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The Selective Laser Melting (SLM) is an effective method to produce highly corrosion resistant Oral Alveolar Implants
(OAI) by changing the scanning speed. Nevertheless, the long-term corrosion behavior of SLM 316L orthodontic bracket
alloys in artificial saliva is overlooked in previous studies. In this study, 316L SS samples fabricated by SLM at different
scanning speeds (800 mm/s, 1200 mm/s, and 1600 mm/s) were conducted a long-term (90 days) immersion test by being
put into artificial saliva with three different pH values (pH 1.5, pH 4, and pH 6). The morphology, XRD and especially
corrosion behavior of the samples fabricated by SLM and forging were investigated. The XRD results exhibit that high-
speed scanning accelerates the cooling rate and inhibits the 6 — vy phase transformation proceeding. Corrosion results
show that the corrosion attack induced by pre-existing pores will expand through the crevices and break down the surface
structure around the pores, leading to corrosion damage area to expand to several times of the original pore area. Besides,
the mean corrosion rate of the sample at a scanning speed of 800 mm/s shows better corrosion resistance in artificial saliva
of pH 4 and pH 6. Compared with wrought 316L SS samples, the SLM 316L SS samples had an obvious difference in the

performance of corrosion rate and corrosion behaviors.
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1. INTRODUCTION

Implant materials have been developed to replace
diseased or damaged parts in the human body in order to
prolong life, to improve and restore tissue function, and to
improve quality of life [1]. There are two requirements for
implant materials, which are good biocompatibility and
long-term stability. In contemporary orthodontic treatment,
the implant materials are mainly including metal, plastic,
and ceramic [2]. The widely used metal implant materials
are stainless steel, cobalt-based alloy, Ti and Ti alloys, etc.
[3, 4]. AISI 316L SS is a common implant material because
of its reasonable cost, easy accessibility, excellent
manufacturing properties, accepted biocompatibility, and
good performance in corrosion resistance, making this
material is extremely attractive in the application of implant
materials [5].

In recent years, the technology of metal additive
manufacturing has played important roles in biological and
medical fields [6]. Selective Laser Melting (SLM) is one of
the most common technologies in metal additive
manufacturing. It adapts laser beam with high energy
density as input resources, forms three-dimensional digital
mode in Z axis through melting and solidifying metal
powder in each layer, and then transforms real parts.
Flexible manufacturing of complex parts can be achieved
and it skips to be manufacturing technology with the most
advanced and potential applications. Compared with
conventional technologies, SLM technology can produce
complex, high precision, and higher density parts directly,
providing wider freedom for designing and applications [7].

* Corresponding author. Tel.: +8613859126798.
E-mail address: 2019010037 @zqu.edu.cn (C. Liu)

196

While, although SLM implants have excellent structure and
machinery performances, needless to say, unavoidable
corrosion issues are hidden as well in various environments
for this material. It is reported that the failures of metal
implants are mainly caused by a fracture in 42 %, corrosion
in 24 %, and vicious organization along with the implants in
14 % [8]. Hence, when applying SLM technology to biology
implants, corrosion issues seem especially significant [9].

Among the researches that discussing corrosion
behaviors of SLM samples in different environments, Wen
et al. researched corrosion behaviors of SLM S136 SS
samples and casting samples after immersion in 6 % FeCls
solution for 48 hours [10]. The results pointed out that SLM
samples had better anti-corrosion performance, but with
deeper corrosion pits compared with casting samples. Zhang
et al. researched on the corrosion properties of SLM Ti-6Al-
4V alloy after immersion in simulated seawater for 1-5
weeks in the method of electrochemical impedance
measurement [11]. The results showed the SLM Ti-6Al-4V
alloy with fine grains structure could form dense TiO, films
in the beginning, which allowed this alloy with better anti-
corrosion performance, compared with wrought Ti-6Al-4V
alloy, in the immersion period.

Based on the above researches, most of the experiments
were conducted by adapting short time immersion tests. To
observe the corrosion behaviors of SLM samples in the
biological environment as real as possible, according to
previous research [12], a long-term immersion test was used
in this investigation. The corrosion properties of
SLM 316L SS samples in artificial saliva with various pH
values were studied and compared with wrought 316L SS



samples through experimental tests and theoretical analysis
methods. The findings are expected to contribute valuable
information for developing SLM 316L materials for broader
Oral Alveolar Implant application.

2. MATERIALS AND METHODS
2.1. Materials

The raw material used in this investigation was gas-
atomized 316L SS spherical powder. The morphology and
particle size distributions are shown in Fig.1l. The
maximum particle diameter of powder is below 50 pum, and
the mean particle diameter is 25.88 pm. In addition, wrought
316L SS after heat treatment
material.

is selected as reference

Particle size, um

b

Fig. 1. a— SEM micrographs showing the morphology of the 316L
powder; b—the particle size distribution

2.2. SLM machine and process parameters

An SLM machine (BLT-S200, BLT, China) equipped
with a 200W Yb:YAG fiber laser was used to fabricate the
SLM samples in this study. The thickness of the layer ranges
from 20 to 60 pm. The stripe scanning strategy was applied,
and the stripe was rotated by 67° counterclockwise for each
layer. Scanning speed has an important influence on the
performance of SLM samples. In this study, the values of
other process parameters are fixed, three different values
(800 mm/s, 1200 mm/s, and 1600 mm/s) are used for
scanning speed.

2.3. Characterization

The qualitative analysis of SLM samples is performed
by using X-ray diffractometry (XRD). The device uses Cu
as a target, with 40 kV voltage values and 40 mA current
values. The diffraction angle of 26 varied from 40° to 95° at
10°/min scanning speed. The microstructures were observed
by using optical microscopy (OM) and scanning electron
microscopy (SEM) equipped with an EDS detector.
Metallographic treatment of samples was cut at first,
followed by a hot mounting, grinding, and polishing. A
reagent consisting of HNO3 and HCI in the ratio of 1:3 was
used as an etching solution.

2.4. Immersion corrosion test

Immersion test samples in this study contain
SLM 316L SS in three different scanning speeds and
wrought 316L SS as reference material. Two groups of
samples are prepared following ASTM G31-2012A. Before
the immersing test, drying samples are weighed (accuracy
of 0.1 mg) at first, then samples hung by nylon strings are
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fully immersed into glass containers filled with test solution
independently, and covered by silica gels tightly, as shown
in Fig. 2. After this, put them into a constant temperature
drying oven at 37 £ 0.5 °C.

Fig. 2. Immersion specimens in aglass container covered with
silicone plug

Test solution adapts artificial saliva at different pH
values. The chemical compositions of artificial saliva
include NaCl, KCI, CaCl;, NaH;PO4, Urea, Na.S, and
distilled water. Normally the pH value of natural saliva is
near neutral, but it would reduce to pH 2 depending on
consumed foods or beverages [13]. In this study, three pH
values of artificial saliva (pH 1.5, pH 4, and pH 6 adjusted
by NaOH and HCI) were selected to investigate the
corrosion behavior of SLM 316L SS in more severe
environments. The ratio of solution volume and sample area
is 0.20 ml/mm2,

A long-term immersion time (90 days) was carried out
in this study. During the duration, the test solutions in glass
containers would be checked one time per two days, to
ensure the normal solution level. After immersion, the
samples were cleaned to remove corrosion products, and
reweighed after totally drying. The corrosion rate is
calculated based on the below formula after obtaining final
weight losses (g).

4
Corrosion rate (mmiy) = 21X 10 W |

1
Dx AxT @)

where W is weight losses of the samples, g; D is density,
g/cm?; A is surface area, cm?; T is experiment time, h.

3. RESULTS AND DISCUSSION
3.1. Microstructural properties

Fig. 3 is the XRD diffraction patterns of 316L SS
powder and SLM 316L SS samples in different scanning
speeds. The experiment result of 316L SS powder samples
is similar to the results from previous researches [14, 15],
showing a fully y phase structure. Compared with powder
samples, the diffraction peaks of SLM samples appear
different in two aspects. Firstly, the peak of SLM samples is
a little wider than that of powder samples. It can be
attributed to the rapid heating/cooling rate during SLM
processes, certain residual stresses and dislocations storage
in the material, and induced grain lattice distortion [16].
Secondly, different from powder samples with a fully y
phase, SLM samples also include some 6 phases in the low
angle position (the magnification part in Fig. 3). Based on
the Fe-C equilibrium diagram, the & phase is the structure
locating in the high temperature zone. While, due to the
cooling rate of the SLM process can reach 10° K/s [17], the



time from melting state to solid state is too short for & state
to transform to y phase [18, 19]. In addition, from Fig. 3, it
can be observed as well that the § phase peak’s intensity of
SLM 316L SS sample in 800 mm/s is lower than that in
1200 mm/s and 1600 mm/s.
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Fig. 3. XRD patterns of 316L SS powder and SLM 316L SS
fabricated in scanning speed of 800, 1200, and 1600 mm/s
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This is attributed to the fact that high-speed scanning
accelerates the cooling rate and inhibits the 8 — y phase
transformation proceeding.

Fig.4 shows the SLM 316L SS sample surface
morphology observed by OM (Fig. 4 a, b and c) and SEM
(the enlarged part in the upper right corner of Fig. 4 b and
d). It can be seen from the figure that the SLM 316L SS
sample with a scanning speed of 800 mm/s has an obvious
directional hatch space. When the scanning speed is
increased to 1200 and 1600 mm/s, the hatch space reduces
significantly or even disappears. Moreover, the sample of
1600 mm/s shows pores distribution with varying sizes, the
largest being over 100 um. After further observation, it can
be found that these pores show non-spherical morphology
while some of them still contain unmelted powders, as
shown in Fig. 4 d.

o

g

Fig. 4. Images of SLM 316L SS samples in different scanning
speeds: a—800; b—1200 mm/s; c—1600 mm/s; d-the
enlarged micrographs of the marked pore on image ¢

Thus, it can be deduced that these pores are process-
induces porosity, usually caused by laser power being too
low or scanning speed being too fast, leading to the laser
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energy exerted on the powder bed being not dense enough,
hence forming the so-called lack of fusion defects [20—22].
In addition, it can be observed from Fig. 4 that there are
bright and dark areas distributed on the three SLM samples.
The brighter areas are y phase matrix and the darker areas
are mainly cell clusters consisted of fine anisotropic
equiaxed grains and isotropic columnar grains, as shown in
Fig. 4 b. Such microstructures are mainly caused by rapid
solidification and high thermal gradients during the SLM
processes. More details about these microstructures have
been discussed in the literature [23]. It is worth mentioning
that these fine cellular structures show relatively even
distribution on SLM 316L SS samples in scanning speeds of
800 and 1200 mm/s, while less even on the sample of
1600 mm/s. It is reported that austenitic grains with fine
cellular  structures and homogeneous constituent
distribution resulted in better mechanical properties and
corrosion resistance for SLM samples [24].

3.2. Corrosion behavior
3.2.1. Corrosion rate

Table 1 lists the designated numbers of SLM samples
and wrought samples, as well as the corrosion rate results
calculated from weight loss after the samples have been
through immersion experiment. Fig. 5 is the trend graph of
the mean corrosion rate obtained from Table 1. From overall
data and trend, it can be concluded that the mean corrosion
rate of SLM samples is higher than wrought samples in the
same pH test solution. On the other hand, the mean
corrosion rate of SLM samples increases as the pH value of
the test solution decreases under the same scanning speed.
The corrosion rate of the S1600-1 sample can be as high as
0.746 mmly, exceeding all other samples. Except for high
porosity and strong acid factors, it can also result in the
uneven cell cluster distribution and the certain amount of &
phases contained in the sample. Some reported researches
point out that when a certain amount of & phase exists in
austenitic stainless steel, it will lower the concentration of
Cr and Mo of y phase, causing the stability of passive film
to degrade [25, 26].

Additionally, it is worth mentioning that the mean
corrosion rate of samples in scanning speed of 800 and
1200 mm/s has an irregular correlation with the pH value.
In pH 4 tested solution, the mean corrosion rate of sample
in scanning speed of 1200 mm/s is slightly higher than that
in scanning speed of 800 mm/s; however, in pH 1.5 and pH6
tested solution, the mean corrosion rate of sample in
scanning speed of 1200 mm/s is instead lower than that in
scanning speed of 800 mm/s. Thus, it can be deduced that it
may be related to the uneven porosity distribution in the
1200 mm/s sample. Overall, for SLM samples, porosity
increases as scanning speed increases while corrosion rate
shows the same trends with the change in porosity.

3.2.2. Corrosive surface morphology

Fig. 6 shows the corrosion surface morphology of the
SLM sample of a scanning speed of 1600 mm/s. The figure
shows that, in the three pH-value environments, those
irregular-shape pores formed at high scanning speed are the
initialization positions for corrosion damage. The reason is
that the oxide films on the side walls of these pre-existed



pores are less protective at the test solution, metal
dissolution can take place here higher and hard to diffuse
out of pores.

Table 1. The corrosion rate of SLM and wrought 316L samples in
artificial saliva with variable pH values for 90 days

samples Scanning pH value Mean corrosion
speed, mm/s of AS rate, mm/y
S51600-6 1600 6 0.199
$1600-4 1600 4 0.598
$1600-1 1600 15 0.671
$1200-6 1200 6 0.110
S51200-4 1200 4 0.211
S1200-1 1200 15 0.236
S800-6 800 6 0.134
S800-4 800 4 0.182
$800-1 800 15 0.322
W-6 — 6 0.009
W-4 — 4 0.066
W-1 — 1.5 0.149

dissolved, some Fe and Cr ions dissolving out from the
samples.

Fig. 6. SEM micrographs showing the surface morphology of the
samples: a—S1600-1; b—S1600-4; c—S1600-6

o \ b Al 17/

Hence, the anolyte inside the pores becomes more
aggressive, leading to the destruction of passivity [27].

Moreover, corrosion attack with larger scale continues
to expand through the crevices and cause cracks around the
pores and finally leading to the surface structure metal to
gradually break down and peel off. This phenomenon can
be observed clearly from the exposed metal sub-surface
around the pores, as shown in Fig. 6. Because the sub-
surface is only protected by a thin passive film, pits damage
can be observed here. SLM samples present more or less this
kind of corrosion damaged characteristics, especially
obvious in acidic solution. However, for wrought samples,
only near-surfaced metal flakes can be found to break away
in localized areas, as shown in Fig. 7, completely different
from the SLM samples. Still, these areas lack the protection
of passivation film hence more easily damaged by
corrosion, which can be seen from the different extent of pit
corrosion experienced by the three sets of samples in Fig. 7
in different pH-value solutions.
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Fig. 5. The difference between the corrosion rate of the samples

Table 2 shows the EDS analysis results at the positions
in Fig. 6. The results show that the concentration of Fe and
Cr at these three positions (marked as 1, 4, 6) are lower by
4~5wt.% as compared to other areas, while the
concentration of O is higher by 5~7 wt.% as compared to
other areas. This proves that after the surface oxides (iron
oxides and chromium oxides mainly) in the pores have been
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Fig. 8. SEM micrographs showing the surface morphology of the
samples: a—S1600-1; b—S1200-4; ¢ —S800-6
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Fig. 9. SEM micrographs showing the surface morphology of the
samples: a—S1600-1; b—S1600-6

Meanwhile, it is accompanied by dissolved oxygen
adsorbed onto the surface. Moreover, locations marked as 2,
3, 5in Fig. 6 are the positions of exposed sub-surface after
corrosion damage. It can be seen that the concentration of
oxygen at these three positions is reduced as compared to
other areas, which shows that the passivation film of the
sub-surface is rather thin and the re-passivation capability is
rather weak, corrosion resistance being rather weak as well.
It is worth mentioning that, relatively high Mn (0.99 wt.%)
and S (0.64 wt.%) are detected at position 5, which means
that MnS inclusions are precipitated at the sub-surface.

The effect of pH value on corrosion depends on the
situation with or without pre-existing pores. For a situation
without pores, the metal corrosion rate at the anode depends
on the reaction at the cathode. When the pH value of the
solution between 4 and 6, the corrosion rate is mainly
governed by the depolarization at which oxygen reacts with



adsorbed atomic hydrogen on the surface; when the pH
value of the solution is decreased to 1.5, the concentration
of H* increases, the corrosion rate not only depends on
depolarization by oxygen, but also hydrogen evolution [28].

Table 2. EDS analysis results of marked positions in Fig. 6

Elements, Locations

wt.% 1 2 3 4 5 6
Fe 61.14 | 66.61 | 66.39 | 61.43 | 66.38 | 62.27
Cr 15.21 | 16.10 | 15.93 | 15.08 | 16.88 | 15.26
Ni 1097 | 9.44 | 9.60 | 10.98 | 8.07 9.42
0 898 | 395 | 424 | 8.14 3.25 | 10.57
Mo 2.05 2.02 1.99 2.22 0.96 1.56
Si 0.77 0.95 0.83 1.01 0.82 0.21
Mn 0.73 0.76 0.83 0.80 0.99 0.63
S 0.15 | 017 | 019 | 0.34 0.64 0.08
Cl — — — — 2.01 —

The two reactions happen simultaneously at the
cathode, speeding up the metal dissolution at the anode and
leading to a relatively rigorous corrosion reaction. Such
corrosion behaviors dominated by pH value are shown
obviously on the wrought samples in this study. For the
situation with pre-existing pores, i.e. SLM samples, except
for acidic solution will accelerate the crevices corrosion and
cause serious damage on the sub-surface as mentioned
above, moreover, deeper pores or crevices also causes
increasing acidic concentration and worsening the corrosion
damage [29, 30].

Research points out, pores are the primary positions for
corrosion in SLM material [31]. While, the corrosion
reaction induced by pores not only damages the material’s
surface vertically, but also widens the scale of impact
horizontally. Fig. 8 shows the situation of surface corrosive
damage induced by single-pore corrosion, comparing the
maximum length of the pore (red marked areas) and the
maximum length of corroded area (yellow marked areas),
its damage can extend to 4 —5 times, even the pore is smaller
than 30 um. Schaller et al. pointed out, for SLM stainless
steel, when the diameter of pore >50 pm, corrosion
resistance decreased significantly [32]. This is slightly
different from the results observed in this study. It is
deduced that except for the difference in materials used, it
can also be due to the long-term immersion experiment
adopted in this study. Fig. 9 shows when multiple pores (red
marked areas) come close to each other, after long-term
immersion, some areas of corrosion will combine to form
larger areas, causing the corrosive damage reaction to
become more rigorous.

4. CONCLUSIONS

1. XRD analysis results show SLM 316L SS samples
commonly exhibit fine-grained microstructures and
certain untransformed § phases. This is due to the SLM
fast heating/cooling process that inhibits the grain
growth and 8 phase transformation proceeding.
Immersive corrosion experiment results show under the
same pH values, the mean corrosion rate of SLM
samples is higher than that of the wrought samples;
while under the same with a scanning speed, the mean
corrosion rate of SLM samples increases as the pH
value of corrosion decreases.
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The SLM sample in scanning speed of 1600 mm/s has
the highest corrosion rate when immersed in pH1.5
artificial saliva, which is mainly due to the high
porosity of this sample that provides favorable
corrosion conditions in an acidic environment. Other
reasons may include partially untransformed & phases
and uneven distribution of cell clusters.

Under long-term immersion test, the corrosion damage
area induced by pores can expand to several times the
original pore area. When multiple pores come close to
each other, individual corroded areas will combine to
form larger areas causing the corrosive damage to have
a more severe impact.
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