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METALLOGRAPHIC ANALYSIS OF SELECTED COBALT-

BASED ALLOYS WITH CARBON ADDITIVE 
 

Summary. In this paper an analysis of the microstructure of cobalt-based alloys 

used for implants with different chemical composition was held. Metallographic 

analysis was conducted using the methods of light microscopy and scanning 

electron microscopy. Characterization and description of the phases occurring in 

the investigated alloys was carried out using X-ray microanalysis, X-ray 

diffraction analysis and hardness measurements. The aim of this study was to 

determine the nature of the structure, chemical composition and its selected 

properties that affect their use application. 
 

 

1. INTRODUCTION 

 

The basic elements it the cobalt - based alloys are cobalt, chromium and nickel. Major 

elements (chromium, cobalt, nickel) constitute 85% of the total weight of these alloys, but 

they are not determining the physical properties of the material. [3] Significant impact on the 

physical properties have the structure and properties of the matrix: chromium solid solution 

and alloying elements in cobalt β , which crystallizes in the network A1 [1]. 

In the studied alloys are molybdenum, silicon, manganese, coal, tungsten, iron, cerium. 

The content of chromium and other elements are selected so that the solution γ matrix was the 

structure of A1 [1]. 

Chromium is responsible for corrosion resistance. Cobalt affects the modulus, strength and 

hardness of the alloy. Carbon is alloyed in order to increase the hardness. Small fluctuations 

in the amount of carbon (0.2%) are determining the properties of the alloy to such an extent 

that no longer are suitable for use in dentistry. Elements such as chromium, silicon, 

molybdenum and cobalt react with carbon to form carbides, directly affecting the properties 

of alloys. In order to increase liquidity and castability, CoCr alloys are alloyed with silicon 

and manganese. [3] Molybdenum and tungsten are used in order to solution strengthen. [1] 

Due to the presence of chromium in cobalt based alloys, the structure is dominated by 

M23C6 carbides. There are also other chromium-rich carbides: M7C3 and M3C2. Other alloying 

elements cause the formation of M6C and MC carbides [1]. 

Casting cobalt-based alloys are characterized by a heterogeneous structure of austenite 

with a significant chemical segregation. The largest chemical segregation is visible in the 

dendrites. The literature data indicate that the elements which are subject to segregation is 

chrome (the concentration varies in the range from 19 to 35%) and molybdenum 

(concentration change in the limits of 4-6%). In the matrix, there are interdendritic and 

dispersion M23C6 carbide precipitations. The process by which the separated carbon combines 

with chromium to form carbide M23C6, which strengthens the alloy matrix illustrates the 

reaction: 

 

6C + 23Cr  Cr23C6 
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M23C6 carbides may also arise as a result of the transformation of unstable carbide M7C3. 

Those carbides are formed in alloys, where the ratio of chromium and small amounts of cobalt 

and carbon is small. The transformation of M23C6 is as follows: 

 

23Cr7C3  7Cr23C6 + 27C 

Transition of M23C6 carbide into more stable at temperatures of 1165-1230 º C carbide M6C 

occurs as a result of solutioning. This process is accompanied by increased levels of 

chromium in the matrix. However, eutectic formation, which consists of M6C carbides and 

graphite, is already initiated at a temperature of 1230°C. The reaction showing the formation 

of M6C carbide illustrates the equation: 

 

M3C2 lub M7C3  M23C6  M6C 

 

Impact of dispersive carbides on the structure of alloy is marked by a strengthening of the 

alloy and reducing its plasticity at low and medium temperatures. [1] 

 

 

2. MATERIAL, METHODOLOGY AND ASSUMPTIONS 

 

2.1.  Material and methodology 

The examined material was two different cobalt-based dental alloys. Chemical compositions 

given in Table 1. Both materials beside the main alloying element – chromium contains 

molybdenum and silicon. Material A also contains manganese, while the material B was 

alloyed with 5 % weight tungsten. Both materials are alloyed with carbon causing the carbon 

precipitations in microstructure. Materials are used as prosthetic components in dentistry. 

 

Table 1. Chemical compositions of tested materials (manufacturer data) 

Element Co Cr Mn Mo Si W Fe Ce C 

Concentration 

[% wt] 

Material 

A 
63 30 0,5 5 1,1 - - - 0,4 

Material 

B 
61 26 - 6 1 5 0,5 0,5 max 0,02 

 

 

3. METHODOLOGY 

Observations were carried out using a light microscope NEOPHOT 32 and scanning electron 

microscope (SEM SE, EDX) JEOL JSM-5800LV. 

Microanalysis of the chemical composition was performed using X-ray microprobe Oxford 

LINK ISIS-300 coupled with scanning electron microscope. 

Vickers hardness measurements performed in accordance with BS EN ISO 6507-1:1999 with 

a load of 10 kg.RESULTS AND DISCUSSION 

 

3.1.  Light microscopy 

 

3.1.1. Material A 

Microstructure of the Material A obtained by observation in the bright field of view by light 

microscopy is shown in Figure 1. It was found that the material exhibits a cellular - dendritic 

structure of non-uniform cobalt austenite with interdendritic dispersive carbide M23C6 

precipitates. Chemical microanalysis showed that those carbides, beside Cr are also rich in 
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Mo, Si and Mn. Microscopic observation showed a distinct chemical microsegregation 

occurring in the γ solid solution, which is demonstrated by revealing the morphology of 

dendrites formed during crystallization of the melt. The literature data indicate that occuring 

segregation concerns chromium [15]. 

 

 
Fig. 1. The structure of the tested material. The visible structure of the cellular – dendritic 

structure with carbide precipitations of M23C6 type  in interdendritic spaces. Light 

microscopy, electrolytic etching 

3.1.2. Material B 

Microstructure of Material B is characterized by fine-grained cellular – dendritic 

heterogeneous cobalt austenite. Minor precipitations of M23C6 carbides, characteristic for  

cobalt-based alloys, can be observed inside interdendritic spaces which is shown in Figure 2. 

The phenomenon observed in Figure 3 indicates the microsegregation of chromium present in 

the γ solid solution. This is confirmed by literature data [15]. Compared to a sample of 

Material A, Material B has a lower carbon content. This is reflected in a smaller amount of 

carbides formed in the structure of the alloy. The material in its composition also contains 

tungsten and cerium, which was disclosed in chemical microanalysis (Tab. 3). 
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Fig. 2. The structure of the Material B. The visible structure of the cellular-dendritic structure 

with interdendritic carbide M23C6 precipitations. Light microscopy, electrolytic etching 

 

 
Fig. 3. The apparent morphology of dendrites formed during crystallization as a result of 

chemical microsegregation in the area of heterogeneous solid solution γ. Light microscopy, 

electrolytic etched 
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3.2.  Scanning electron microscopy 

 

3.2.1. Material A 

 
 

Fig. 4. Precipitates of  carbide phases formed in interdendritic spaces of cobalt-based solid 

solution. Marked points are the place of microanalysis of chemical composition. SEM, etched 

electrolytically 

 

 
Fig. 5. X-ray energy spectrum obtained at the point W5 
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Table 2. Results of chemical microanalysis of the locations in Fig. 6. [% wt] 

Element Cr Co Mo Si Mn 

W3 39,80 46,46 11,49 1,17 1,08 

W4 40,56 45,23 12,20 1,30 0,72 

W5 28,54 66,69 3,09 0,72 0,97 

W6 32,22 59,98 5,66 0,92 1,22 

 

3.2.2. Material B 

 
Fig. 6. Visible γ solid solution and carbide phase precipitations. 

Marked points are places of chemical composition microanalysis. 

SEM, etched electrolytically. 

 

Table 3. Results of chemical microanalysis of the locations in Fig. 9. [% wt] 

Element Co Cr Mo Si W Ce 

W4 46,42 27,42 14,69 1,30 10,17 - 

W5 61,74 25,87 5,36 0,85 6,18 - 

W6 59,61 24,85 3,70 1,42 - 10,42 

 

3.3.  Studies using X-ray diffractometer 

 

3.3.1. Material A 

Studies carried out using X-ray diffractometer showed the presence of intermetallic 

precipitates in solid solution in the form of chromium carbides:  Cr23C6 and Cr7C3. These are 

the primary precipitations of the simple carbide precipitation process. The presence of such 

precipitates, increases the strengthening of the alloy by dispersion strengthening and lowering 

its plasticity. 
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3.3.2. Material B 

Studies carried out using X-ray diffractometer showed the presence of intermetallic 

precipitates: Co3Mo and Co3W, which cause precipitation strengthening of the alloy. 

3.4.  Hardness measurements 

 

3.4.1. Material A 

It was found that the material has a hardness of 396 ± 10HV. 

This value is similar to values reported by the manufacturer of the alloy. This value is typical 

for cobalt-based alloys and is due to the presence of carbide phases in solid solution. 

3.4.2. Material B 

It was found that the material has a hardness of 306 ± 8HV. This value is very close to the 

values reported by the manufacturer of the alloy, however, is far lower than the hardness of 

the alloy studied previously. This is due to the presence of intermetallic precipitates in the 

matrix and the lack of carbon in the chemical composition. 

 

 

4. CONCULSIONS 

 

 Tested materials exhibit cellular - dendritic structurel with the carbide precipitates at grain 

boundaries and in interdendritic areas in solid solution γ,  

 Tested materials show a clear segregation of the chemical composition. Elements that 

migrate to interdendritic areas are chromium and molybdenum. This means that these 

elements form, together with the carbon, carbide precipitations. The literature data indicate 

that these elements essentially form carbides M23C6 and M6C type. "The casting cobalt-

based alloys during solutioning, depending on the chemical composition, complex changes 

of carbides can occur. The transformation of the M23C6 carbide to M6C is due to greater 

stability M6C carbide in the temperature range 1165 to 1230ºC [7]. Higher concentration of 

cobalt was observed in solid solution. In the case of material B, the chemical composition 

microanalysis showed that in the composition of the precipitates are also silicon and 

manganese.  

 Hardness of the material A is 396 ± 10HV, while material B is 306 ± 8HV. In the case of 

material B, a lower participation of alloy strenghtning carbide precipitation, contributes to 

decrease in hardness, even tungsten and cerium content (both are formers of simple hard 

carbides) does not increases it. Microscopic examination and chemical composition 

microanalysis showed that cerium is likely to create independent precipitations. 
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