallest I+ 120° and 126° ECAP
samples showed similar E.yy, and Euit, where both were lower than those of before ECAP
sample. However, the I, of the 126° ECAP sample was larger than that of the 120° ECAP
sample. These facts indicate that the ECAP process influenced the corrosion property of
SS316L and that the 120° ECAP sample had slightly better corrosion resistance than the
126° ECAP sample.

In E-MEM + 10% NCS, before ECAP sample had the nobler E,, but the larger
Icorr than ECAP samples, as similar to those in 0.9% NaCl. Concerning the Eyit, 120°
ECAP sample was the highest, but the difference was much smaller than those in 0.9%
NaCl. The 120° ECAP sample had slightly better I, than that of the 126° ECAP sample.
These facts indicate that the effect of ECAP on corrosion behavior was much smaller in
E-MEM + 10%NCS than that in 0.9% NaCl, and that ECAP at 120° gave a slightly better
improvement of corrosion properties than that of ECAP at 126°.

Furthermore, in both solution, ECAP-ed samples had lower I, than that of the before
ECAP sample, which corresponded to lower anodic kinetic. These PD results suggest that
the corrosion resistance of SS316L was improved by ECAP.

3.3. Surface Characterization

The wettability of SS316L specimens was investigated using a sessile drop test as
shown in Figure 6a. The water contact angle for BE, 120° and 126° samples were 88.8° £ 3.9°,
81.8° & 3.3° and 96.3° + 1.6° respectively with no significant difference were observed
between all samples.
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Figure 6. (a) Contact angle and (b) surface roughness properties of SS316L before and after ECAP.

The major surface roughness parameters of SS316L samples are shown in Figure 6b.
For SS316L, the highest value of average roughness (R,) was observed for the 120° ECAP
sample, which was almost double of those for BE and 126° ECAP. For the maximum
roughness Ry, the highest value was observed for BE samples followed by 126° and 120°.
The same trend was observed in the mean peak-to-valley height (Rz) value. However, the
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surface roughness parameters also did not have any significant difference among samples.
This may be due to all samples being subjected to the same sample preparation prior
to testing.

3.4. Cytotoxicity Test

The cytotoxicity test results by the direct and the extract method are shown in
Figures 7 and 8 respectively. For the direct methods, BE had the highest RPE, followed by
120 and then 126, but no significant difference was observed between the three SS316L
samples and control. For the extract methods, BE had an RPE of about 100% for all the
extract concentrations, suggesting a similar cellular growth level to the control. For ECAP
samples, no sample showed an RPE smaller than 100%, indicating that the extracts of
the samples did not have a cytotoxic effect on L929 cells. Furthermore, the value of RPE
gradually increased as the extract concentration increases\d, suggesting the supporting
effect of the extracts for L.929 growth.

140
120
100}

80F

RPE (%)

€0

40

20

control BE 1209 126°

ECAP angles (°)

Figure 7. Cytotoxicity evalution of BE and ECAPed SS316L by the direct contact method (mean =+ sd).
No significant difference was observed between the control and three different samples.
200
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0 Il 1 L 1 1
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Extract concentration (%)

Figure 8. Cytotoxicity of SS316L samples evaluated by extract method (mean =+ sd).* p < 0.05 to
control samples.
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4. Discussion

Grain refinement induced by ECAP process is influenced by the die angle used during
the experiment. The die angle is the most critical processing parameter in the ECAP process
because it affects the total strain imposed on the billet during each pass, thereby affecting
the grain refinement of the billet. Additionally, as the number of passes increases, the strain
increases. The total strain can be calculated by using the following equation [21]:

€eq = \1@ [2cot(% + %) + lpcsc<(§ + li)]
where ¢ is the internal angle and ¢ is the external angle of the channel of the die. The
die channel angle and channel displacement have a significant effect on the magnitude of
effective strain in the ECAP with parallel channels process [22]. By decreasing the angle
and displacement of the die channel, a greater magnitude of effective strain is imposed
on the sample. In general, the die channel angle has a greater effect on the magnitude
of an effective strain than on its homogeneity; decreasing the die channel angle results
in a greater magnitude of the effective strain imposed on the sample and a requirement
of a greater pressing force. However, a channel displacement has a greater effect on the
homogeneity of the effective strain; increasing the displacement of the die channel results
in a more homogeneous effective strain across the sample cross-section.

It has been reported that stainless steels with an ultrafine grain structure exhibit
significantly greater oxidation resistance than their coarse grain counterparts with the
same chemical composition [23]. This is due to increased Cr diffusion and the ease with
which a compact Cr-oxide layer forms in ultrafine-grained steels. It was observed that
the passive film is more stable, compact, and has a lower defect density even though
the Cr content in the passive film is higher than the bulk Cr content. The changes in the
electrochemical properties of the ultrafine-grained stainless steel may be attributed to the
compactness and stability of the passive film [24]. Severe plastic defomation processes
have been shown to improve alloy corrosion properties. On the surface of ultrafine grain
alloy, a more rapid formation of a passivating layer with improved barrier properties was
observed, resulting in improved corrosion resistance of the alloy following severe plastic
deformation. Increased grain contact area in the refined microstructure accelerated the
formation of a less defective protective barrier surface layer and promoted alloy surface
passivation under simulated physiological conditions [25,26]. Electrochemical tests done in
this study shows that ECAP influences the corrosion properties of SS316L. I, is reduced
by ECAP in both conditions tested; 120° ECAP improves better than 126° ECAP.

The ultrafine grain structure also influences the surface topography of the SS316L.
The ECAP process at 120° is shown to have the highest mean average surface roughness.
Not only that, the surface wettability (WCA) in 120° ECAP also has changed. The reason
for this change in wettability may be the enhancement of capillarity resulting from a high
number of grain boundaries of ultrafine grain SS316L after conducting ECAP [27]. Surface
wettability is a property of the surface energy of ultrafine grain alloys that is strongly related
to the grain boundary extension. Energy-dense surfaces exhibit high wettability because
the solid-liquid interface reduces the energy [28]. Higher wettability of the nanostructured
material may also affect the absorption of proteins hence improved cell proliferation [29].

The improvement in electrochemical and surface properties of ECAP sample has been
translated to cytotoxicity test results. By the extract methods, the increase in RPE value
showing that the cell proliferation has improved in the ECAP samples compared to BE.
This order of the increase in RPE agrees with the order of smaller I, in the cell culture
medium observed by electrochemical tests. The ECAP process decreases the grain size of
the SS316L thus allowing for the formation of a better protective passive film. Even though
the ECAP process itself does not change the thickness or composition of the passive film, it
has been shown that the passive film formed is more compact and stable leading to better
corrosion resistance and suppression of metal ion release [24].
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5. Conclusions

In this study, ultrafine grain 316L with increased hardness was produced using ECAP
at two different die angles of 120° and 126°. Findings showed an improvement in corrosion
behaviour of ECAP-ed samples in 0.9% NaCl and E-MEM + 10% NCS. The evaluation
of cytotoxicity of ECAPed SS316L also shows improvement compared to BE samples.
However, there are no significative changes in wettability and surface roughness on studied
samples. Higher strain induced at a lower angle of 120° leads to smaller grain size, higher
hardness, better corrosion resistance and better cell proliferation.
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