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ABSTRACT

Purpose: of this article is to present the results of tests carried out on the impact of 
repeated heating on the corrosion resistance of a Co-Cr-W prosthetic alloy.
Design/methodology/approach: The study used samples prepared in a manner 
analogous to the production of a dental prosthesis. The effect of three and six-time heating 
of the material on its properties such as corrosion resistance, microstructure and material 
hardness were carried out.
Findings: Repeated heating of the chromium-cobalt alloy has no significant effect on 
the polarization resistance and the potentiodynamic characteristics of the material. The 
introduction of heating in alloy treatment results in an increase in the hardness of the 
material, however, the number of annealing cycles does not affect this feature significantly. 
Samples subjected to different amounts of thermal treatments have different microstructure; 
it should be assumed that this will change the mechanical properties.
Research limitations/implications: Microstructure tests carried out after electrochemical 
corrosion tests showed changes in the microstructure of samples subjected to subsequent 
annealing. The tests of material hardness and corrosion did not show any significant 
differences that may result from differences in structure, therefore further tests characterizing 
the physical properties of the material will be carried out.
Originality/value: The article is a description of preliminary research on the impact of 
multiple annealing used in dental prosthetics on the properties of metallic material. Further 
work will be carried out to identify the properties that may be affected by the indicated 
changes in microstructure.
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1. Introduction 

 
In prosthetics, various types of restorations have been 

made for years, requiring the use of materials from two 
groups, a metal skeleton being the foundation for a ceramic 
crown to replace the function of the extracted tooth. The 
combination of two materials allows to create a functional 
solution ‒ a composite, but the production process should 
take into account the differences in the processing of both 
materials. The choice of materials should occur between 
available solutions characterized by biocompatibility as well 
as appropriate mechanical properties and easy processing. 
[1,2] The oral environment is extremely aggressive and 
exposes the prosthesis to many factors, such as saliva, foods 
or microorganisms can cause corrosion, therefore the 
material introduced there must be resistant to crevice and 
pitting corrosion [3]. In the process of creating a denture, the 
ceramic crown is applied to the metal foundation in layers, 
and each subsequent layer requires firing in an oven at a 
temperature from 870°C to even 1370°C. The first annealing 
is aimed at creating on the surface of the oxide layer, the  
so-called opaque layer, designed to improve the adhesion of 
ceramics to the metal substrate and increase the aesthetic 
value of the prosthesis by masking its metal core [4]. This 
process is carried out in an air atmosphere or in a vacuum at 
temperatures up to 1000℃ depending on the ceramic 
material used, followed by the subsequent layers of material. 
The number of such processes usually ranges from a 
minimum of two to four, but in the case of some ceramics or 
repairs related to replenishment of damaged ceramics in 
total, up to 9 such cycles can be carried out. The alloy used 
in the prosthesis manufacturing process must therefore be 
resistant to annealing associated with the formation of facing 
ceramics. The use of a non-resistant alloy may affect the 
final properties, durability and functionality of the denture. 
[5-7] One of the most commonly used metallic materials in 
prosthetics is chromium-cobalt alloy; this material has stable 
and suitable mechanical properties for dental applications. 
According to the ASTM standard, cobalt-based casting 
alloys are divided into high-carbon (up to a maximum of 
0.35% C) and low-carbon (below 0.07% C) [8,9]. Prosthetic 

components obtained by casting from Co-Cr alloy are 
characterized by dendritic microstructure of cobalt in  
γ-phase, and chromium present in intermetallic phases in 
interendendritic regions and in carbides [10]. 

In the case of carbon-rich alloys, the precipitation of 
carbides causes the alloy to harden and thus reduce its plastic 
properties. Conducting thermal treatment allows increasing 
the alloy's plasticity based on the modification of carbide 
size and quantity [11]. At the same time, the presence of 
carbides in the alloy may contribute to the formation of 
intergranular and pitting corrosion [10,12]. In dentistry, low-
carbon alloys with Mo and W additions have found use. 
Molybdenum content during heat treatment is mainly 
strengthening the solid solution and reduces the expansion 
coefficient [10,13] On the other hand, when firing ceramics, 
alloys containing tungsten are characterized by a thinner 
oxidized layer, which directly affects the hardening of the 
metal-ceramics joint [6], but also lower tribological wear of 
ready dentures [13]. The wide application of the Co-Cr alloy 
is caused by a combination of its appropriate mechanical 
properties, corrosion resistance and an affordable price, 
thanks to which it can replace more expensive solutions 
based on precious metals. Due to the need for individual 
fitting of the prosthesis to the patient, most dental 
constructions are made manually from wax models using the 
lost wax method [10]. Compliance with the casting 
conditions provided by the manufacturer has a significant 
impact on the functionality of the obtained castings. For 
example, a change in casting temperature of only 30℃ may 
cause, among others, a reduction in the corrosion potential, 
a reduction in the yield strength as well as a reduction in 
compressive strength [14]. Further manufacture of the dental 
prosthesis requires a series of thermal procedures resulting 
from ceramics firing. Research conducted for Co-Cr-Ni 
alloys showed that 45 minutes annealing of this material at 
a temperature between 900 and 1150℃ causes changes in 
the surface morphology of the samples [15]. It was found 
that increasing the temperature causes an increase in the 
amount of granular structure and disappearance of the 
dendritic structure. Exceeding 1050℃ causes the disap-
pearance of column crystals on the surface of the material.  
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Table 1.  
Chemical composition of the Co-Cr alloy 

Chemical element Co C Cr Si Mo W Fe Nb V 
Composition according  

to the manufacturer 58 <0.04 25 1 1 9 1 2 2 

The composition of the 
tested alloy rest 0.03 23.64 0.89 0.63 8.93 0.34 1.87 1.76 

 
Table 2. 
Parameters of individual stages of heat treatment of samples 

Cycles End temperature,  
℃ 

Temperature increase,  
℃/min 

Temperature maintenance time, 
min 

Vacuum,  
hPa 

1 990 55 8 50 
2 980 55 2 50 
3 950 55 2 50 
4 920 55 2 50 
5 910 55 2 50 
6 910 55 2 50 

 
It has also been observed that the share of granular structure 
increases not only with the increase of annealing 
temperature, but also when using a lower temperature for  
a long time (e.g. 12 h) [15]. In some commercially available 
Co-Cr alloys, an increase in material hardness has been 
observed after treatment that simulates the firing of a 
ceramic crown. [8] Conducting experiments investigating 
changes occurring during firing of ceramics on the alloy 
surface may allow observation of changes occurring in the 
material, and thus taking them into account in the design 
process. 

In the present study, the effect of multiple heating on the 
physico-chemical (corrosion), mechanical (hardness) and 
microstructure of chromium-cobalt alloy samples was 
examined. 

 
 

2. Materials and research methodology 
 
2.1. Materials processing  

 
Gialloy CB-H chrome-cobalt alloy from BK Giulini 

GmbH was used for the tests. The alloy composition given 
by the manufacturer and determined by the method of optical 
discharge spectrometry (GDOES) is shown in Table 1. 
According to the manufacturer's data, the alloy after casting 
should have a hardness of about 340 HV, a density of  
8.3 g/cm3 and a melting point between 1370-1385°C. 

The test samples were rings with a diameter of 15 mm 
and a thickness of 2 mm, each type of sample was prepared 

in triplicate. The samples were cast by the lost wax method 
into moulds made of Bellavest SH foundry mass. After the 
samples were released, they were cleaned of mass and 
subjected to grinding and polishing. After such surface 
preparation, they were subjected to a series of thermal 
treatments, the parameters of which are presented in Table 2. 
The heating process was carried out analogously to the firing 
process of subsequent layers of applied veneering ceramics. 
 
2.2. Samples 
 

Three groups of samples were prepared, 3 samples per 
group marked as follows: 
 CoCr0 (output sample) ‒ not baked, 
 CoCr3 ‒ sample subjected to three times annealing 

(parameters of individual treatments are included in 
Table 2 ‒ for cycles 1, 2 and 3), 

 CoCr6 ‒ the number of heating cycles the sample was 
subjected to simulate the application of 6 layers of 
ceramics. 
 

2.3. Methodology of research 
 

The samples thus prepared were subjected to the 
following tests: 
 Microhardness measurements using the Vickers method 

at 1 kG load in accordance with PN-EN ISO 6507:2007 
on a KB Pruvetechnic hardness tester. 10 measurements 
were taken and based on them the average value was 
calculated for individual samples. 

2.  Materials and research methodology

2.1.  Materials processing

2.2.  Samples

2.3.  Methodology of research
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Table 3. 
Chemical composition of artificial saliva solution 

Chemical composition 
KCl NaCl CaCl2 2H2O NaH2PO4 2H2O Na2S 9H2O urea triple distilled water 
0.4 g 0.4 g 0.906 g 0.69 g 0.005 g 1 g 1 dm3 

 
 Corrosion tests ‒ conducted in a chemical environment 

of deoxidized artificial saliva in the form of a Fusayama-
Meyer solution with the composition shown in Table 3 
at 37℃ in the ST1 thermostatic chamber (POL-EKO), 
the measurements were carried out on the PGSTAT 30 
galvanostat (Autolab) with GPES and FRA control 
software v. 4.9. 

 Microscopic examination of etched sample surfaces 
made with an optical microscope Nikon MA20. 
Observations were made at 100 and 500 magnifications. 
Preparation of the surface of samples for corrosion tests 

consisted of grinding using abrasive papers with variable 
gradation (starting at 180 and ending at 2000) and final 
polishing on diamond paste with a grain gradation of 1 µm. 
This preparation of samples was dictated by the convergence 
with the technology of making dentures by a technician, 
whose final stage is the final polishing of the metal 
foundation.  

To clean the samples, before starting the corrosion tests, 
they were placed in ethyl alcohol for 10 minutes in an 
ultrasonic bath and then dried with argon. Then the samples 
were placed in a three-electrode cell with a volume of about 
25 cm3. Working electrode was the tested sample, the 
reference electrode was calomel electrode, and the auxiliary 
electrode was platinum mesh. Corrosion measurements were 
carried out using the PGSTAT 30 (Autolab Ecochemie) 
potentiostat-galvanostat starting from the measurement of 
the corrosion potential (Ecor) in an open loop, the measure-
ment was carried out for 2000 s, while stirring the artificial 
saliva solution [17]. After determining the corrosion 
potential, polarisation in the range of Ecor ± 0.020 V began, 
with a scan rate of 0.166 mV/s. Then, while still stirring the 
solution, the potentiodynamic characteristics of individual 
samples were recorded in the range of anodic polarisation, 
starting the measurement from 0.25 V below their Ecor 
potential to 1.2 V, the test was carried out with a scan rate  
of 1.0 mV/s. 

Microscope observations were made on the surfaces of 
samples after corrosion tests. There were two reasons for 
using these samples. On the one hand, the observations of 
the microstructure were combined with the observations of 
the surface after the corrosion process, and on the other, the 
necessity of etching was avoided because during the 
corrosion tests the material microstructure was revealed. 

3. Research results 
 
3.1. Hardness measurements 
 

The results of hardness measurements in the form of 
mean values and standard deviation from 10 consecutive 
measurements for each of the samples are presented in 
Figure 1. 
 

 
 
Fig. 1. Hardness of samples subjected to various heat 
treatments 
 

The alloy manufacturer declares its hardness at around 
340 HV; it has been experimentally proven that it is higher 
for samples cast for this experiment. Conducting thermal 
treatment procedures caused a slight increase in the hardness 
of the alloys tested. Subsequent annealing did not signify-
cantly affect the hardness of the material. The high hardness 
of the alloy may affect ease of its processing, may hinder 
further work, but at the same time increase the resistance of 
the finished denture to scratches during its use [4]. 
 
3.2. Corrosion potential 
 

The first of the conducted corrosion tests by electro-
chemical method allowed to determine the corrosion 
potential of the tested samples, which indirectly also allowed 
to obtain information on the chemical composition of the 
surface. The results of the average corrosion potentials  
for three-element measurement series together with the 
standard deviation for individual samples are presented in 
Figure 2. 

3.  Research results

3.2.  Corrosion potential

3.1.  Hardness measurements
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Fig. 2. List of average corrosion potentials Ecor. 
 

There was no linear relationship between the corrosion 
potential and the number of heating. An increase in 
corrosion potential was observed in modified samples which 
may indicate changes in the surface of the samples Lower 
corrosion potential does not necessarily indicate 
deterioration of the corrosion resistance of the alloy, but only 
about changes on its surface.  

The measurement results for CoCr3 samples were 
characterized by a large dispersion, which may indicate the 
inhomogeneity of the obtained properties for the samples 
prepared in this way. Corrosion potential results for CoCr6 
samples were more consistent. 
 
3.3.  Polarisation resistance and corrosion rate 
 

In Figure 3 presents a summary of average polarisation 
resistances obtained for the tested samples.  
 

 
 

Fig. 3. List of average polarisation resistances Rp 
 

Based on the results of polarisation resistance obtained, 
individual corrosion rates were calculated in accordance 
with ASTM G 102-89 recommendations. The following 
formula was used in the calculations: 
 

�� � �� ����� 𝐸𝐸𝐸𝐸 (1) 

Formula 1: corrosion rate in which: 
CR ‒ corrosion rate, mm/year; 
K1 ‒ conversion constant equal to 3.2710-3, (mmg)/ 
(Acmyear); 
ρ ‒ density of the alloy tested equal to 8.4, g/cm3; 
icor ‒ corrosive current density, calculated on the basis of the 
Rp value; 
EW ‒ the equivalent weight of the alloy tested is 23.98. 

The weight equivalent for the tested alloy was 
determined based on the said standard, taking into account 
only alloying components with alloy content above 1%. In 
the case of the GIALLOY CB-H alloy, these components are 
cobalt, chromium, vanadium, molybdenum, silicon, iron, 
and niobium. The necessary molar masses of these elements, 
weight fractions and oxidation levels (read from Pourbaix 
diagrams at pH 5.1 and potential of about -0.200 VNEK = 
0.036 VNEW) are presented in Table 4. 
 
Table 4. 
Data necessary to determine the weight equivalent of the  
Co-Cr-W alloy under corrosive measurement conditions 

Chemical 
element 

%  
Weight Valence Mole mass, 

g/mol EW 

Co 0.58 2 58.93 

23.98 

Cr 0.25 3 52.00 
W 0.09 6 183.85 
Mo 0.01 6 95.94 
Si 0.01 4 28.09 
Fe 0.01 2 55.84 
Nb 0.02 5 92.91 
V 0.02 3 50.94 

 
The calculations of equivalent weight allowed to 

determine the corrosion rate of individual samples, which is 
shown in Figure 4. 
 

 
 

Fig. 4. List of average values of CR corrosion rates 
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Fig. 5. List of potentiodynamic characteristics 
 

For CoCr0, CoCr3, CoCr6 samples it can be stated that 
as the heating times increase, the polarisation resistance 
increases and the corrosion rate decreases. In terms of 
corrosion resistance, the samples can be ranked as follows: 
CoCr6> CoCr3> CoCr0. 
 
3.4.  Anodic polarisation 

 
Electrochemical corrosion tests allowed to register 

potentiodynamic characteristics of all samples, the results 
for representative samples of each type were presented in 
Figure 5. The collected characteristics have a similar shape, 
characteristic of well-passive surfaces, no active dissolution 
range was observed on the graph. The width of the passive 
range of the characteristic is over 0.5 V for each of the 
analysed samples, and the phenomenon of transpassivation 
occurs each time with a potential of about 0.64 V. This 
allows us to conclude that the thermal treatment does not 
significantly affect the degree of passivation of the surface 
of Co-Cr alloy samples. 

 
3.5. Microstructure analysis 
 

The images of structures obtained as a result of 
microscopic examinations are presented in Figures 6 and 7. 
The anodic polarisation carried out resulted in the selective 
dissolution of chromium present in the alloy and its 
transpassivation, which allowed observation of the alloy 
structure. 

No damage typical of pitting corrosion was found on the 
surface of the samples. The structure of all samples 
contained dendrites formed during the solidification of the 
metal during the casting process. 
 
3.6.  Discussion of results and discussion 
 

The hardness measurements of the tested samples 
showed a slight increase with the number of heating 
processes, while the number of processes had no effect on 
the hardness value. Observing the microstructures of 
individual samples, it can be seen that after the annealing 
processes, the number of intermetallic phases located 
between the dendrites of the primary structure increased. It 
can also be concluded that, as some authors explain, after 
heating the material's homogeneity increases as compared to 
the structure after casting [4,7]. This explains the higher 
corrosion resistance of samples and increase in sample 
hardness. From a practical point of view, this can be 
considered a favourable phenomenon, because higher 
hardness gives greater strength and resistance to abrasive 
wear. Thus, after the casting process, we obtain a lower 
hardness, which facilitates the necessary mechanical 
treatment of the metal prosthetic foundation (saving time, 
energy, tools). However, after firing the ceramics, the 
mechanical properties improve. 

Potentiodynamic characteristics of all 3 types of samples 
have a similar course. Based on the conducted corrosion 
tests, it can be concluded that the annealing rate has no 
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significant effect on the values of corrosion potential, 
polarisation resistance and corrosion rate. However, the 
measurements of the above-mentioned properties carried  
out for three-annealed samples are characterized by a much 
larger spread than in the case of six-time annealing. This 
may indicate low repeatability of the characteristics of 
samples processed 3 times and stabilization of these  
 

a) 

 
b) 

 
c) 

 
 
Fig. 6. Comparison of the structure of individual samples:  
a) Co-Cr 0, b) Co-Cr 3, c) Co-Cr 6 (microscope magnifi-
cation: x100) 

properties when the process is carried out six times.  
A comparative analysis of CoCr3 and CoCr6 samples with 
an unmodified alloy sample shows changes in alloy surface 
chemistry and structure that can affect mechanical 
properties. Therefore, further research should be carried out 
to detect the effect of multiple heating of Co-Cr alloy on its 
properties. 
 

a) 

 
b) 

 
c) 

 
 
Fig. 7. Comparison of the structure of individual samples:  
a) Co-Cr 0, b) Co-Cr 3, c) Co-Cr 6 (microscope magnifi-
cation: x500) 
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4. Conclusions 
 
 The sample subjected to six-time annealing has a slightly 

better corrosion resistance; the introduction of heat 
treatment improves this alloy property in comparison to 
samples not subjected to annealing. 

 Repeated heating of the chromium-cobalt alloy has no 
significant effect on the polarisation resistance and the 
potentiodynamic characteristics of the material, which 
allows us to conclude that its corrosion resistance does 
not change. 

 The introduction of heating in alloy treatment results in 
an increase in the hardness of the material, however, the 
number of annealing cycles does not affect this feature 
significantly. 

 Samples subjected to different amounts of heat treatment 
have different microstructure, should be assumed that 
this will change their mechanical properties.  
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