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ABSTRACT: Biomaterials play an important role in the human body. However, they have a tendency to 

corrode due to the environmental conditions they are exposed to inside the body. For this reason, there is a 

need to improve the corrosion resistance of biomaterials for the longevity of implants used in the body. 

Surface coating applications offer an important solution in this field. Today, diamond carbon coatings (DLC) 

are gaining importance in the biomedical field. The most important features of this coating are its high 

corrosion resistance and good adhesion to the surface in order to fulfill the expected functions. At the same 

time, DLC coatings used in biomaterials can work biocompatible with living tissues. In this review, the 

corrosion behavior of DLC coatings obtained by using the PVD (Physical Vapor Deposition) method was 

investigated. 
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Biyomedikal Alanda Elmas Karbon (DLC) Kaplamaların Korozyon 

Direnci 
 

ÖZET: Biyomalzemeler insan vücudunda önemli görevler üstlenmektedir. Ancak vücut içinde maruz 

kaldıkları ortam şartları sebebiyle korozyona uğrama eğilimleri vardır. Bu nedenle vücutta kullanılan 

implantların uzun ömürlü olmaları için biyomalzemelerin korozyon direncinin iyileştirilmesine ihtiyaç vardır. 

Yüzey kaplama uygulamaları bu alanda önemli çözüm sunmaktadır. Günümüzde biyomedikal alanda elmas 

karbon kaplamalar (DLC) önem kazanmaktadır. Bu kaplamanın en önemli özellikleri korozyon direncinin 

yüksek olması ve kendinden beklenen fonksiyonları yerine getirmesi için yüzeye iyi yapışma kabiliyetidir. 

Aynı zamanda biyomalzemelerde kullanılan DLC kaplamalar canlı dokularla biyouyumlu çalışabilir. Bu 

derlemede, PVD (Fiziksel Buhar Biriktirme) metodu kullanılarak elde edilen DLC kaplamaların korozyona 

karşı davranışları incelenmiştir. 

Anahtar kelimler- DLC Kaplama, Korozyon, PVD metodu 

 

 

1. Introduction 
Corrosion occurs as a result of the chemical or electrochemical reaction of metallic materials 

with the effect of the environment (Özkömür, 2008). The driving force of the corrosion 

phenomenon is the tendency of metals to return to their stable state in nature (Kaya and Asan, 

2006). The corrosion behavior of the materials that work in the biomedical field is very 

important (Sharma and et al., 2008). Stainless steels of the iron-based alloy class is chosen 

because they resist corrosion. The type of steel contains a certain amount of important Cr 

element. It should also contain at least one different element such as nickel (Ni), 

molybdenum (Mo), manganese (Mn), nitrogen (N), etc(Köse, C., 2016; Zaffora, Di Franco, 
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and Santamaria, 2021). Nowadays, metal implants with high mechanical strength and 

corrosion resistance are used in the repair of bones in healthcare (Stango, Karthick, and et 

al., 2018). Metal implants also have some disadvantages for living tissue. Due to the release 

of metal ions such as Ni and Cr from stainless steel into the body fluid, the implant becomes 

susceptible to corrosion. Corrosion-resistant stainless steel contains more than 12 wt% Cr 

element. This is because Cr forms a passive chromium oxide (Cr2O3) layer on the surface of 

the alloy, thanks to its passivation property.  As a result, this thin oxide layer protects stainless 

steel from corrosion. Ni and Mo can be added if it is desired to increase corrosion resistance 

(Köse and Kaçar, 2016; Köse, Kaçar, Zorba, and et al., 2016; Khan, S.A, Shahid, S., and et 

al., 2021). Microstructures of austenitic stainless steels have better weldability than 

martensitic and ferritic stainless steel series (Köse, C., 2016).  In the biological environment, 

the implants subjected to regular and cyclic loads exhibit mechanical weakness due to 

corrosion and bending. In addition, the cells form strong oxidation and enzymes cause 

corrosion in the implant material (Danışman, Savaş and et al., 2008).  

 

Corrosion factors in the body are temperature changes, interaction with continuous body 

fluids, pH changes caused by food in the mouth, oxygen pressure changes, mechanical 

forces. Orthopedic implants and dental prostheses are used instead of hard tissue. Metallic 

biomaterials have good mechanical properties and are generally preferred for hard tissue 

replacement implants. Biocompatibility in metal implants is also important in terms of 

corrosion resistance in the body (in vivo environment). As a result of this corrosion products 

can enter the tissue and harm the cells. Therefore, biomaterials which are used in vivo should 

be tested in serum, saliva and different synthetic buffer solutions (Dalibon and et al., 2017; 

Danışman and Teber, 2016). At the present time, AISI 316L implant stainless steel is used 

more in healthcare. Approximately alloy elements in the chemical structure of AISI 316L 

austenitic stainless steel; 2% Mo, 19% Cr, and 12-14% Ni (Azhar Mohammada, and et al., 

2013). The thin protective Cr2O3 layer formed on the surface of field of use, which has good 

biocompatibility and strength, provides corrosion resistance. It is used in orthodontic wire, 

orthopedic implants and cardiovascular stents. (Köse and Kaçar, 2016; Köse, Kaçar, Zorba, 

and et al., 2016; Köse, 2016). AISI 420 martensitic stainless steels are used in orthopedic 

manufacturing such as artificial knee joint components, tools and apparatus due to their good 

mechanical properties and corrosion resistance (Köse, 2016, Köse, 2018). AISI 2205 duplex 

stainless steel (DSS) has two phases, ferrite (α) and austenite (γ). Its Ni content is lower than 

that of austenitic stainless steel, making it a suitable material in the human body. AISI 2205 

steel has high strength and corrosion resistance (Hammood, and et al., 2019). This steel, 

containing 22% Cr, 5-6% Ni and 3% Mo, N-alloyed is duplex stainless steel. (Köse, Kaçar, 

Zorba, and et al., 2018). Implants used in the body should not cause toxic reactions in their 

biological structure and should be compatible in case of contact with blood (Bociaga and et 

al., 2017). Numerous clinical symptoms have been reported about ion release due to 

corrosion in metallic materials (Özkömür, 2008). Over the last few decades, the use of 

metallic biomaterials in medical implants has increased (Matusiewicz and Richter, 2022). By 

using PVD method at 550°C for 6 hours, medical grade CoCrMo alloy was coated with 

titanium nitride (TiN). In addition, potentiodynamic polarization tests confirmed that Ti 

protection from corrosion was enhanced with TiN. This reduced release of metal ions is 

attributed to the surface oxide changing to a stable homogeneous rutile TiN structure. 

(Türkan, and et al., 2006). 

 

The purpose of the coating is to investigate stainless steel biomedical tools treated with ion 

release and surfaces treated with ions. As a result of the coating, there was approximately 
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40% reduction in metal surfaces (Browne and Gregson, 2000). More than 95% of known 

chemical compounds are bond of C chains. C, within a diamond crystal structure, is one of 

the most famous materials. Diamond, one of the best-known allotropes, is a hard and 

insulator. C, within a graphite amorphous structure, is very smooth, conductive, and 

lubricant. Fig. 1 lists major known allotropic forms of C, its selected properties and 

availability (Falcao and Wudl, 2007; URL-1, 2023; URL-2, 2023). 

 

 
 

Fig. 1. Allotropes of C (Falcao and Wudl, 2007; URL-1, 2023; URL-2, 2023) 

 

DLC (Diamond Like Carbon) coating has a C structure with interesting properties that 

compete with crystal structures such as diamond and graphite. For this reason, the usage of 

DLC coating in biomedical applications has become an attractive focus for researchers in 

recent years (Danışman, Çelebi, Danışman, Bıçakcı, 2022). In the biomedical category 

mainly has been include DLC coatings; It is used as a surface corrosion protector in surgical 

implants in order to increase the wear resistance in orthopedic implants (Danışman, 2017). 

DLC coatings have a feature to prevent the dissolution of metallic ions in the body. 

Depending on the coating process and parameters, the sp3/sp2 ratio can control the properties 

of the coating such as hardness, abrasion resistance, friction coefficient, chemical stability 

(Kurt, 2006). DLC, combining these two different diamond and graphite properties therefore 

have high hardness levels - in the range of classical tribological PVD coatings ( vickers 

hardness; 1500 - 3200 HV) (Fig. 2) (Kosarieh et al, 2016; URL-3, 2023). 

 
 

Fig. 2. Types of C molecular bonds (Kosarieh et al, 2016; URL-3, 2023) 
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DLC coatings are biocompatible coatings with biological stability. Additives are used in 

biomedical applications to significantly enhance the properties of DLC coatings. The 

material that has a positive effect on the mechanical properties and corrosion resistance of 

DLC coatings is silicon. Si-doped DLC coating samples produced by DC-RF magnetron 

sputter coating method are promising in biomedical applications (Bociaga and et al., 2017). 

There are studies reporting that the nickel release caused by corrosion on NiTi wires used in 

the orthodontics treatment is prevented by DLC coating application (Özkömür, 2008). 

Fibroblastic cells are not cytotoxic by plasma-produced DLC coating. DLC coatings were 

biocompatible in vitro, and in vivo tests are underway (Uzumaki and et al., 2006). It has been 

determined that the materials of choice for joint prosthetics are austenitic stainless steel, 

titanium alloys, zirconium alloys, and Cr-Co alloys In Fig. 3. The synergistic effects due to 

the ionization intensity that occur during deposition in the plasma environment provide an 

increase in hardness on the material surface. Plasma-based technologies are expected to 

benefit both ex vivo and in vivo medical devices (De Las Heras and et al., 2009). 

 

 
Fig. 3. (a) DLC coated knee prosthesis (top, left) and femoral heads for hip prosthesis 

(bottom, right) (b) SEM image of a DLC coating, × 5000 (De Las Heras and et al., 2009) 

 

316L SS, CoCrMo and titanium alloy are widely used biomedical materials in the body. 

However, these implant materials can release metal debris and ion due to wear and corrosion 

when working in body fluid. Metal residues and ions can cause tissue inflammation. To avoid 

this, the recommended DLC coatings can decrease the wear and corrosion of the base 

materials. In order to achieve this, it is significant that the coating sticks good to the base 

material and there are many factors such as surface roughness, internal stresses, interface 

chemical bonds (Zhang and et al., 2015). Stainless steel (SS) and alloys, titanium and its 

alloys, CoCr and its alloys are widely used as metal materials in hip prostheses. These metal 

alloys are exposed to metal ionization in the body fluid and cause allergic reactions in the 

body. DLC coating applications, multi-layer coating applications and ceramic thin film 

applications on surfaces are gaining importance in order to increase the wear and corrosion 

resistance of metal alloys and to reduce the release of metal ions on surfaces (Rahaman and 

et al., 2007; Cui and et al., 2017; Gilewicz and et al., 2016). The hard ceramic coatings 

produced by using the Physical Vapor Deposition (PVD) method yielded a significant 

enhance in the corrosion resistance of the Ti6Al4V alloy (Danışman and Teber, 2016). As 

the deposition time and coating thickness of DLC coatings on the substrate increased, the 

corrosion resistance of the material also increased. It has been shown that sp3 bonds in the 

structure of DLC coating affect the properties such as hardness, chemical and 

electrochemical corrosion resistance, abrasion and friction (Sharma, Barhari and et al., 2008). 
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DLC coatings have been shown to prevent cytotoxicity (cell poisoning) in biomedical 

materials, and the extraordinarily intense structure of DLC against corrosion media enhances 

biocompatibility. DLC coatings can provide solutions as protective coating in biomedical 

applications to prevent corrosion. In this study, the effects of the PVD method on corrosion 

behavior of DLC coatings were investigated in the literature. 

 

2. Physical Vapor Deposition Method 
PVD coating method is carried out in a vacuum environment and has two basic methods: 

evaporation and sputtering. Depending on the resources used in these methods, they are 

subdivided into subclasses. Today, the most commonly used methods are cathodic arc 

evaporation with high deposition rates, magnification by ion beam and magnetic sputtering. 

These methods are performed in the plasma (ionized gas medium) obtained in the vacuum 

environment. Different coating types can be formed by using different gases in the working 

environment (Danışman and Teber, 2016). PVD technology is a method in which atomic thin 

film deposition occurs on the surface of a material.  PVD is a physics-thermal collision 

process that transforms the material to be deposited. The ionised particles are oriented on the 

substrate through the application of a potential. In Fig. 4 (a and b), arc deposition; the target 

can act as either a cathode (cathode arc) or an anode (anode arc), depending on its type and 

the coating to be obtained (Michailidis and Bouzakis, 2019; URL-2, 2023). 

 
Fig. 4. Arc deposition from PVD coating method (Michailidis and Bouzakis, 2019) 

 

The properties of the DLC coatings can vary depending on the reactive gas pressure and gas 

concentration. In this method, the thickness of the coating and the surface roughness are 

proportional to the increase in coating process time. The temperature required for DLC 

coating with PVD is 250-400°C under ideal conditions and can be applied between 70-

450°C. The main advantage of PVD is that it can be done at low temperatures, even at room 

temperature. The thickness of the formed film is 2-5 microns. The basic problems 

encountered with PVD thin coatings are related to surface roughness and film density. The 

coefficients of thermal expansion of the base metal and the coating layer must be compatible 

(Karabağlar, 2015). DLC coatings obtained by the unbalanced magnetron sputtering method 

in the closed area provide a dense plasma in the base material region, which increases the 

ion bombardment of the growing film. DLC coatings obtained by this method have good 

corrosion resistance. The distance between the target and the substrate affects the ionization 

rate and the formation of the film on the surface (Kurt, 2006). Multi-layer DLC coating 

applications are performed by a magnetron sputtering method. It is seen that multilayer DLC 

coatings increase corrosion resistance in salty environments even in seawater (Yea and et al., 
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2017). A silicon (Si)-targeted DC-RF magnetron sputtering technique is used to obtain Si-

DLC coatings. The amount of silicon in Si-DLC coatings affects the adhesion of the coatings. 

The DC-RF magnetron sputtering method, in which Si-DLC coatings are obtained, is 

assuring method for biomedical implementations (Bociaga, and et al., 2017). 

 

3. Corrosion Behavior of DLC Coatings 
It is often used electrochemical technologies like potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS) to estimate the corrosion properties of DLC 

coatings on metal surfaces. In addition, there are corrosion studies conducted with salt fog 

tests. The effect of DLC coating on the corrosion behavior of AISI 316L austenitic stainless 

steel, one of the basic materials in the biomedical field, was investigated by salt fog test. 

Nitrided austenitic stainless steel (duplex sample) and unnitrided austenitic stainless steel 

(coated sample) materials were used as substrates for DLC coating. When the 3.5% NaCl 

test was applied to the coated duplex samples (DLC soft coating + nitrided layer), current 

density was observed at high potentials. This showed that the duplex was corrosion resistant. 

The corrosion resistance of duplex coatings is better than coated samples. The results after 

the salt fog test given in Figure 5 revealed that the DLC coating acted as a good corrosion 

barrier in the duplex DLC coated sample. In the potentiostatic tests in NaCl solution, it was 

observed that the defects on the behavior of the DLC film affect the corrosion resistance 

(Dalibón and et al., 2017). 

 

 
Fig. 5. Corrosion test of DLC coating: (a) Duplex sample, (b) coated sample. (Dalibón 

and et al., 2017) 

 
Compared to the additive-free pure DLC coating, the Si-DLC coating type has increased the 

corrosion protection performance. It has been shown that the Si contribution rate improves 

the corrosion resistance when it increases from 20% to 30% (Choi, Nakao and et al., 2007). 

Another additive applied to DLC coatings is titanium. Si-doped DLC coatings compared to 

DLC coatings with Ti additive Si-doped shows superior properties in terms of corrosion 

resistance (Masami, Setsuo and et al., 2009). A DLC film deposited on AZ31 (Mg–3%Al–

1%Zn) showed anticorrosion properties (Fig. 6 (a and b)). Plasma-based ion implantation 

and deposition (PBII&D) was used to deposit DLC and Si–DLC films on sputter. 0.05 M 

NaCl electrolyte solution was used for recording potentiodynamic polarization curves. With 

increasing Si content in DLC films, corrosion protection performance improved, and Si 

incorporation further improved corrosion protection.  Si–DLC coatings become less cracked 

and pitted (Fig. 6 (c and d)), resulting in low corrosion currents and higher corrosion 

potentials. Si-doped DLC coating on magnesium alloy has enhanced corrosion protection. 

AZ31 film corrosion performance was improved thanks to the oxygen plasma treatment 

which formed a magnesium oxide layer on the film and increased electrical resistivity. DLC 
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coatings made after this pre-treatment significantly increased the corrosion performance of 

the magnesium alloy (Fig. 6) (Choi and et al., 2007). 

 

 
Fig. 6. Sample surfaces after corrosion tests (SEM) (Choi and et al., 2007) 

 

The corrosion resistance of DLC coatings performed on 316L SS, CoCrMo, and Ti6Al4V 

substrates using a filtered cathode vacuum arc (FCVA) coating method was investigated at 

37°C in 0.9% NaCl solution and DLC-coated ones showed a very high corrosion resistance 

compared to uncoated ones. When the results of the dynamic polarization test are examined; 

all DLC-coated samples were found to have higher corrosion potential and lower current. 

After coating, the potential value of the Ti6Al4V alloy (-0.266V) increased to (-0.039V). 

The others changed from (-0.036V) to CoCrMo alloy (-0.225V), from 316L SS (-0.148V) to 

(-0.033V), respectively. DLC coatings can successfully defend metal substrates and reduce 

corrosion rate. The lowest current value is also observed in the DLC-coated Ti6Al4V alloy. 

The stability of the coated Ti6Al4V alloy is higher than the other two base materials, 

indicates that corrosion protection is more effective (Zhang et al., 2015).  

 

Hydrogen doped amorphous carbon (a-C: H) coatings can be classified as soft or hard 

depending on sp3 bonds, hydrogen content and hardness. These as-deposited DLC coatings 

are characterized by low friction coefficient, chemical stability and abrasion resistance. For 

as-deposited DLC coated specimens, the corrosion potential and corrosion current of 

316L/DLC (-0.033 V, 1.20E-9 A/cm2), CoCrMo/DLC (-0.036 V, 1.08E-9 A/cm2) and 

Ti6Al4V/DLC (-0.039 V, 8.62E-10 A/cm2) are similar. After 90 days of corrosion test, the 

corrosion current of all immersed DLC-coated samples was large (Figure 7 (a,b,c)). The 

corrosion current of Ti6Al4V/DLC increases slightly from 8.62E-10 A/cm2 to 1.05E-9 

A/cm2, while the corrosion currents of immersed 316L/DLC and CoCrMo/DLC are twice as 

large.  Ti6Al4V/DLC was the best resistant material in the static immersion test. Titanium 

alloys have better adhesion to DLC coatings than stainless steel and CoCrMo alloys. 

Compared with the bare metal substrates, all the as-deposited DLC samples reveal a higher 

corrosion potential and a lower corrosion current. That means DLC coating can successfully 

protect the metal substrate and lower the corrosion rate. Testing shows that DLC coatings on 
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Ti6Al4V substrates have better stability than coatings on 316L stainless steel and CoCrMo 

alloys (Fig. 7) (Dalibon at et al., 2017). 

 
 

 
 

Fig. 7. The bare, as-deposited and immersed DLC-coated samples is Dynamic polarization 

curves: (a) 316L/DLC, (b) CoCrMo/DLC, (c) Ti6Al4V/DLC (Zhang et al., 2015; Dalibon 

at et al., 2017) 

 

The corrosion resistance of multi-layer DLC coatings using the unbalanced magnetron 

sputtering method on 304L SS base material used as biomaterials revealed that the corrosion 

resistance of 24°C in NaCl solution at room temperature was 20±3°C. When the dynamic 

polarization test results are examined in Fig. 8, it is observed that the multilayer DLC 

coatings have high corrosion potential and low current value, thus showing better corrosion 

resistance of the material. The corrosion potential of uncoated 304L base material is Ecorr=̃ -

0.37V and corrosion current density is Icorr =̃ 6.39x10−5 A/cm2. After applying the multi-

layer DLC coating, Ecorr =̃ -0.22 V and Icorr = ̃7.58×10−6 A/cm2 in the same environment. 

The high corrosion potential and low corrosion current density obtained by the coating 

reduce the corrosion rate, resulting in better corrosion resistance of the coated base material. 

Therefore, the corrosion resistance of the multilayer DLC coating appears to have good 
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potential for increased corrosion resistance of the 304L substrate (Sharma and et al., 2008; 

Yea and et al., 2017). 

 

 
Fig. 8. Corrosion behavior of multi-layer DLC coating during polarization curve of 304L 

substrate and corrosion tests (Sharma and et al., 2008; Yea and et al., 2017). 

 

316L SS is also used as biomaterial. Firstly, nitriding heat treatment is applied on this steel 

and then nitride layer is obtained by using unstable magnetic weld sputtering (CFUMBS) 

method and investigated the effect of duplex operation. The presence of nitrides obtained 

from the substrate material and the coating interface affected the corrosion resistance of Ti-

DLC coated samples. As it is shown in Fig. 9, polarization curves are given for uncoated, 

nitrided, Ti-DLC coating and duplex surface treated 316L SS samples. When the dynamic 

polarization test results are examined in Fig. 7, uncoated 316L SS base material (Ecorr = -83 

mV, Icorr = 1.50x10−4mAcm−2) value, 316L SS cement material after nitriding at 500ºC for 

8 hours (Ecorr = -340mV, Icorr =1.01x10−4mAcm−2), duplex-treated 316L SS base material 

(Ecorr = -114mV, Icorr = 1.09 x10−4mAcm−2) values were obtained. According to these 

results, it is observed that the corrosion potential of nitrided samples is lower than the 

uncoated sample, however, the anodic current densities are also low. After coating with 316L 

SS base material Ti-DLC (Ecorr = -19mV, Icorr = 8.31 x10−5mAcm−2) was obtained. It is seen 

that the polarization curve of Ti-DLC thin film coated samples shifts to a higher corrosion 

potential value and lower corrosion current densities. The polarization curve of nitrided 

samples showed that the current density was high and the corrosion potential was lower than 

the uncoated sample. By comparing the polarization curves of Ti-DLC coated and duplex-

treated 316L stainless steel, it can be seen that phase formation and surface roughness have 

a large impact on corrosion resistance. As a result of the Ti-DLC coating, the sample was the 

most corrosion resistant. This shows that the Ti-DLC coating alone provides good protection 

(Fig. 9) (Karabağlar, 2015; Yetim, Çelik and et al. 2011). 
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Fig. 9. Current density of 316L SS with different surface treatment curves (Yetim, Çelik 

and et al. 2011) 

 

As a result of the SEM investigations made on 316L SS base materials treated differently, 

Pitting corrosion was found to be effective in all samples. In Fig. 10(a), when the surface of 

the plasma nitrided 316L sample is examined, a large number of pits are observed due to the 

effect of corrosion. SEM images were seen that in Fig. 10(b) the Ti-DLC deposited 316L 

specimens did not show defects on the surfaces, such as small pores, and pinholes (Yetim, 

Çelik and et al., 2011). As a result of the electrolytic cell reaction, the amount of corrosion 

increased compared to the coated as a result of the homogeneous microstructure, the 

interaction between the nitrides and the (Yetim, Çelik and et al., 2011, Wua, Zhou and et al., 

2018). 

 

 
Fig. 10. Corroded surfaces of 316L stainless steel samples is SEM Images (100 µm): 

a) plasma nitrided, b) Ti-DLC deposited (Yetim, Çelik and et al., 2011). 

 

In Fig. 10(c), duplex treated and nitrided surfaces have similar surfaces when examined. The 

best corrosion resistance was observed in the Ti-DLC-coated specimens. These results 

indicated that the Ti-DLC coating is an appropriate surface change for metal implants which 

are uncoated and nitrided in plasma (Yetim, Çelik and et al. 2011; Wua, Zhou and et al., 

2018). 
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Fig. 10 (continue). Corroded surfaces of 316L stainless steel samples is SEM Images: c) 

duplex treated (Yetim, Çelik and et al., 2011) 

 

DLC coating was performed by using direct current (DC) reactive magnetron sputtering 

method on 304 SS base material used as biomaterial. In the case of addition of Ti, Cu and Ce 

elements as additive to the DLC coating, the effect on corrosion resistance in the medium 

containing 3.5% NaCl solution was compared. The Ti-bonded (Cu, Ce)/Ti-DLC coating 

exhibited a better corrosion resistance than the Ti additive (Cu, Ce) TiDLC coating. The film 

polarization curves (Cu, Ce)-DLC and (Cu, Ce) / Ti-DLC are shown in Fig. 11. When the 

test results are examined, the potential range of (Cu, Ce)-DLC coating is from -0.098 to -

0.045 V vs SCE (saturated calomelelectrode) and the potential range of (Cu,Ce) / Ti-DLC 

film is 0.22 to 0.25V vs SCE (saturated calomel electrode) and an anodic peak with potential 

range. (Cu,Ce)-The anodic peak in the DLC film is observed more clearly than the (Cu, 

Ce)/Ti-DLC film. (Cu,Ce)-DLC film has higher corrosion current density (Icorr = 6.530 x 

10−7Acm−2) and more negative corrosion potential value (Ecorr = -0.270 V) (Cu, Ce) -DLC 

film has a worse corrosion protection behavior. The (Cu,Ce)/Ti-DLC film has a lower 

corrosion current density (Icorr = 3.195 x 10−8Acm−2) and a higher corrosion potential (Ecorr 

= -0.137 V). It has better corrosion protection than Ti additive coating. Corrosion media were 

able to penetrate the film's thin layers and microfractures. Interfacial effect, which prevents 

the penetration of the abrasive medium into the metal and limits the growth of defects; This 

is due to the promising corrosion protection property of the (Cu,Ce)/Ti-DLC film (Fig. 11) 

(Wua, Zhou and et al., 2018). 

 

 
Fig. 11. (Cu, Ce) -DLC and polarization curves of (Cu, Ce) / Ti-DLC films film (Wua, 

Zhou and et al., 2018) 

 

After the polarization test, for the in-depth analysis, SEM surface surveys of the coatings 

were made, resulting in pitting corrosion and micro-cracks and pores [19].  When the SEM 

sample photographs of the (Cu, Ce)-DLC film in Fig. 12 (a and b). Fig. 12(a) was seen before 
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of immersed 3.5% NaCl solution (Cu, Ce)-DLC. Fig 12(b) were examined that surface 

roughness and pitting corrosion occurred. The SEM photographs of the (Cu,Ce)/Ti-DLC film 

in Fig. 12 (c and d). Fig. 12(c) was seen before of immersed 3.5% NaCl solution (Cu, Ce)/Ti-

DLC film. Fig. 12(d) show that there is no significant damage to the surface after corrosion. 

It is concluded that the Ti-doped (Cu, Ce)/Ti-DLC film exhibits outstanding anti-corrosion 

performance (Wua, Zhou and et al., 2018). 

 

 
Fig. 12. SEM surface morphologies before and after immersed in 3.5% NaCl 

solution: (a) before of immersed (Cu, Ce)-DLC, (b) after of immersed (Cu, Ce)-DLC, (c) 

before of immersed (Cu, Ce)/Ti-DLC (d) after of immersed (Cu, Ce)/Ti-DLC (SEM: 

100µm and 500 nm) (Wua, Zhou and et al., 2018) 

 

NiTi alloys are also used as biomedical implant materials. DLC coating was applied to this 

material by magnetron sputtering method and corrosion behavior was investigated in 

phosphate buffer solution (PBS). Serum proteins, bovine serum albumin (BSA) and 

fibrinogen (Fib) were added to phosphate buffer solution for this purpose and the effects of 

DLC coated NiTi alloy on corrosion behavior were investigated. According to Fig. 13, 

corrosion current density measured in DLC-coated samples is lower when BSA and 

fibrinogen are introduced to the solution when polarization curves for coated and uncoated 

NiTi alloy base materials are removed. The corrosion potential of NiTi alloy base material 

in PBS was observed to be Ecorr =-314 mV and the current density was Icorr = 4x10−6A/cm2. 

The corrosion potential of DLC coated NiTi alloy base material in PBS increased to Ecorr = -

96 mV, and the current density decreased to 2.8x10−6 A/cm2. When the corrosion behavior 

of the coated sample in the presence of BSA and Fibrinogen is examined; PBS + BSA, the 

corrosion potential is Ecorr =-60 mV, current density Icorr = 3.5x10−6A/cm2 PBS + Fib. The 

corrosion potential in the environment was Ecorr = -83 mV and the current density was Icorr 

= 1.3x10−6A/cm2. DLC coatings on NiTi alloy reduce current density and increase the 

corrosion potential in PBS in comparison with uncoated. Corrosion current density measured 

from DLC, BSA and Fib coated sample when more decreases are present.  BSA improves 
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corrosion resistance by covering the pores in the coating. Different layers of coating may 

affect the adhesion and corrosion resistance of NiTi/DLC system (Fig. 13) (Hang, Chu, 

2010). 

 
Fig. 13. Uncoated DLC coated NiTi alloy potentiodynamic bias curves in a variety of 

solutions (Hang, Chu, 2010). 

 

The improvement in corrosion resistance can be attributed to the formation of a passive layer 

of SiOx on the surface of the DLC, as the coating becomes increasingly impermeable when 

Si is added (Zeng and et al., 2002; Lillard and et al., 1997; Papakonstantinou and et al., 2002; 

Kim and et al., 2005). DLCs with increased silicon content have shown to have improved 

barrier properties, as indicated by lower current density in the polarization curves as well as 

higher charge transfer resistance and pore resistance values (Azzi et al., 2010). 

 

4. Conclusion 

It is important that the implant materials used in the biomedical area are long-lasting and 

their duration of use is increased. The coating applications on the implant ensure that the 

implants are more resistant to corrosion in the body and work more harmoniously with the 

living tissue without creating any toxic effects. DLC coatings are an effective coating type 

to increase the corrosion resistance of implant materials. When the potentiodynamic test 

results of the DLC coatings are investigated, the corrosion potential of the DLC coated base 

materials is higher and the corrosion currents are lower. Considering that the corrosion 

current and potential are directly related to the corrosion rate, the corrosion resistance of 

DLC-coated substrates is shown to be higher than the uncoated base materials and the coating 

surface provides effective protection against corrosion. When corrosion resistance is 

examined in different solutions, it is possible to further increase the DLC coating corrosion 

resistance by addition of additives such as titanium and silicon. The type and process 

parameters of the PVD method that enables the acquisition of DLC coatings are effective on 

the implant material corrosion resistance. Thus, it is concluded that DLC is suitable for use 

as a protective coating to protect against corrosion.  

 

All these studies show that the effect of DLC coatings on medical materials used in the health 

field will be higher in the future. This review article was made to have information about the 

corrosion of DLC coatings. The importance of DLC coating in increasing corrosion 

resistance was emphasized. Developing economic products that are more compatible with 

the human body and which do not cause problems at the place of use of the implant and 
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which can be used in a compatible and long-term manner will create promising developments 

on behalf of the health sector. 

 

5. References 

Azzi, M., et al., 2010. Corrosion Performance and Mechanical Stability of 316L/DLC Coating System: Role of 

Interlayers. Surface and Coatings Technology, 204(24), 3986-3994. 

Azhar Mohammada, K., Zainudina, E.S., Salita, M.S., Zaharia, N.I., Ali, A., 2013. Experimental Determination 

of the Fatigue Behavior of Austenitic 316L Stainless Steel Under Fatigue and Creep-Fatigue Tests at 

High Temperature. International Journal of Metal and Steel Research Technology, 1(1), 1-11. 

Bociaga, D., et al., 2017. Diamond Like Carbon Coatings Doped by Si Fabricated by a Multi-Target DC-RF 

Magnetron Sputtering Method - Mechanical Properties, Chemical Analysis and Biological Evaluation. 

Vacuum. 143(1), 395-406. 

Browne, M., Gregson, P.J., 2000. Effect of Mechanical Surface Pretreatment on Metal Ion Release. 

Biomaterials, 21(4), 385-92. 

Choi, J., Nakao, S., Kim, J., Ikeyama, M., Kato, T., 2007. Corrosion Protection of DLC Coatings on Magnesium 

Alloy, Diamond & Related Materials 16 (4); 1361–1364. 

Cui, W., Qin, G., Duan, J., Wang, H., 2017. A Graded Nano-TiN Coating on Biomedical Ti Alloy: Low Friction 

Coefficient, Good Bonding and Bio-compatibility. Materials  Science and Engineering, 71(1), 520-528. 

Dalibón, E.L., Escalada, L., et al., 2017. Mechanical and Corrosion Behavior of Thick and Soft DLC coatings. 

Surface & Coatings Technology, 312(1), 101–109. 

Danışman, Ş., Teber, M., 2016. The Effect of TiAlN Coatings on Corrosion Behaviour of Ti6Al4V Alloy in 

Used Biomedical Applications, International Materials Science and Technology Conference Cappadocia 

(IMSTEC'16), Nevşehir, 678-683. 

Danışman, Ş., Savaş, S., Işık, G., Bendeş, O., Özbekler, A., 2008. Wear Resistant Hard Ceramic Coatings Used 

in Biomedical Applications, IV. National Biomechanics Congress, Erzurum, 1-10. 

Danışman, H., Çelebi, F., Danışman, Ş., Bıçakçı, A.A., 2022. Effects of Diamond-like Carbon Coating on 

Frictional and Mechanical Properties of Orthodontic Brackets: An in Vitro Study. Apos Trends in 

Orthodontics, 12(1), 13-19. 

De Las Heras, E., Ybarra, G., Braceras, I., Corengia, P., 2009. Surface Modification by Plasma-Based 

Processes, Functıonal Properties of Bio-Inspired Surfaces book, Chapter: Plasma-Based Processes for 

Surface Modification, Publisher: World Scientific, Singapore, Editors: World Scientific, 344-378. 

Falcao, E.H.L, Wudl, F., 2007. Carbon Allotropes: Beyond Graphite and Diamond. Journal of Chemical 

Technology and Biotechnology, 82(6), 524 – 531. 

Gilewicz, A., Chmielewska, P., Murzynski, D., Dobruchowska, E., Warcholinski, B., 2016. Corrosion 

Resistance of CrN and CrCN/CrN Coatings Deposited Using Cathodic Arc Evaporation in Ringer's and 

Hank's Solutions. Surface and Coatings Technology, 299(1), 7-14. 

Hammood, A.S., Mahdi, M.A.S, Thair, L., Haddad, H., 2019. Evaluating the Effect of Hydroxyapatite-chitosan 

Coating on the Corrosion Behavior of 2205 Duplex Stainless Steel for Biomedical Applications. 

Materials Research Express, 6(8), 1-14. 

Hang, R., Ma, S., Chu, P.K., 2010. Corrosion Behavior of DLC-Coated NiTi Alloy in the Presence of Serum 

Proteins. Diamond & Related Materials,19(10), 1230–1234. 

Karabağlar, D., 2015. Comparative Evaluation of Decreasing Effect of Superlubricious Diamond-like Carbon 

Nanoparticles Coated Orthodontic Wire, Conventional and Self-ligating Brackets on Friction on 

Orthodontic Tooth Movement, Marmara Universty, Institute of Health Sciences, Doctoral (phD) Thesis, 

Istanbul, pp 149. 

Kaya, Ç., Asan, A., 5-8 Eylül 2006. 42CrMo4 Coating of Steel with Polypyrrole and Investigation of Corrosion 

Behavior of This Coating, Seventh National Chemical Engineering Congress, Anadolu University, pp 

1-6, Eskişehir. 

Kim, H.G., Ahn, S.H., Kim, J.G., Park S.J., Lee, K.R., 2005. Electrochemical Behavior of Diamond-Like 

Carbon Films for Biomedical Applications. Thin Solid Films, 475 (1-2), 291-297. 

Khan, S.A, Shahid, S., Hanif, S., Almoallim, H.S., Alharbi, S.A., Sellami, H., 2021. Green Synthesis of 

Chromium Oxide Nanoparticles for Antibacterial, Antioxidant Anticancer, and Biocompatibility 

Activities. International Journal of Molecular Sciences, 22(2), 3-17. 

Kosarieh, S., Morina, A., Flemming, J., Laine, E., Neville, A., 2016. Wear Mechanisms of Hydrogenated DLC 

in Oils Containing MoDTC. Tribology Letters, 64 (4), 2-17. 



DANIŞMAN ve DEMİREL/GBAD, 2023, 12(2), 57-72                                                                                    71 

 

 

 
Köse, C., Kaçar, R., 2016.  In Vitro Bioactivity and Corrosion Properties of Laser Beam Welded Medical Grade 

AISI 316L Stainless Steel in Simulated Body Fluid. International Journal of Electrochemical Science, 

11(4), 2762-2777.  

Köse, C., Kaçar, R., Zorba, A.P., Bağırova, M., Allahverdiyev, A.M., 2016. The Effect of CO2 Laser Beam 

Welded AISI 316L Austenitic Stainless Steel on the Viability of Fibroblast Cells, in Vitro. Materials 

Science and Engineering C, 60(1), 211-218. 

Köse, C., Kaçar, R., Zorba, A.P., Bağırova, M., Abamor, E.Ş., Allahverdiyev, A.M., 2018. Interactions 

Between Fibroblast Cells and Laser Beam Welded AISI 2205 Duplex Stainless Steel. Materials Science 

24(2), 159-165. 

Köse, C., 2016.  An Investigation of the Surface Characterization of Laser Surface Remelted and Laser Beam 

Welded AISI 316L Stainless Steel. International Journal of Electrochemical Science, 11(5), 3542-3554. 

Köse, C., 2018.  Investigation on Microstructure, Surface and Corrosion Characteristics of Heat Treated AISI 

420 Martensitic Stainless Steel Laser Welds in Simulated Body Fluid (SBF). International Journal of 

Electrochemical Science, 13(12), 12208-12225. 

Kurt, M.M., 2006. 304L DLC (Diamond Like Carbon) Coating on Stainless Steel: Investigation of Its 

Mechanical – Tribological Properties, Atatürk University Institute of Science, Master Thesis, Erzurum, 

pp 65. 

Lillard, R.S., Butt, D.P., et al., 1997. The Breakdown Mechanism of Diamond-Like Carbon Coated Nickel in 

Chloride Solution. Corrosion Science, 39(9), 1605-1624. 

Masami, I., Setsuo, N., Et al., 2009. Improvement of Corrosion Protection Property of Mg-Alloy by DLC and 

Si DLC Coatings with PBII Technique and Multi-target DC–RF Magnetron sputtering. Nuclear 

Instruments and Methods in Physics Research, 267(8-9), 1675–1679. 

Matusiewicz, H., Richter, M., 2022. Metal Ions Release from Metallic Orthopedic Implants Exposed to 

Tribocorrosion and Electrochemical Corrosion Conditions in Simulated Body Fluids: Clinical Context 

and in Vitro Experimental Investigations, World Journal of Advanced Research and Reviews, 14 (02), 

261–283. 

Michailidis, N., Bouzakis, K.D., 2019, Physical Vapor Deposition (PVD), CIRP Encyclopedia of Production 

Engineering, Second Edition, Springer Publishing, 1308–1316. 

Özkömür, A., 2008. Investigation of the Efficacy of Diamond-Like Carbon Coating on Galvanic Corrosion 

Between Implant Superstructure Parts, Çukurova University Institute of Health Sciences, PhD Thesis, 

Adana, pp 119. 

Papakonstantinou, P., Zhao, J.F., Lemoine, P., et al., 2002. The Effects of Si Incorporation on The 

Electrochemical and Nano-Mechanical Properties of DLC Thin Films. Diamond and Related Materials, 

11(3-6), 1074-1080. 

Rahaman, M.N., Yao, A., Bal, B.S., Garino, J.P., Ries, M.D., 2007. Ceramics for Prosthetic Hip and Knee Joint 

Replacement. Journal of the American Ceramic Society, 90(7), 1965-1988. 

Sharma, R., Barhai, P.K., Kumari, N., 2008. Corrosion Resistant Behaviour of DLC Films. Thin Solid Films, 

516 (16), 5397–5403. 

Stango, S.A.X, Karthick, D., Swaroop, S., Mudali, U.K, Vijayalakshmi, U., 2018. Development of 

Hydroxyapatite Coatings on Laser Textured 316 LSS and Ti–6Al–4V and Its Electrochemical Behavior 

in SBF Solution for Orthopedic Applications. Ceramics International, 44(3), 3149–3160. 

Türkan, U., Öztürk, O., Eroğlu, A.E., 2006. Metal Ion Release from TiN Coated CoCrMo Orthopedic Implant 

Material. Surface & Coatings Technology, 200(16-17), 5020-5027. 

Uzumaki, E.T., Lambert, C.S., Santos, Jr., A.R., Carvalho Zavaglia, C.A., 2006. Surface Properties and Cell 

Behaviour of Diamond-like Carbon Coatings Produced by Plasma Immersion, Thin Solid Films, 515(1): 

293-300. 

URL-1. What is a Diamond-Like-Carbon (DLC) Coating?, (Date of Access: 12.05.2023) 

              https://www.hefusa.net/pvd_coating/DLC-coatings.html 

URL-2. Carbon, (Date of Access: 06.07.2023) 

             https://www.chemistrylearner.com/carbon.html 

URL-3. DLC Coating and corrosion, (Date of Access: 14.05.2023) 

             https://www.cerakote.com/cerakote-vs-other-coatings/pvd 

Wua, Y., Zhou, S., et al., 2018. Comparative Corrosion Resistance Properties Between (Cu,Ce)-DLC and Ti 

Co-doped (Cu,Ce)/Ti-DLC Films Prepared via Magnetron Sputtering Method. Chemical Physics 

Letters, 705(1), 50–58. 

Yea, Y., Wanga, Y., et al., 2017. Tribocorrosion Behaviors of Multilayer PVD-DLC Coated 304L Stainless 

Steel in Seawater. Diamond & Related Materials, 79(1), 70-78. 

Yetim, A. F., Çelik, A., et al., 2011. Corrosion Behaviour of Ti-DLC Deposition on Pre-nitrided 316L Stainless 

Steel and Ti6Al4V Alloy. Corrosion Engineering Science and Technology, 46(4), 439-444. 

https://www.hefusa.net/pvd_coating/DLC-coatings.html
https://www.cerakote.com/cerakote-vs-other-coatings/pvd


DANIŞMAN ve DEMİREL/GBAD, 2023, 12(2), 57-72                                                                                    72 

 

 

 
Zaffora, A., Di Franco, F., Santamaria, M., 2021. Corrosion of Stainless Steel in Food and Pharmaceutical 

Industry. Current Opinion in Electrochemistry, 29(100760), 1-7. 

Zeng, A., Liu, E., Annergren, I.F., Tan, S.N., Zhang, S., Hing, P., Gao, J., 2002. EIS Capacitance Diagnosis of 

Nanoporosity Effect on the Corrosion Protection of DLC Films Diamond and Related Materials, 11(2), 

160-168. 

Zhang, T.F., et al., 2015. Wear and Corrosion Properties of Diamond Like Carbon (DLC) Coating on Stainless 

Steel. CoCrMo and Ti6Al4V Substrates. Surface & Coatings Technology, 273(1), 12–19. 

 

 

 

 


