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Abstract: In order to improve the bioactivity of 316L stainless steel, a titanium layer was prepared on the surface of
316L by laser cladding (LC), followed by plasma electrolytic oxidation (PEO) to form a porous ceramic coating on
titanium layer. The morphologies, microstructure and compositions of the coated samples were characterized by 3D
surface profiler, SEM, EDS, XRD and XPS. The corrosion resistance and bioactivity of the coatings were evaluated by
potentiodynamic polarization and immersion test in simulated body fluid (SBF), respectively. The results showed that
the porous ceramic coating mainly consisted of anatase and rutile, and highly crystalline HA was also detected. The
main elements of the PEO coating are Ca, P, Ti and O. The LC+PEO composite bio-coating has more excellent
corrosion resistance than the 316L substrate in simulated body fluid. Furthermore, the composite coating could

effectively improve the bioactivity of 316L stainless steel.
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1 Introduction

316L stainless steel is widely used as
biomaterials in medical field because of its ease of
manufacturing, excellent mechanical property and
cost effectiveness [1-3]. However, it is difficult for
316L stainless steel to form a real chemical bond
with human bone tissue due to its low
biocompatibility, low bioactivity and high modulus
of elasticity [4]. Moreover, the corrosion and wear
resistance of 316L stainless steel is poor in vivo
environment. Some studies have shown that 316L
stainless steel would release Cr’" and Cr’", and

diffuse  to
inflammation and necrosis of surrounding tissues,
which ultimately leads to implantation failure due
to corrosion and wear [5—7]. Therefore, surface
treatment of 316L is one of the most effective
solutions. At present, the surface modification

surrounding ~ tissues,  causing

technology of steel mainly includes thermal
chemical reaction spraying, sol—gel, slurry, PVD,
CVD and plasma spray [8—10]. However, the low
bonding strength between the coating and the
substrate, and the defects such as cracks in the
coating are inevitable [11—-13].

Plasma electrolytic oxidation (PEO) is a

promising surface modification technology using
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the instantaneous high pressure and high
temperature generated by micro-arc discharge to
form porous ceramic oxide coating [14—16]. Due to
its environmentally friendly characteristic and
ability of metallurgical combination of the rough
surface layer, it is especially suitable for biomedical
applications of titanium alloys [17]. However, PEO
is currently mainly applied to valve metals such as
Al, Mg, Ti and their alloys. Laser cladding (LC) is a
kind of laser surface modification technology which
is metallurgically bonded with the substrate [18—20].
Titanium layer prepared by laser cladding on
stainless steel makes its surface possess unique
properties of titanium to a certain extent, such as
good mechanical properties, low modulus of
elasticity and corrosion resistance [21—24]. In order
to improve the bioactivity, a porous titania coating
containing Ca and P elements was formed by PEO
using the LC titanium as a base layer, which further
makes the titanium layer better bond with
surrounding tissues in human environment. The
surface of 316L medical stainless steel not only has
excellent properties of titanium, but also can satisfy
the clinic requirement that the surface of implant
material has biology. Therefore, it is feasible that
LC plus PEO were used to fabricate a composite
porous ceramic bio-coating on 316L. The coating
has high binding strength, good biological activity
and corrosion resistance, which further improves
the economic value and application prospect of
316L.

In our previous study, a Ca/P based ceramic
coating was fabricated on TC4 titanium alloy which
was produced by selective laser melting [25,26].
There is no study about formation, characterization
and investigation of bioactivity of Ca/P based
composite bio-coating on 316L by LC and PEO,
although there are many studies about the Ca/P
based coatings produced on the bulk titanium
alloys [25—27]. In this study, LC and PEO hybrid
techniques were combined to provide a
double-layer (LC+PEO) coating system. The
microstructure, thickness, and compositions of the
composite coating were investigated. In addition,
the surface properties of the samples were measured
from the aspects of corrosion resistance and
bioactivity. Growth characteristics through LC and
PEO on 316L substrate was also discussed. This
method effectively solves the technical defect that
the ceramic coating of stainless steel cannot be

prepared by PEO directly, and the results could
provide a new idea for the future application of
bio-ceramic coating on 316L.

2 Experimental

2.1 Materials

The substrate is 316 stainless steel plates with
dimensions of 40 mm % 50 mm x 10 mm. All the
substrates were polished mechanically with 400#,
800#, and 1200# SiC abrasive papers and then
cleaned by ultrasonic in ethanol. The industrial pure
titanium powder (99.7% purity) was used for the
laser cladding process, as shown in Fig. 1.

Fig. 1 Microstructure of 316L substrate (a) and
morphologies of pure Ti powder (b)

2.2 Coating preparation

As illustrated in Fig. 2, the process consists of
laser cladding in the pure titanium layer on the
316L substrate firstly, which will be coated by
using the PEO process in a second step. LC layer
was fabricated using SLM 125 HL machine with a
500 W fiber laser matched galvanometer scanning
system, which was supplied by SLM Solutions
GmbH, Germany. The optimal preparation process
of pure titanium layer was the laser power of 400 W,
scanning speed of 200 mm/s, laser spot size of
0.12 mm, scanning distance of 0.06 mm and layer
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Fig. 2 Schematic description of duplex surface treatments performed on 316L steel by laser cladding (LC) combined

plasma electrolytic oxidation (PEO)

thickness of 0.1 mm. In order to enhance the
bonding strength between pure titanium layer and
substrate, the transition layer of nickel with
thickness of 300 um was prepared on the surface of
steel before laser cladding of titanium layer.
Therefore, the optimized thickness of pure titanium
layer with 400 pm was chosen to improve the
quality of PEO coating according to the previous
experiment.

After LC processing, the specimens were cut
into d15mm x 5 mm by wire cutting. Then all
surfaces except the titanium layer were sealed with
epoxy resin and polyester, and then placed in an
oven at 45 °C for 8 h. The PEO coating was formed
on LC coated 316L. The LC coated 316L was used
as the anode, and a stainless steel electrolyzer was
used as the cathode during the PEO process. The
electrolyte was an aqueous solution consisting of
0.1 mol/L C4H¢CaO4-H,O and 0.06 mol/L Na,HPOs,
at the same time, NaOH was added to the
electrolyte to adjust the pH of the solution to 12—13.
The optimal electrical parameters of PEO were set
as current density of 9 A/dm?, duty cycle of 20%
and pulse frequency of 500 Hz. After PEO
treatment, the samples were washed for 60 s
with distilled water and then disinfected by
ultrasonication for 30s in 70% ethanol, 5 min

immersion in demineralized water, and 30s

ultrasonication in demineralized water.

2.3 Coating characterization

The surface and cross-section morphology of
the LC and LC+PEO coatings were examined by
scanning electron microscopy (SEM, ZIGMA,
ZEISS). The surface morphology and roughness of
the prepared samples were measured by 3D surface
profiler (SuperView W1, China) based on scanning
white light interferometry. Energy dispersive X-ray
spectroscopy (EDS) in connection with the SEM
system and X-ray photoelectron spectroscopy (XPS,
Kratos-Axis Ultra spectrometer) were used to
analyze the elemental compositions of the coatings.
The phase structure of the coatings was carried out
by using X-ray diffractometer (XRD, X’ Pert PRO,
PNAlytical).

2.4 Electrochemical test

The corrosion behavior of LC and LC+PEO
coatings were evaluated by potentiodynamic
polarization tests on an electrochemical workstation
(CHI660E, Shanghai, China) in 36.5°C SBF
solution, which was a three-electrode cell with
platinum as counter electrode, the sample surface
was exposed to a test area of 1 cm? and electrode
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saturated calomel electrode (SCE) as reference
electrode. The potentiodynamic polarization test
was performed at the sweep rate of 0.5 mV/s in
simulate body fluid (SBF) at 36.5 °C. Each group
was tested in parallel 3 times. The chemical
composition of SBF solution described by
KOKUBO [28] is shown in Table 1. The solution
was prepared from analytically deionized water and
pure chemicals. All the samples were immersed in
SBF solution for 60 min before the open circuit
potential (OCP) were tested.

2.5 Bioactivity test

KOKUBO [28] found that the formation of
bone-like apatite on the surface of artificial
materials directly reflects the bonding with living
bone. The chemical composition and structure of
apatite is similar to that of natural bone minerals
implanted in living organisms. Immersing the
sample in a simulated body fluid (SBF) with the ion
concentration almost equal to human plasma
(Table 2), the formation of apatite can be replicated
in vivo, thus demonstrating the biological activity
of material. Many researchers consider this
bioactivity assay to be very convenient and
effective. In this study, each sample was placed in a
plastic bottle containing 50 mL of SBF solution and
stored in a constant temperature water at 36.5 °C.
The solution was changed every 24 h. After soaking
for 3 d, the samples were removed from the SBF,
cleaned and dried in an air-dry closet. The dried
samples were coated with gold and analyzed by
SEM and EDS to study bioactivity (nucleation and
growth of apatite) of the surface.

3 Results and discussion
3.1 Microscopic characteristics of LC layer
Figure 3 presents the EDS spectra of the cross

section of the laser cladding layer. It can be seen

Table 1 Chemical composition of SBF solution (g/L)

that Ti mainly exists in the cladding layer, and a
small amount of Ti element is diluted in the Ti—Ni
transition layer during laser cladding. As the nickel
layer is an intermediate coating between the
substrate and titanium layer, there is element
dilution during the LC process. Therefore, Ni has
more intermediate distribution and less upper and
lower distribution. Fe mainly occurs in 316L
stainless steel matrix, and its distribution in nickel
coating and titanium coating decreases gradually. At
the top of the LC coating, Ti is the main component
element, and there are almost no Fe and Ni. The
microstructure of LC titanium layer is presented in
Fig. 4. The top part (Area 4 in Fig. 4) of the sample
was composed of coarse and irregular light grey
dendrites, with a thick boundary phase in-between,
which was a mixture of the light and dark phases. It
is mainly non-equilibrium o' titanium. The light
grey dendrites corresponded to the NiTi phase [29].
For the middle sample, a dendritic pattern, with
preferred growth direction, was readily observable.
Furthermore, the NiTi dendritic structure showed a
random orientation at the top of the LC coating
while the central area of the cladding layer seems to
be preferentially oriented. It is well-accepted that
the direction of the maximum thermal gradient can
directly affect the growth direction of dendrite
crystals [30]. The higher the maximal thermal
gradient is, the more oriented the dendrite structure
will be. However, the top of the coating diffused a
large amount of heat into the air in the atmospheric
environment and resulted in a significant heat loss,
thus, the reduced thermal gradient in the top region
resulted in more random orientation of the dendrite
structure.

3.2 Microstructural characteristics of bio-
coating
The microstructural characteristics of the

LC+PEO coatings was investigated by 3D surface

NaCl NaHCO; KCl K,HPO4-3H,0 MgCl,-6H,0 CaCl, Na,SO4 Tris
8.035 0.355 0.225 0.231 0.311 0.292 0.072 6.118
Table 2 Ion concentrations of SBF, in comparison with those of human blood plasma (mmol/L)
Solution Na* K" Mg* Ca’ Cr HCO;  HPO;  SO;
Human body 142 5.0 1.5 2.5 103.0 27.0 1.0 0.5
SBF 142 5.0 1.5 2.5 147.8 4.2 1.0 0.5
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EDS MAG:200x HV:20kV WD: 8.5 mm

Fig. 3 EDS results of cross section of LC layer: (a) Scanning area; (b) Ti; (c) Ni; (d) Fe
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Fig. 4 Microstructure of LC titanium layer

profiler, and SEM image is exhibited in Fig. 5. The
results indicate that the initial LC tracks are no
longer visible, but the surface of the coating
exhibits the highest surface roughness, as shown in
Fig. 5(a). Though there are many similar craters,
there are a little different from the traditional PEO
coating on titanium [25,26]. The S, (arithmetic
mean deviation) and Sq (root mean square deviation)
of LC+PEO coating are 1.195 and 1.600,
respectively. Figures 5(a,b) show the typical
morphology of the PEO coating, displaying
volcano-like structures with randomly distributed
micro-pores. Two types of discharges in the process
of micro-arc oxidation are found: (1) surface
discharges with relatively weak strength are formed
by the bursting of gas envelope; (2) penetrating

discharges due to the breakdown of the oxide
coating with strong intensity [31]. The evolution of
the porous surface morphology of the PEO coatings
shows that the surface discharge is dominant during
the PEO process. According to previous study, the
pores and cracks of PEO coating provide channels
for the corrosion medium, accelerating corrosion
process. Therefore, the surface porosity of coating
was analyzed by Image J. The results present that
the size of many micro-pores is smaller than 0.5 pm,
and the porosity of the PEO coating is 4.31%.

The corrosion resistance of the PEO coating
formed on the titanium mainly depends on its
ability to resist the migration of corrosive ions to
the substrate/coating interface and the movement of
metal ions away from the substrate surface, which
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Fig. 5 Microstructural characteristics of LC+PEO coatings: (a) Surface roughness; (b) Surface morphology; (c) Cross-

section thickness

in turn is mostly decided by the morphology,
structure and barrier coating features of the
coating [32]. Reducing the porosity and defects will
effectively improve the anti-corrosion performance
of the PEO coating. Besides, the thickness also
decides the protection effect of PEO coating in the
condition of long-term corrosion. As shown in
Fig. 5(c), the PEO coating uniformly distributes on
the LC titanium layer, and its thickness is about
35 um. The sawtooth metallurgical bond is formed
between the ceramic coating and the substrate, and
the interface is well combined. Similarity with other
reports, the coating is divided into a two-layer
structure of an inner dense layer and outer loose
layer [33]. It can be seen that the outer loose layer
of coating is considerably dense, which results in
the corrosive penetrates the porous layer difficultly
through the micropores and then reacting with the
inner compact layer [34].

3.3 Chemical compositions of bio-coating

The EDS result of the surface composition and
element distribution of the PEO coating is shown in
Fig. 6. The surface element composition of the PEO
coating on the LC titanium layer is characterized by
Ti, O, Ca, P, Ni and Fe (Fig. 6(a)). The element
characteristics of Ti and O indicate the presence of
TiO; in the PEO coating. Increasing the contents of
bioactive elements in PEO coating is advantageous
to enhance the bioactivity performance of coating.

Ca and P incorporated into the oxide layer are likely
to have originated from the electrolyte, and their
contents are 11.96 and 6.93 at.%, respectively. At
the same time, there are small amounts of Ni in the
PEO coating. It can be clearly seen that the
elements of the cladding layer gradually diffuse into
the composite coating, which enhances the bonding
strength between the two coatings. As shown in
Fig. 6(b), the distribution curve of the six elements
was gentle and the element content did not change
noticeably. At the interface between the unoxidized
titanium coating and the PEO ceramic coating, the
Fe contents decreased to 0, and O, Ca, Ni and P
presented. The rapid increase in the content of Ca
and P elements demonstrates that Ca and P elements
mainly exist on the surface of the PEO coating.
Furthermore, as the distance from the interface
increases, the Ti element first decreases sharply and
then remains stable, whereas the O element first
increases and then remains stable. As there was no
diffusion layer between the ceramic and the
cladding titanium layers, there was no significant
gradient change in the elemental content. Compared
with the cladding zone, the contents of Ti and O in
the PEO coating are much more. On the contrary,
there are small amounts of Ni in the PEO coating.
The results reveal that the diffusion of the elements
of the cladding coating into the composite coating
leads to the enhancement of the interfacial bonding
ability of the two coatings.
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Fig. 6 Surface element composition and element
distribution in cross-section of PEO coating observed by
EDS: (a) Surface element composition; (b) EDS line
scanning

Figure 7 shows the XRD patterns of the LC
titanium coating and LC+PEO coating on the 316L.
The main phases of the LC coating are composed of
Ti and TiNi, and no oxides were detected. The main
phases of the LC+PEO coating consisted of rutile,
anatase and HA. In addition, the NiTi diffraction
peak from LC coating disappears because of the
enough thickness of the PEO coating to prevent the
X-ray from penetrating it. In general, the
TiO,-phase mainly presents in three crystalline
polymorphs of the brookite, anatase and rutile,
among which the anatase phase is metastable and
transfers to the rutile-phase above 800 °C [35]. It
can be seen that the enhanced electric arc
phenomenon in the PEO process accelerates the
transformation of anatase to rutile phase. Due to
better corrosion resistance of the rutile-phase,
anatase-phase gradually became a research focus in
the field of surface science [36,37]. It is clear that
the intensity of the anatase (101) plane is lower than

4 — Anatase
o o — Rutile
- n—o/-Ti
* —NiTi
+ —HA

LC+PEO

20 30 40 50 60 70 80
200(°)

Fig. 7 XRD patters of titanium coating formed by laser
cladding on 316L stainless steel before and after PEO

that of the rutile (110) plane, as shown in Fig. 7.
This indicates that more rutile phases form in the
LC+PEO coating.

The chemical state of Ti, O, P and Ca elements
in the PEO coating on cladding titanium coating
was analyzed by the high-resolution XPS. As
shown in Fig. 8, The Ti 2ps» and Ti 2p1» XPS peaks
of the coating, located at 458.63 and 464.34 ¢V,
respectively, are well fitted to those of Ti 2p in
TiO; [38]. The P 2p peaks are at the binding energy
of 133.02 and 133.85eV, which separately
correspond to PO; and HA [10]. The Ca 2p peak
exhibited doublet spectra of Ca 2p3» and Ca 2pi..
The high energy of Ca 2p., is located at 350.88 eV,
while the low energy of Ca2ps» exhibited
two peaks at 347.47 and 346.87 eV, corresponding
to Ca2p in HA, Ca(POs): and CaO
respectively [10,39]. Depending on the results of
EDS, XRD and XPS, the electrochemical reactions
in the PEO process can be described as follows:

Ti—de—Ti*" (1)
2H,0+2e—~Hy+20H" 2)
Ti**+40H —TiO,+2H,0 3)
Ca(CH;CO0),—~Ca2*+2CH;CO0" (4)
Na,HPO,—~2Na*+HPO; (5)
Ca*+HPO; —CaHPO, (6)
3CaHPO,—Ca3(PO4)+PO; +2H" (7
10Ca>+6P0; +20H — Cayo(POs)s(OH), (8)
3Ca>+2P0; —Cas(POy), )
Ca(OH),—~CaO+H,0 (10)
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Fig. 8 High-resolution XPS spectra of O 1s, Ti 2p, Ca 2p and P 2p of LC+PEO coating

3.4 Corrosion resistance

The potentiodynamic polarization curves of
316L, LC titanium coating and LC+PEO coating in
SBF solution at 36.5 °C are shown in Fig. 9. Table 3
shows the corrosion potential (¢corr) and corrosion
current density (Jeorr) Of the three samples. It can be
seen from Table 3 that the corrosion potentials of
the 316L substrate and LC titanium coating are
(—308.5+£3.0) and (—311.6£3.1) mV respectively,
which are lower than the LC+PEO coating, about
(—186.8+£1.8) mV. The more positive the potential,
the higher the chemical stability of the sample in a
corrosive environment. Corrosion potential is
shifted towards a noble direction by 125 mV,
indicating that the LC+PEO coating provides the
excellent corrosion protection for the substrate.

The corrosion current density (Jeorr) is used as
the critical parameter to evaluate the reaction
kinetics of corrosion further. The Jeor values of the
LC titanium coating and LC+PEO coating are
4.021x107 and 1.615x107 A/em?, respectively,
which are much lower than that of the 316L
substrate. The corrosion current density decreases by

_4_
-5
<
o = 316L
= 7 o LC
4+ LC+PEO
i
1
_9 1 A 1 1 i
-06 —-04 -02 0 0.2 04 0.6
o(vs SCE)/V

Fig. 9 Polarization curves of 316L, LC titanium coating
and LC+PEO coating in SBF solution at 36.5 °C

Table 3 Results of potentiodynamic polarization curves
of 316L, LC titanium coating and LC+PEO coating in
SBF solution at 36.5 °C

Sample @core(vs SCE)/mV Jeor/(A-cm™?)
316L —308.5+3.0 1.194x107°
LC —311.6+3.1 4.021x1077
LC+PEO —186.8+1.8 1.615x1077
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approximately one order, with respect to the 316L
substrate. In summary, the LC+PEO coating
significantly improves the corrosion resistance of
316L.

3.5 Bioactivity

In order to compare the bioactivity of 316L,
LC and LC+PEO coating, the three samples were
immersed in SBF of pH 7.4 at 36.5°C for 3d.
Figure 10 shows the surface morphologies of 316L,
LC and LC+ PEO coating after immersion. It can
be clearly found that a bony apatite layer of small
crystal size is formed on the surface of the LC
titanium and LC+PEO coatings after immersion.
In contrast, there is almost no apatite formed on
the 316L substrate. Thus, it can be seen from
the formation result that the bioactivity of 316L

Fig. 10 SEM images showing surface morphologies of
316L (a), LC (b) and LCHPEO coating (c) after
immersion in SBF for 3 d

substrate is found to be poor. In general, the size of
apatite crystals formed on the LC+PEO coating is
significantly larger than that on the LC. Table 4
shows the contents of Ca and P on the surface of the
samples after immersion. The low Ca/P molar ratio
on the surface of LC coating indicates that its
biological activity is poor, while the Ca/P molar
ratio on the surface of LC+PEO coating is 1.76,
which closes to the theoretical ratio of 1.67 of HA.
The bioactivity of 316L substrate is clearly
enhanced due to the LC+PEO coating. This is
mainly because there are a lot of micro-pores on the
surface of the LC+PEO coating. On the one hand,
the micro-pores provide nucleation sites for the
formation of apatite. The solution flows and
diffuses slowly in the local area of the micropores,
so the nucleation threshold can be reached quickly.
On the other hand, the PEO treatment can
effectively improve the bioactivity of the titanium
coating due to the Ca and P after PEO treatment. It
is found that the ability to form HA on the surface
of a biomaterial indirectly reflects its potential to
bind to bone tissue. The formation of stoichiometric
HA from the calcium, phosphate and hydroxyl ions
can be expressed as Eq. (8). The formation process
of HA crystals on the oxide film is affected by two
factors: nucleation of HA and diffusion of Ca and P
ions from the inner layer towards the film surface.
The increase in the growth rate of the apatite layer
with increasing contents of HA and a-Ca3(POa);
and composition of Ca and P ions can be attributed
to the following reasons [10]: (1) an increase in the
localized initial supersaturation of the SBF with
respect to apatite as more sites for HA dissolution is
available; (2) a decrease in the incubation time
needed for the initial supersaturation is achieved.

Table 4 Contents of Ca and P on surface of samples after
immersion in SBF for 3 d

Sample Ca content/at.% P content/at.% Ca/P ratio
316L - - -
LC 2.6 4.8 0.54
LC+PEO 16.35 9.29 1.76

4 Conclusions

(1) The surface of the LC+PEO coating has
porous characteristics. After LC+PEO processes,
the Ca, P and O required for the formation of HA
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are uniformly distributed on the entire surface. The
main phases of the LC+PEO coating are composed
of rutile, anatase and HA.

(2) The LC+PEO coating remarkably improves
the corrosion resistance of 316L. The surface
morphology and phase structure of LC+PEO have a
positive effect on the formation of secondary apatite
structure in SBF.

(3) The uniform distribution of Ca, P and O
elements required to form the secondary apatite
structure is observed on the whole surface after
immersion in SBF. The LC+PEO composite
technology makes the 316L implant surface modify
with bioactivity and biocompatibility, which will
become a promising surface modification
technology.
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B E: v 7 EE 316 AENHIAEYIEYE, RABOURELOHARLE 316L MEMRIIH5RZ, IR FIHI 4R
TR A (PEO)BARTEERZ FIRRE AP R E . R = 4RI ER{X. SEM. EDS. XRD Fil XPS S5k 75
FAIRZ RIS . O G AN AT AL . TR Bl FLA AR AL il 2 MBI A (SBR) IR ISR, 0 xR =
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