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Abstract: Cobalt-chromium based alloys are widely used in dental applications due to their excellent mechanical properties, high 
corrosion resistance and good biocompatibility. Although they are generally fabricated by casting for dental restorations, recently selective 
laser melting (SLM) has become an attractive production method since it allows complex geometries. Recent studies revealed that Co-Cr 
alloys formed by SLM, provided better corrosion resistance as well.  

In this study, tribo-corrosion behavior of a Co-Cr-Mo alloy produced by casting (Biosil-Degudent) was compared with the one (Co212-f 
ASTM F75) produced by SLM. The wear properties were investigated by tribo-corrosion tests in a Fusayama-Meyer artificial saliva solution 
using a “ball-on-disc” type tribometer. Polished surfaces were tested against zirconia balls at the same sliding speed, distance and load. 
Friction coefficient values were determined and the worn surfaces were evaluated using microscopes to compare the wear and tribo-
corrosion resistance through wear tracks. SLM proved to be a promising manufacturing method for dental applications. 
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1. Introduction 
Due to a great demand in artificial hip, knee joints and dental 

applications, many attempts were made to produce materials having 
superior physical and chemical properties [1]. Co-Cr-Mo alloys are 
commonly used as implant materials as well as restoration materials 
in dentistry due to their excellent mechanical properties, high 
corrosion resistance and good biocompatibility [2]. They possess 
face centered cubic (FCC) lattice - γ phase at high temperatures and 
hexagonal close packed (HCP) lattice - ε phase at room temperature 
[3-6]. While γ phase is responsible for ductility, ε phase enhances 
the corrosion and wear resistance [7]. In proper alloying the 
microstructure of the dental alloys is composed mainly of γ phase 
and carbides of the M23C6 type [4]. Chromium, molybdenum and 
tungsten are added for strengthening of the solid solution. The 
chromium (22%-28%) forms a passive oxide layer on the surface 
providing good corrosion resistance and carbides in the 
microstructure increase the hardness and wear resistance [4, 6] 
Consecutively, the properties of the dental alloys depend on the γ-ε 
ratio and the type, quantity and distribution of the carbide phase in 
the microstructure.  

Not only grade of material but also processing technique have 
an important role on the final properties of implant materials [8]. 
From past to present, casting is a well-known technique to produce 
several metallic products, however, cast alloys having 
inhomogeneous microstructure, solidification defects, segregation 
and large grains are not sufficient to ensure high quality, superior 
physical and chemical properties leading to a long service life [9]. 
Today, selective laser melting (SLM) technique, a kind of additive 
manufacturing method, is preferred in fabricating implant materials 
due to its highly motivated facilities [10]. In this technology layers 
of metal powder are fused into a 3D model by adopting a computer-
directed laser [11-13]. The advantages of SLM over the traditional 
methods include production of personalized complex objects; 
manufacturing of parts with dense structure and predetermined 
surface roughness; controllable, easy and relatively quick process 
[11]. The SLM process is characterized by high heating and cooling 
rates of the melted layer as well as heating and solid state phase 
transformations in the underneath layers, which determine 
microstructure and properties quite different than that of the cast 
details. 

It was established by Meacock et al. [14] that the microstructure 
of biomedical Co-Cr-Mo alloy, produced by laser powder 
microdeposition, is homogenous comprised of fine cellular 

dendrites. The average hardness was 460 HV0.2, which is higher 
than the values obtained by the other fabrication processes. Barucca 
et al. [15] investigated Co-Cr-Mo parts, produced by direct metal 
laser sintering. They established that the higher hardness is 
attributed to the presence of the ε-lamellae grown on the {111}γ 
plane. Dolgov et al. [16] also reported about more homogeneous 
microstructure, the higher hardness and yield strength of the SLM 
fabricated Co-Cr-Mo alloy (382 HV and R0.2=720 MPa) comparing 
to the cast alloy (335 HV and R0.2=410 MPa). Lu et al. [17] 
investigated the microstructure, hardness, mechanical properties, 
electrochemical behavior and metal release of Co-Cr-W alloy 
fabricated by SLM in two different scanning strategies – line and 
island. They established the coexistence of the γ- and ε-phases in 
the microstructure and nearly the same hardness (570 HV for line-
formed alloy and 564 HV for island-formed) as well as high 
corrosion resistance in the both production schemes. The higher 
hardness and the more homogeneous microstructure of SLM Co-Cr 
alloys are preconditions for higher wear and corrosion resistance, 
respectively. 

Tribo-corrosion is a relatively new field of physical science 
research in which two degradation processes, mechanical wear and 
electrochemical responses to particular consequences of that wear, 
are studied [18]. In general, the tribo-corrosion behavior of metals 
can be attributed to the synergy between wear and corrosion and the 
leading phenomena can be summarized as the following: (i) an 
oxide film forms on the metal surface and it protects the surface 
from corrosion degradation, (ii) wear removes the film inducing an 
accelerated corrosion process, (iii) wear-corrosion products enhance 
the wear, (iv) the synergy between wear and corrosion 
exponentially causes a great material loss. This synergy can be 
varied by not only test conditions (corrosive medium, temperature, 
tribological pairs, load, sliding speed etc.) but also microstructural 
features [19]. In this study, cast and SLM processed two 
commercial alloys were tested in artificial saliva solution to 
understand their tribo-corrosion behavior throughout the 
microstructural features. 

2. Materials and methods 
Materials and sample preparation 

In this study, two commercial Co-Cr-Mo alloys (Biosil-
Degudent and Co212-f ASTM F75) were selected as test materials. 
Biosil-Degudent alloy was produced by casting and its composition 
includes 64.80 Co - 28.50 Cr - 5.30 Mo - 0.50 Si -0.50 Mn -0.40 C, 
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wt-%. It has a hardness value of 400 HV10 and its yield strength 
and tensile strength are 700 MPa and 900 MPa, respectively. The 
chemical composition of SLM processed Co212-f ASTM F75 alloy 
contains 65.20 Co - 28.30 Cr - 5.48 Mo – 0.754 Si - 0.164 Fe - 
0.036 V, wt-%. Its hardness value is 35 HRC and yield and tensile 
strength values are 835 MPa and 1050 MPa, respectively. All data 
about the chemical composition and also mechanical properties are 
provided by the manufacturer.   

Test specimens with dimensions 2 mm x 10 mm x 40 mm were 
prepared by lost-wax casting and SLM process. At first a silicone 
mold for manufacturing of wax models for the cast test specimens 
was fabricated, while the 3D model was created with SolidWorks 
software. The cast samples were produced by centrifugal casting of 
Co-Cr alloy “Biosil”. The SLM samples were fabricated directly 
from the virtual 3D models using SLM 125 machine of the “SLM 
Solutions”, Germany. The machine is equipped with continuous 
Nd:YAG laser which worked with power 100 W and laser spot 
diameter 0.2 mm. The metal powder of Co-Cr alloy Co212-f ASTM 
F75 was melted in layers with 0.03 mm thickness until the desired 
construction was obtained. During manufacturing process the laser 
at first scanned the outer contour of the layer of the first specimen’s 
part, next it hatched the area within the boundaries at an angle of 
45° with a pitch of 0.13 mm. After that it passed to the same layer 
of the next specimen’s part, thus fabricating the whole layer. The 
SLM technological regime, recommended from the company 
producer was used. 

Sample characterization 

Samples were cold molded and surfaces were prepared by 
standard metallographical techniques, namely grinding with SiC 
papers, polishing with diamond paste. Surfaces were etched 
electrolytically in a solution (5 % HCl, 95 % H2O), at 5 V for 1 sec. 
Microstructural characterization was carried out using light 
microscope (LM, Olympus BX41M-LED) and scanning electron 
microscope (SEM, Jeol JSM 6060) equipped with energy dispersive 
spectrometer (EDS, IXRF). 

Tribo-corrosion test 

For tribological studies, a “ball-on-disc” type tribometer 
(Nanovea Microtest SMT/A) was used and the system was 
supported by a home-made attachment for the tribo-corrosion tests. 
In this system (Fig. 1), molded alloys having equal contact areas 
were fixed into a polymeric chamber and polished surfaces were 
subjected to a Fusayama-Meyer artificial saliva solution (pH ~ 7.1). 
The counterpart material was selected as ZrO2 having 3 mm 
diameter and the tests were carried out under 5N normal load, at a 
speed of 0.01 m/s during 100 m for 3 ½ h.  

All test results were evaluated by (i) variation of friction 
coefficient (COF) as a function of sliding distance, (ii) 
determination the change in weight, (iii) worn surface examinations 
by SEM. Weight loss values for all samples were determined by 
weighing the specimens before and after the tests using a precise 
laboratory type balance. 

 
Fig. 1: A schematic illustration of a “ball-on-disc” type tribometer 

equipped with tribo-corrosion unit. 

3. Results and discussion 
Fig. 2a shows a typical cast structure of Co-Cr-Mo alloy and it 

consists of γ-Co dendritic matrix of face centered cubic structure 
and a secondary blocky M23C6 carbide phase segregated to the 
columnar grained structure (Fig. 2b). As reported in several studies 
[4, 16, 20-22], the cast matrix includes large grains, non-
homogenous microstructure, solidification defects resulting in poor 
mechanical properties. The coarse grain structure will be very 
effective on the chipping failure thus the material used in dental 
applications should consist of smaller grains [17]. This problem 
could be overcome by SLM which is an additive manufacturing 
technique, fabricating metal products having very fine and well 
distributed microstructural features within matrix [14-17, 20]. In 
SLM processed materials, laser scan produces a layer-layer molten 
pool boundaries (MPBs) given in Fig. 3a and SEM observations at 
higher magnification revealed out the presence of an extremely fine 
microstructure inside a single pool (Fig. 3b) and very fine carbides 
having globular (drawn by circle) and lamellar (drawn by square) 
morphology are observed in re-solidified structure (Fig. 4). 

 
(a) 

 
(b) 

Fig. 2: Microstructures of cast Co-Cr-Mo alloy: (a) LM image showing 
typical cast structure γ-Co dendritic matrix, (b) SEM image showing 

secondary M23C6 carbides at the boundaries. 

 
(a) 

 
(b) 

Fig. 3: Microstructures of SLM processed Co-Cr-Mo alloy: (a) LM image 
showing layer-layer MPBs, (b) SEM image revealing out the finer structure 

compared to cast alloy. 

Fig. 5 shows the variation of COF as a function of sliding 
distance for tested alloys. The curves include typical fluctuations 
due to ploughing and adhesion of moving particles formed by wear 
and corrosion and they consist of two distinct regimes: (i) running-
in regime at first 10 m and (ii) steady-state regime after 25 m. Till 
the end of running-in regime, the cast alloy has a tendency to 
increase its COF value and it has a peak value of 0.09, however, 
COF value of SLM alloy initially has its maximum value as 0.13 
and then goes down during sliding. At the steady-stage regime, the 
COF values of both alloys have no significant change and vary in 
the range of 0.08 – 0.10. Studied alloys owe their wear resistance to 
the hard carbides (especially Cr-rich carbides) within their matrix, 
however, these carbides have a detrimental effect in corrosive 
medium due to depletion of chromium away from the matrix and 
lack of protective film [predominantly Cr2O3 and Cr(OH)3] on the 
metal surface [23]. This detrimental effect can be observed as pits 
and crevices in the surrounding areas of the carbide due to localized 
attack in corrosive medium. In sliding of tribological pairs in a 
corrosive medium, the corrosion resistant carbides stick out and 
behave as asperities deteriorating the protective film, grooving the 
surface, leading to corrosion products and increasing the COF [6]. 
All these well-known approaches make it clear why the cast alloy 
having coarser microstructural features (columnar structure and 

M23C6 carbides 

γ-Co 

layer-layer MPBs 
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blocky carbides) than that of SLM processed alloy exhibited a rapid 
COF increase in running-in regime. On the other hand, SLM 
processed alloy keeps its chromium in the matrix, therefore, more 
stable oxide layer makes the alloy resistant to both corrosion and 
wear despite a normal force is subjected to tested alloy embedded 
into a corrosive medium and corrosion potential shifts from a 
passive region to a more active region due to frictional forces.  

As mentioned before, the synergy between wear and corrosion 
causes a great material loss forming an adhesion layer. The 
presence of adhesion layer may change the tribological interaction 
from two-body contact to three-body contact at the steady-state 
regime in which both cast and SLM alloys exhibit similar COF 
values. Not only variation of COF values but also changes in weight 
support the effect of microstructural features of Co-Cr-Mo alloys on 
tribo-corrosion behavior. When the weights of the alloys before and 
after the tribo-corrosion test were considered, a gain of 3.3 mg and 
1.8 mg were observed for the cast and SLM alloys, respectively. 
The increase is mainly due to the corrosion products accumulated 
on the worn surfaces together with the wear debris, and it is almost 
twice as much for the cast alloy compared to the SLM one clearly 
indicating that it suffered more from corrosion and wear under the 
given conditions. 

 
Fig. 4: SEM image showing globular and lamellar shaped carbides in 

columnar structure of SLM processed alloy. 

 

 
Fig. 5: Variation of COF values as a function of sliding distance. 

 
       The worn surfaces of studied alloys were also examined by 
SEM and   Fig. 6 shows the general views of wear tracks formed on 
the surfaces. Worn surface of cast alloy exhibited a very smooth 
wear track and a thick degraded film layer compared to that of SLM 
processed alloy. The film layer formed on cast alloy consists of 
21.32 O - 0.20 Na -0.70 Si - 6.90 P - 0.01 Cl - 4.32 Ca - 18.30 Cr - 
10.36 Fe - 5.20 Mo - 32.69 Co (wt-%) and the elemental 
distribution indicates that (i) the degraded film includes not only 
passive layer of Cr-Co-Mo oxides like Cr2O3, CoO and MoO3 but 
also Fe and Si based oxides due to depletion of Fe and Si ions 
having more negative standard reduction potential close to that of 
Cr, (ii) the presence of Cl and Na is a good evidence for the 
formation of chloride salts, (iii) the presence of phosphorus and 
calcium is related with the formation of a phosphate and carbonate 
compounds as reported in previous studies [23]. The film layer of 
SLM processed alloy has also similar elemental distribution (25.55 
O - 0.43 Na - 0.63 Si - 6.45 P - 0.04 Cl - 3.00 Ca - 20.70 Cr - 8.42 
Fe - 4.35 Mo - 30.43 Co, wt-%) on its corroded surface.    
 

 
(a) 

 
(b) 

Fig. 6: SEM images showing a general view of worn surfaces: (a) cast and 
(b) SLM processed alloy. 

 
      SEM image given in Fig. 7 shows the pittings and cracks on the 
worn surface of cast alloy.  In sliding conditions, the removed 
particles can be cold welded and then layered due to adhesive forces 
and then adhered layer can be deteriorated by delamination during 
contact. In this case, the detached particles will be very effective in 
wear and form new surfaces for the friction within the frame of 
three-body contact. Meanwhile, pitting corrosion is involved as 
point or small hole on the surface of metal embedded into a 
corrosive medium and pits can initiate at surface defects. A rapid 
depletion of oxygen in the pits causes metal oxidation and a 
progressive damage consisting of crack initiation and propagation 
into the porous and brittle oxide film starts [24, 25].  
 

 
(a) 

 
(b) 

Fig. 7: SEM images showing several pits (a) and (b) cracking in adhered 
layer on the worn surface of tested cast alloy. 

 
      The worn surfaces given in Fig. 8 exhibited very different 
surface characteristics compared to cast alloy. The surface has very 
sharp plastic flows which are oriented step by step due to layer-
layer structure of SLM processed alloy and also deep grooves 
indicating abrasion type wear. As examined before, SLM processed 
alloy has a finer microstructure compared to cast alloy and this 
structure makes it harden by plastic deformation during the contact 
of a harder counterpart. A decrease in the hardness gradient 
between tribological pairs increase the scratch capability of any 
surface and the abrasion wear appears.  
 

 
(a) 

 
(b) 

Fig. 8: SEM images showing plastic flows on the worn surface of SLM 
processed alloy: (a) plastic flows which are oriented step by step due to 

layer-layer structure of tested alloy, (b) deep grooves indicating the 
abrasion type wear under studied conditions. 

sliding direction 

degraded film layer  

wear track 

pits 

cracks 
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4. Conclusions 
The wear properties of Co-Cr-Mo alloys, fabricated by casting 

and SLM, were investigated by tribo-corrosion tests in a Fusayama-
Meyer artificial saliva solution. As a result of different production 
processes, the microstructures of the cast and SLM samples differ 
considerably, thus revealing different wear and corrosion properties. 

The friction coefficient (COF) of the cast alloy has a tendency 
to increase till the end of the running-in regime and it has a peak 
value of 0.09. COF value of SLM alloy initially has its maximum 
value as 0.13 and then goes down during sliding. At the steady-
stage regime, the COF values of both alloys have no significant 
change and vary in the range of 0.08 – 0.10. 

The examination of the worn surfaces reveals different wear 
types for the cast and SLM Co-Cr-Mo alloys. The worn surface of 
the cast alloy exhibits a very smooth wear track with many pits and 
cracks as well as a thick degraded film layer. While the worn 
surface of the SLM alloy has very sharp plastic flows which are 
oriented step by step due to the alloy’s layer-layer structure and also 
deep grooves exist indicating abrasion type wear. 

Due to the more homogeneous microstructure, the higher 
hardness and the more stable oxide layer formed on the surface, the 
SLM processed alloy is more resistant to both corrosion and wear, 
thus proving that the SLM is a promising manufacturing method for 
dental applications. 
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