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H I G H L I G H T S   A B S T R A C T  
• GdSm-Ti coating enhances stainless steel's 

corrosion resistance, achieving a protection 
efficiency of 99.02%.  

• The dense compact layer formed by GdSm-
Ti coating reduces surface roughness and 
improves wettability. 

• Coated stainless steel shows excellent 
corrosion protection and enhanced 
osteointegration. 

 The corporation of rare earth metals (lanthanides series) with other metals gives 
good properties in different fields, such as protecting the metallic surface from 
corrosion risk. In this work, the investigation on adding gadolinium (Gd) and 
samarium (Sm) as rare metals to bio-inert titanium (Ti) as transition metal was 
done to protect stainless steel (SS 316L) as bio metallic implant which is used in 
biofield because of its excellent mechanical properties, low costs, 
biocompatibility, inertness, and mechanical properties, chemical stability, 
workability, and high corrosion resistance. The corporation was done through 
coating using direct current (DC) sputtering technique from the target of these 
metals mixture to measure some properties. The surface characterization by X-
ray diffraction (XRD) gave many phases represented by different GdxNiy in 
addition to the Ni3Ti phase and Ni5Sm phase. The scanning electron microscopy 
and energy dispersive X-ray spectroscopy (SEM/EDS) results showed the 
distribution of coating metals as a dense thin film with a good ratio of coating 
metals; this dense film gave lower surface roughness as illustrated through 
Atomic force microscopy (AFM) examination from 25.20 nm for the uncoated 
sample to 15.12 nm for the coated sample with a reduction in the hardness from 
187 HV  for the uncoated sample to 119 HV for the coated sample as well as 
increasing contact angle test (wettability) from 90° for base stainless steel surface 
to 117.723° for coated surface, these results enhanced the compatibility with 
giving good resistance from corrosion test, with achieving protection efficiency 
equal to 99.02%. 
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1. Introduction 
The coating is an attempt to cover the metallic surface with a protective layer to act as a physical barrier between a 

material and the environment and to limit the electrochemical processes and get long-term protection. The applied coatings 
must achieve an aesthetic appearance, protection from damage, and specific attributes to the product. Therefore, a huge variety 
of materials were present to use as a coating that was applied by different techniques to support the requirements of the 
application in addition to providing some suitable properties such as hardness, softness, antimicrobial and anti-corrosion, etc. 
The used coating metals in this work are represented by Ti from the transition metals that are referred to as the d block 
elements including groups (3-12) of the periodic table with different oxidation states in their compounds and have been used in 
medicinal biochemistry [1,2], titanium is used in different ways in bio applications like (bone fixation, hip joint, etc.) because 
it has good mechanical properties like low elastic modulus and high strength, abrasion resistance, and low density due to the 
low hardness; also biological properties represented by strong chemical stability and biocompatibility, as well as being inert 
and having good resistance to corrosion. On the other hand, the rare-earth metals (Lanthanides) that include the f block 
elements from lanthanum to lutetium exhibit a pronounced biological activity, and they have unique positions in a periodic 
table with interesting properties in a variety of biochemical reactions and they are used as structural and functional probes in 
understanding structures, conformations, and properties of biomolecules, in general, these metals have trivalent oxidation 
states [3], such as samarium which is utilized in promoting antibacterial activity, osteoblastic performance low toxicity and an 
adequate safety profile, previous research has shown Sm3+containing materials have superior antimicrobial properties. Also, 
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gadolinium has antibacterial properties and excellent anticorrosion performance. Furthermore, Gd is used as a drug carrier and 
anticancer agent, and its presence of Gd promote osteoconductivity and cell growth. Improving biological and anti-corrosion 
properties is made possible by gadolinium. Gadolinium is highly stable in the human organ's environment [4].  These two rare 
earth metals (Sm and Gd) were added to Ti in the coating mixture. 

Many techniques were used to apply coatings, such as direct electrocathodic deposition, pulse electrocathodic deposition, 
chemical vapor deposition, physical vapor deposition, electrophoretic deposition, magnetron sputtering, plasma spray 
deposition, pulsed laser deposition, and sol−gel coatings. The coating by direct current DC sputtering using transition Ti metal 
was applied, where binary Ti– Nb coatings by co-sputtering from Ti and Nb metallic targets were deposited by Achache et al. 
[5], tantalum-titanium oxynitride TaTiON thin films were deposited by Daniel et al. [6], using DC sputtering in a mixture of 
nitrogen/oxygen ratio (85%/15%), the properties of  Ta2O5 monolayer, Ta2O5/Ti bilayer and Ta2O5/Ta2O5 − Ti/Ti 
multilayer coatings on the Ti − 6Al − 4V alloy were estimated by Zeliang et al. [7], including the adhesion strength, 
tribological behaviors, corrosion resistance and mechanical properties using DC sputtering, while Pt − Ti coatings and 
characterize an intermetallic Pt3Ti layer were studied by Pascal et al. [8], using co-sputtering from metallic Pt and Ti targets in 
pure Ar atmosphere. 

Many mixtures were applied as coating with rare-earth metals, where a thin film of TiO2 and (NdyTi1−y)Ox was deposited 
by Michal et al. [9], (Ca10−xSmx(PO4)6(OH)2 was applied by Simona et al. [10], using RF sputtering. On the other hand, 
gadolinium oxide Gd2O3 was deposited by Saranya et al. [11], using electrophoretic deposition on anodized Mg alloy, and 
Gd conversion coating was applied also by Saranya et al. [12], on a biodegradable AZ31 Mg implant, samarium oxide Sm2O3 
was deposited by Saranya et al. [13], on AZ31 Mg alloy in the biofield, antibacterial coatings of hydroxyapatite HA 
nanoparticles doped Sm with two different concentrations were deposited by Ionela et al. [14], using the dip coating method. 

In the current work, Gd − Sm with Ti was deposited on SS 316L by DC sputtering technique, and then the characterization 
and measure some properties for the coated surfaces were done. 

2. Materials and Methods 

2.1 Materials 
SS 316L specimens were used to apply GdSmTi coating; these specimens had a chemical composition done in Centralized 

Device for Standardization and Quality Control-Ministry of Planning (0.03 C, 0.03 P, 0.75 Si, 1.50 Mn, 0.01 S, 3.00 Mo, 16.00 
Cr, 12.00 Ni, 0.05 N wt% and Fe remain). The grinding method with SiC papers in the series of 
(400,600, 800, 1000, 1200, and 2000 grain sizes) and polishing with Al2O3 paste was achieved on square specimens 
(15153 mm) to get the mirror finishing surface, because of exist any dust or dirt on the surface specimen before the 
coating that considers as an extra layer between the coating material and sample surface, this extra layer obstructs the coating 
process and prevent adhesion of the coating material on the sample surface. 

2.2 Coating process 
Sputtering that provided to enhance adhesion between coating and substrate with a decreased thickness of the deposited 

coating layer, the chance of cracking and coating failure decreases. Significantly enhances coating adhesion offers a less 
porous microstructure and reinforces its bonding strength for a long period. 

The applied DC sputtering on SS 316L surfaces was done with a disk of (stainless steel) and plasma source under some 
experimental conditions, as listed in Table 1. All coating materials were in the purity of 99%; where Ti was from Fluka 
chemical AGCH-9470 Buckes, Switzerland, with particle size 165 μm, Gd(NO3)3. 6H2O and Sm(NO3)3. 6H2O were from 
Glentham Life Science Company, UK) that used with a ration of (30wt%Gd(NO3)3. 6H2O − 30wt% Sm(NO3)3. 6H2O –
 40wt% pure Ti) in a target with dimensions of (diameter 50 mm and thickness 5 mm).  

Table 1: Conditions of DC sputtering process 

𝐃𝐃𝐃𝐃 power 
supply 

Deposition 
time 

Work  
pressure 

Initial  
pressure 

Voltage Electrical 
current 

Gas 
atmosphere 

4 kV 3 h 4 × 10−2mmbar 1 × 10−4 mmbar 1500 V 25 mA Ar 

2.3 Characterization Methods 
Many methods were used to characterize the coated surfaces, including X-ray diffraction XRD (Shimadzo, 6000) at room 

temperature to identify the formed phases at a scanning speed of 5/min using Cu Kα radiation (λ=1.5405 A°), with an applied 
power (40 KV and 30 mA), scanning electron microscope (SEM) (FEIQUANTA 250, Czech Republic) to show the particles 
shape and calculate the thickness and Atomic Force Microscope (AFM) (NaioAFM 2022 nanosufr, Switzerland, and ultrasharp 
gold tip) to investigate the topography and surface roughness. 

2.4  Corrosion Measurement 
The electrochemical properties were estimated by recording an open circuit potential scan (𝑂𝑂𝑂𝑂𝑂𝑂) for one hour, linear and 

cyclic polarization scan using three electrodes (Saturated Calomel electrode (𝑆𝑆𝑂𝑂𝑆𝑆) as a reference, 𝑂𝑂𝑃𝑃 electrode as counter, and 
𝑆𝑆𝑆𝑆 316𝐿𝐿 samples as working) in Ringer Lactate medium obtained from (Pharmaceutical Solution Industry) after adjusting 𝑝𝑝𝑝𝑝 
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by sodium bicarbonate (𝑁𝑁𝑁𝑁𝑝𝑝𝑂𝑂𝑂𝑂3) to 7.4 value. All tests were carried out using Compactstat (Potentiostat/ galvanostat), and 
Ivium under controlled software at 37oC, and the data was measured using the Tafel extrapolation method. 

2.5 Hardness 
The microhardness was recorded for uncoated and coated specimens using an indenter by Digital Microhardness (HMV-2, 

Shimadzu, Kyoto, Japan) under a load of 300 gm and a holding time of 15 sec. 

2.6 Wettability 
This test was done using the sessile drop device consisting of a tube electrical resistance furnace (for the sessile drop on 

the substrate), camera, furnace, and outer mulite tube with a  diameter of (50mm), an internal diameter of (30mm) and length 
of (270mm) and internal mulite tube with outer diameter of (25mm) and internal diameter of (20mm) and length of 
(275mm). 

3. Results and Discussion 

3.1 Characterization of Coated Surface 

3.1.1 XRD analysis 
 The phases present after coating can be seen as a mixture of main intermetallic phases such as Ni3Ti, Ni5Sm, and Gd2Ni15 

despite of there being no Ni in the target but can get from the substrate. The Ti tends to form titanium oxide TiO2 rather than/or 
before to produce any phase with Sm and Gd. On the other hand, Gd tends to form many intermetallic comds with Ni, 
including GdNi, GdNi2, GdNi3, Gd2Ni7, GdNi5 and Gd2Ni17 that are associated with various invariant reactions and have the 
electric and magnetic hyperfine interactions [15], the XRD of the GdSmTi coated specimen is shown in Figure 1.  

In the study of Guanglong et al. [16], they showed that the microstructure of a two-phase for Gd3Ni in equilibrium with 
GdNi occurs rather than Gd3Ni2. In another study for the phase stability of the Rare Earth-Transition Metal (RE– TM) 
compounds, it was observed that the formation of RE3TM2 and RETM4 generally takes place in the RE– Ni systems with rare 
earth found at the right side of Gd in the periodic table, (i.e., Tb or Dy), but not with a RE on the left of Gd (i.e., Sm and Eu). 
The fact that the RE − Ni system is like the "dividing line" in the presence of the compound system.  

 
Figure 1: XRD pattern of 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated 𝑆𝑆𝑆𝑆 316𝐿𝐿 

3.1.2 SEM/EDS analysis 
The microstructure of the GdSmTi coated specimen in Figure 2 (a) shows the compact dense layer for the phases of Gd 

and Sm with Ni closed to a substrate covered by TiO2 layer that gave the feature like to that observed for preparation of 
inactive TiO2, also indicate that few porosity and little scratch on the coated surface as anatase and rutile that showed by 
Drushan et al. [17]. The complete image of the EDS analysis in Figure  2 (b) gave the main elements of stainless steel 316L 
(substrate), including Fe, Ni, Cr, C and Mo, as well as the distribution of the coating elements as Gd, Sm and Ti with wt% of 
16.2, 21.2 and 11.7 % respectively. This also confirms the formation of the main intermetallic compound such as Ni3Ti, 
Ni5Sm, and Gd2Ni15. The weight percent of RE is higher than Ti, confirming the incorporation role for RE phases with TiO2 in 
protection.  
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(b) 

Figure 2: (a) SEM of 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated 𝑆𝑆𝑆𝑆 316𝐿𝐿 (b)SEM/EDS  of 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated 𝑆𝑆𝑆𝑆 316𝐿𝐿 

 
(a)  

 

Figure 3: (a,b) Mapping of 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated 𝑆𝑆𝑆𝑆 316𝐿𝐿 

 (a) 

(b) 
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The mapping figure for 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coating gave the different metals indicating the presence of these metals in the coating 
layer and achieved clear information on the main content elements (Fe, Cr, Ni, Ti and Sm). The distribution of coating metals 
as thin film and metals in the substrate can be seen by mapping analysis in Figure 3 (a,b). Also, the compact layer of coating 
can be observed by the cross-section figure for coated specimen, where the coating is distinguished from the bulk. The cross-
sectional analysis illustrated that the coating is characterized by a thin film with a particle size in the range of 17.86 – 35.73 
nm, i.e., deposition of a thin film in a nanometer scale, as shown in Figure 4 (a,b,c) at different magnifications. 

 

  
Figure 4: Cross section of 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated 𝑆𝑆𝑆𝑆 316𝐿𝐿 

3.1.3 AFM Analysis 
AFM examination shows the 2D and 3D images of the morphology of the films for coated and uncoated surfaces, 

indicating the dense layer of the current coating due to the Gd metal and displaying a preferred orientation; this is consistent 
with the different XRD phases as shown in Figure 5 (a,b). There is a clear reduction in all parameters estimated from AFM 
examination, especially in the maximum height and depth, where they reached half value (125.7 → 62.37 nm) and (81.84 → 
47.7nm) respectively due to the dense compact uniform deposited layer and finally, it gave lower surface roughness to be 
15.12nm. The reduction in roughness was also observed by Shalini et al. [18], who created Sm2O3 films on fused quartz and Si 
substrates and they indicated that the reduction in roughness from AFM analysis is attributed to the growth of grains and 
simultaneous nucleation of both the cubic and monoclinic phases that making the deposited film less faceted and smoother.  

The particle analysis of coated surface Figure 6 (a,b) confirms the getting dense compact layer of the coating through the 
decreasing in main diameters from (710.8nm) to (119nm) and increasing the number of particles from 123 to 603 after coating 
as well as the increase in the density from 1,254,502 to 14,873,792 Particle/mm2 due to the dense compact layer of coating 
with coverage by 46.51%. 

Table 2: AFM data of uncoated and coated specimens 

Parameter  Uncoated (𝒏𝒏𝒏𝒏) Coated  (𝒏𝒏𝒏𝒏) 
Root-mean-square height (Sq) 32.08  20.39 
Maximum peak height (Sp) 125.7  62.37 
Maximum pit depth (Sv) 81.84  47.70 
Maximum height (Sz) 207.5  110.1 
Arithmetic mean height (Sa) 25.20  15.12 

 

(c) (b) 

(a) 
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Figure 5: Illustration for AFM images of uncoated (a) and 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated (b) 𝑆𝑆𝑆𝑆 316𝐿𝐿  

 

 
 

 

 

 

 
Figure 6: Particle analysis of uncoated (a) and 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated 𝑆𝑆𝑆𝑆 316𝐿𝐿 (b) 

3.2 Properties of Coated Specimen 

3.2.1 Corrosion behavior 
In the electrochemical test, it can be seen that the behavior of potential with time gives a clear decrease in the curve 

followed by stability because of the compatibility with the solution’s species, as shown in Figure 7 (a). 
For polarization behavior in Figure 7 (b), the decrease in current density is very clear, and the decrease in Tafel slopes is 

attributed to the reduction of cathodic and anodic sites as well as decreasing in concentration polarization to give very higher 
resistance and excellent efficiency reached 99.02% due to the role of 𝐺𝐺𝐺𝐺 and its phase with 𝑁𝑁𝐺𝐺, where it was previously 
mentioned that the 𝐺𝐺𝐺𝐺 result in a dense coating layer that can give good prevention between the material and the environment. 
The cyclic polarization in Figure 7 (c),  confirms the later result, where there was no appearance of a hysteresis loop in this 
curve, and then there is a tendency to pitting and after a breakdown at +970 mV, the curve shifted immediately to lower current 
densities with a wide range of passivity. 

The polarization resistance (𝑅𝑅𝑃𝑃) was calculated using Tafel slopes (𝑏𝑏𝑐𝑐  & 𝑏𝑏𝑎𝑎), Equation (1) which increased from 
(10.79103) Ω. 𝑐𝑐𝐺𝐺2 to (703.52103) Ω. 𝑐𝑐𝐺𝐺2, while protection efficiency (𝑂𝑂𝑆𝑆%) was estimated using the current density for 
coated sample (𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐) and uncoated sample (𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐) as follow to give efficiency of 99.02% as listed in Table 3: 

a 

b 

b a   
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 𝑅𝑅𝑃𝑃 = 𝑏𝑏𝑐𝑐×𝑏𝑏𝑎𝑎
2.3×𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑏𝑏𝑐𝑐+𝑏𝑏𝑎𝑎)

  (1) 

 𝑂𝑂𝑆𝑆% = �1 − 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐

�× 100   (2) 

Table 3: Corrosion data of uncoated and coated SS 316L by GdSmTi 

Sample −𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄, 
m𝑽𝑽 

𝒊𝒊𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄,10-3 
m𝑨𝑨. 𝒄𝒄𝒏𝒏𝟐𝟐 

−𝒃𝒃𝒄𝒄 +𝒃𝒃𝒂𝒂 𝑹𝑹𝑷𝑷, 103 
𝛀𝛀. 𝒄𝒄𝒏𝒏𝟐𝟐 

𝑷𝑷𝑬𝑬 
% 𝑽𝑽.𝒅𝒅𝒅𝒅𝒄𝒄−𝟑𝟑 

Uncoated  243 4.256 0.131 0.549 10.79  
Coated  306 0.0417 0.090 0.271 703.52 99.02 

 

 

  
Figure 7: Electrochemical behavior of 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 coated  316𝐿𝐿 

3.2.2 Hardness 
Hardness is one of the interesting properties that hard films with an increased amount of interfaces can reveal. Uncoated 

SS 316L had a hardness value of 187 HV, compared to 119 HV for the coated sample. Despite the thin film deposited by the 
DC sputtering technique from the corresponding target which must have higher hardness due to high residual stress and growth 
defect hardening and this mechanism introduces a super hardness effect as illustrated by Paul et al. [19], when they deposited 
𝐺𝐺𝐺𝐺𝑇𝑇2 layer as nanocolumnar structure by DC sputtering, but in the current work the presence of rare metals decrease the 
hardness.  
3.2.3 Wettability 

The measurement of wettability (or contact angle) is related to the hydrophilic and hydrophobic properties of the surface, 
especially in bio implantation through osteoconductivity. These digital pictures were examined, and the average contact angle 
was calculated using the tangent method from the right and left angles extracted from images of the drops in equilibrium, as 
explained by Hassen et al. [20], when determining the drops of three different liquids were measured (formamide, 
diiodomethane, and water), that deposited on functionalized and bare gold surfaces. 

(c) (b) 

(a) 
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Figure 8: The contact angle of uncoated (a) and coated specimens (b) 

The contact angle of the base SS 316L surface is (90°), as shown in Figure 8 (a), while the presence of Gd and Sm led to 
an increase in the contact angle to (117.723°), as shown in Figure 8 (b), that increases the hydrophilicity, which is in agreement 
with decreasing of surface roughness, where the wettability is depended mainly on some factors such as the chemical stability 
of the surface and surface properties 

4. Conclusion 
Applying GdSm with Ti as a coating to protect stainless steel 316L substrate by DC sputtering technique gave good results 

in bio application when used as a metallic implant, through the produced dense compact layer on a substrate with various 
phases clarified by XRD, while SEM/EDS showed the distribution of coating metals with lower roughness from AFM test. The 
corrosion behavior obtained excellent protection efficiency with increasing the polarization resistance and decreasing current 
density, as well as some properties achieved, such as decreasing hardness and higher contact angle (wettability); all these 
results indicate enhancing the osteointegration in implantation. 
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