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Nd doped Titanium coating was applied on stainless steel 316L by DC sputtering
method to investigate the corrosion behavior in simulated body fluid at 37°C. The
characterization of coated surface was done by XRD analysis that shows the
incorporation of coating peaks within peaks of substrate (SS 316L), SEM/EDS also used
to identify the structure and elemental composition of coating layer and the results
indicated the formation of titanium carbide with neodymium particles which distributed
on the titanium thin film and the EDS analysis showed the presence of Ti, Nd, O and
high percent of C. AFM analysis indicated the increasing in surface roughness from
52.20 nm to 176.7 nm after coating with more valleys and peaks in two and three
dimensions images, as well as more resistant for wear after coating from Abbott-
Firestone results. The results of corrosion measurement showed the more positive
corrosion potential for coated surface and decreasing in corrosion current density to
obtain protection efficiency equal to 97.11% due to ability of the coating layer to isolate
the substrate from corrosive environment.

1. Introduction

There are many ways used to reduce
corrosion damage, but in bioapplications, the
coatings are the alternate methods to reduce
corrosion and provide the biocompatibility.
Surface modification and ion implantation by
protective biocoatings were applied by different
techniques including electrodeposition,
diffusion process, physical vapour deposition,
cladding, and chemical vapour deposition and
etc. The selected material for coating is
important to ensure the lowest level of toxicity,
therefore titanium has attention to use as coating
in different ways, Sofiane et al. studied the
carbon doped titanium nitride coating by DC
sputtering for bio application [1]. Austenitic
stainless steels (especially SS 316L) is the
almost used material for implantation because of
ease of fabrication, lower cost, and welding as
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compared to Co — Cr alloys and Ti and its
alloys, but there are more than 90% of the failure
for implantation can occur because of crevice
and corrosion attack. Therefore, the coating is
the best method for reducing corrosion problem
with thin film as produced by DC sputtering
technique.

Fouada et al. prepared Ti — 0, Ti —0 — C
and Ti—0—C—N films using tetrabutyl
orthotitanate as a precursor by chemical vapor
deposition (CVD) technique in presence of
different gases, where titanium nitride (Ti2N and
TiN) phases, TiO2 and TiC phases were formed
[2], Linus et al. applied titanium carbonitride
(Ti(C,N)) films by CVD technique [3] and
Barbara et al. studied the development of
multifunctional biomedical (TiO,) coatings
doubly-doped with Ag and Ca ions by dip-
coating method on steel to investigate many
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biological properties and corrosion [4] as well as
using niobium oxide [5] and ceria by RF
sputtering [6, 7].

In present work, Nd (NO3s)3 was doped with
titanium to apply coating on SS 316 L by DC
sputtering method due to the role of neodymium
and nitrogen in reducing corrosion. Where
neodymium (Nd) compounds have a moderate
to low toxicity and it represents
an anticoagulant. In the other hand, the presence
of nitrogen improves the corrosion resistance
because of the formation of ammonium ions at
the pit sites and the ammonium ions such as
NH; and NOj3 increase the pH at the surface
that work to reduce growth Kinetics at
metal/film interface, and then the inhibition of
the initiation/propagation process of pitting can
occur as follow:

NH;} + H,0 - NH,OH + H*
NH,OH + H,0 - NO; + 7H" + 6e
NO; + H,0 - NO3 + 2H" + 6e
NHf + 2H,0 - NO; + 8H" + 2e

NH} + 3H,0 - NO3 + 10H* + 8e

The presence of NH; ions precipitate in
repassivation process on metallic surface.

The present work aims to apply coating of
neodymium doped titanium on SS 316L by DC
sputtering to investigate the electrochemical
properties, where the Nd metal was doped as
neodymium nitrate to implantation some
benefited metals (Nd, N and Ti) with steel
surface in order to test the corrosion in simulated
body fluid at 37°C.

2. Experimental procedure
2.1 Materials

Samples of SS 316L were used as substrate
to deposit Nd/Ti coating on them; the chemical
composition is listed in Table 1. The grinding
with SiC papers was done on square specimens
with dimension of (20(1200J5 mm) by sequence
of (600, 800, 1000, and 1200 grit size) followed
by polishing with alumina paste.

Table 1: Chemical composition of used stainless steel

Metal C P Si Mn

Mo Cr Ni Cu Fe

Wit% 0.022  0.031  0.407 1.43

2.00 1698 1173 0.234 Rem.

2.2 Coating process

To apply coating by DC sputtering, disk of
stainless steel as anode and plasma source as
cathode were used and with DC power supply of
(4 kV) under Argon (Ar) atmosphere.
Experimental conditions were: (4 h) as
deposition time, (9 x 1072 mmbar) as work
pressure, (1 x 10~* mmbar) as initial pressure,
(1250 V) as voltage and (20 mA) as electrical

2)

Figure 1. a) DC sputtering device, b) coated sample

current [8] (See Fig. 1, a). Titanium (Purity
98.5%, Fluka chemi AGCH-9470 Buckes) with
neodymium nitrate Nd (NOz)3.6H.O (Purity
>99%, Chemacraft Ltd., Russia) were used with
ration of (80:20) to prepare the target as disk
with dimensions of (diameter 50 mm and
thickness 5 mm). Image of coated sample can be
seen in Fig. 1, b.
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2.3 Characterization methods

The structural and formed phases were
studied using an XRD analysis with CuKa
radiation (1.5418 A°) made in China, 2700A,
HAOYUAN Co. SEM/EDS examination was
taken using scanning electron microscope

(SEM) (FEI Quata 250, Czech Republic) and the
surface morphology of the deposited coating
was recorded using an Atomic Force
Microscope (AFM) (NaioAFM 2022 nanosufr,
Switzerland, and ultrasharp gold tip), see Fig. 2.

MMII

<)

Figure 2. Devices of characterization; a) XRD, b) SEM and ¢) AFM

2.4 Corrosion measurement

The electrochemical properties were
measured by recording open circuit potential
(OCP), and Tafel plots for uncoated and coated
samples wusing cell with three electrodes
represented by saturated Calomel electrode
(SCE) as reference, Pt electrode as counter, and
SS 316L samples as working in Ringer Lactate
medium (Pharmaceutical Solution Industry)
after adjusting pH by sodium bicarbonate. All
test were carried out at 37°C using Compactstat
(Potentiostat/  galvanostat),  Ivium  with
controlled software, Fig. 3.

Figure 3. Potentiostat

3. Results and discussion
3.1 Characterization of coated surface

XRD pattern of thin film deposited SS 316L
(Fig. 4) shows the diffraction peaks related to
mainly crystalline phase of stainless steel
(316 L) according to (JCPDS card No. 33-0397)
that appear at 260 = 43.604°, 50.769° and
74.65197°. Because of thin coating layer, the
peaks of coating are weak compared with the
peaks of substrate and also incorporated with
them such as the peak at 26 = 40.170° for Ti
according to (JCPDS card No. 44-1294), at
260 = 41.710°,35.906° and 60.448° for TiC
according to (JCPDS card No. 32-1383), at
260 = 34.128°39.311°and 42.653° for Nd
according to (JCPDS card No. 39-0914), and at
26 = 50.673° for Nd, 05 according to (JCPDS
card No. 40-1283), the standard and measured
26 values with khl are listed in Table 2.

Table 2: The standard and measured of XRD data

20/°
Standard Measured khl
43.582 43.5062 111
50.791 50.4878 200
74.697 74.4794 220
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Figure 4. XRD pattern of coated SS 316L by Nd doped Ti coating

The structure and nature of deposited
coating was investigated by scanning electron
microscopy with EDS analysis. Fig. 5 shows the
surface morphology of coating layer at two
magnifications and these images indicate the
strong columns with some particles distributed
within these columns and some roughness
correspond to a weaker character of columnar
microstructure in the coating layer. These
columns were observed by Shaha et al. when
they studied the microstructure of thick (TiC)
films grown by DC sputtering on smooth
surface [9]. The white particles may attribute to
neodymium metal as observed by Azadeh et al.

det  HV wo g O
AM  ETD  30.00kv  10Smm 5000 x

when they investigated the structure of Nd-TiO>
layer that synthesized by the sol-gel method, and
doped with Nd (NOs3)3.6H20 to increase the
photocatalytic activity [10]. The EDS analysis
in Fig. 6, indicates the ability of coating layer to
isolate the substrate by decreasing the percent of
main metals in stainless steel (Fe, Ni, Cr and
Mn), while getting 16.02 wt% of Ti and 1.05
wit% of Nd as well as 18.99 and 52.44 wt% for
oxygen and carbon respectively. The presence
of oxygen is due to nitrate ions in neodymium
nitrate, but the carbon is coming from steel to
incorporate  with  coating metals. The
distribution of these metals can be observed by
mapping images as shown in Fig. 7.

i

42022  det | HV wo mag O
47AM  ETD 3000kV  105mm 2500 x

Figure 5. SEM images of Nd doped Ti coated SS 316L at two magnifications
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[

Figure 6. SEM/EDS exam of Nd doped Ti coated SS 316L

Figure 7. Mapping of Nd doped Ti coated SS 316L

The surface topography of uncoated and
coated samples was investigated by AFM
analysis by 2D and 3D images as shown in Fig.
8. This figure shows the more valleys and peaks
in the images of coated sample significantly

affect the root-mean-square height (Sy) and the

arithmetic mean height (S,) values as listed in
Table 3 with increasing surface roughness from
25.20 nm to 176.7 nm after coating.
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Figure 8. 2D and 3D of uncoated (a) and Nd doped Ti coated SS 316L (b) samples

Table 3: AFM data of uncoated and Nd doped Ti coated SS 316L samples

Parameter

Uncoated (nm)  Coated (hm)

Root-mean-square height (Sg)
Maximum peak height (Sp)
Maximum pit depth (Sv)
Maximum height (S;)
Arithmetic mean height (Sa)

32.08 238.2
125.7 1379
81.84 873.5
207.5 2252
25.20 176.7

For deep analysis, the studying of surfaces
morphology can be done with Abbott-Firestone
curve which can simulate the theoretical wear
effects and give information about the material
and void volumes characterization [11, 12]. Fig.
9 shows the particles analysis and histogram for
uncoated and coated samples, the histogram is
the relation between number of values on y-axis
and particle diameters on x-axis. The mean
diameter was 710.8 nm and 362.8 nm for
uncoated and coated surface respectively, while
the number of particles were 123 and 192
respectively. The peak of roughness is defined

as the range of heights including (2- 25 %) of
the bearing length while the medial and valley
roughness are defined with (25-75%) and
(75-98%) respectively [12] according to the
standard DIN 4776 that depended on three zones
classification of the Abbott-Firestone curve. In
other papers [13, 14], the zoning of the Abbott-
Firestone curve has five intervals as (<5%, 5—
10%, 10-50%, 50-95% and >95%). These
results can be used to study the porous surfaces,
where the 1% zone refers to the very high and
prominent asperities that suffer from wear; the
2"d zone refers to the bearing and fluid retention
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capabilities, also named micro-roughness and
the 3" zone. The 4™ zone refers to the voids or
the pores in the surface and the 5" zone has a
level of depth to use as a criterion in evaluation
the load capacity and wear resistance of a

10000

a)

b)

surface. The range in coated sample is more than
that for uncoated once, this means that the
coated surface more resistant for wear than
uncoated surface as well as the more roughness
hinder the friction.

30
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Figure 9. Particles analysis and histogram of uncoated (a) and Nd doped Ti coated SS 316L (b) samples

3.2 Electrochemical properties

Stainless steel corrodes in human body fluid
according to the following reactions [15]:

Fe — Fe?t + 2e¢  Atanode
0, + 4e + 2H,0 — 40H™ At cathode

Followed by formation of chromium oxide
as passive film to protect the steel surface, but
due to corrosivity of human body fluid, this
passive film can be destroyed by harmful ions
especially Cl™ and pitting will be occur rapidly.
Appling the coating act as barrier to isolate the
surface or prevent it from contact with
environment. Nd/Ti coating was applied on SS
316L and the Figure 10 shows the Tafel plots of
uncoated and coated samples. It is clear from

these curves (Plots) that the coating changed the
cathodic and anodic behavior. At cathodic
region, can be seen that the reaction is controlled
by activation polarization rather than diffusion
(concentration polarization). While at anodic
region, there is a tendency to form passive films
rather than for uncoated surface due to presence
of titanium which form stable film of TiO2 and
the presence of neodymium which form Nd2O3
film. The data of corrosion are listed in Table 4,
that refer to shifting corrosion potential (E.,,,)
to more positive value (+32.7 V) compared with
potential of uncoated sample (-67.6 V) and
decreasing the corrosion current density (i;o)-

Cathodic and anodic Tafel slopes (b, & b,)
were decreased after coating, these slopes can be
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used to calculate polarization resistance (Rp) as
follow [16]:

_ beXbg

B 2.3Xicorr(bctba)

1)

The result shows the increasing of
resistance after coating from (14.083x10%) to
(22.218x10°). Also, protection efficiency
(PE%) can be calculated using the current

Rp

200

100

Potential (mV)
o

-100

-200

300

0.000001 0.00001 0.0001

density for coated sample (icorrcoqtea) and
uncoated sample (icorruncoatea) @S follow [17]:

_ 'icorr,coated X 100 (2)

lcorruncoated

The efficiency gives 97.11% for Nd/Ti
coating providing good barrier to protect the
surface from dissolution.

PE% = |1

——Uncoated SS 316L
— — Coated SS 316L

0.001 0.01 0.1

Current density (mA.cm2)

Figure 10. Polarization curves of uncoated and Nd doped Ti coated SS 316L

Table 4: Corrosion data of uncoated and Nd doped Ti coated SS 316L samples

Parameter Uncoated Coated
Ecorr (V) -67.6 +32.7
icorr (MA. cm™2) 1.535Xx10% 4.447 %108
-be (V.dec™?) 0.097 0.047
+ba (V.dec™?) 0.102 0.044

Cr (mpy) 0.7019 0.02033
Ry (Ohm.cm?) 14.083%x10°  22.218x10°

4. Conclusions References

The coating of Nd/Ti layer on stainless steel
surface was successful by DC sputtering method
to get compact insulated layer that consist of
TiC and Nd2Os3 as illustrated by XRD and
SEM/EDS with more roughness (from 52.20 nm
to 176.7 nm) due to difference in deposited
metal particles as shown from AFM analysis.
The investigation of corrosion behavior gave
good results through shifting the potential
toward noble direction (from -67.6 to +23.7 V)
and decreasing current values (from 1.535 %10
® to 4.447x10% mA.cm?) to obtain good
protection efficiency equal to 97.11%.
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