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Abstract. Object of investigation is cast nickel-free Co-Cr-Mo
super alloy. Data for the structure and the phase composition is
obtained during different technological regime. The technological
features of the alloy related to the presence of transformation in-
duced plasticity effects and the formation of protective coatings
are demonstrated.
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1. INTRODUCTION

The cobalt-base nickel free alloys used generally for manufacturing dental
and surgical prostheses and implants possess a good biological tolerance and
biocompatibility within the human body tissues because of the absence of
nickel ions dangerous for the human health [1–6].

The implants due to their complex configuration and individuality are made
mainly by means of the methods of precision casting. The application of plastic
deformation to improve their properties is excluded. Therefore, the alloy has
lower mechanical properties and does not use its full working and technological
life.

The aim of the present paper is to study some technological features that
a cast cobalt-based alloy used for medical implants offers us.
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2. MATERIAL AND METHOD

A ten kilogram experimental casting made in a specially designed mould,
in which ten sticks of different size are formed, is investigated, Fig. 1. The
chemical composition of the cast alloy is given in Table 1.

Fig. 1. Experimental mould

Table 1. Chemical composition of the investigated alloy

Cr Mn Fe Ni Mo W Nb Other Co

25.5 0.2 4.3 1.0 4.7 0.6 0.1 4.3 The rest

Table 2. Regimes of high temperature treatment

Sample No Regime

1 Casting and homogenizing

2 Quenching at 1150 ◦C – 30 min, water cooling

3
Quenching at 1150 ◦C – 30 min, water cooling,

aging at 730 ◦C– 4 hours, air cooling

After the casting process the ingot was homogenized at 1250 ◦C for 6 hours.
Experimental specimens for metallographic and X-ray analysis were made by
mechanical means and using electro-spark machining.

The samples are tested as cast ones and after high temperature treatment.
The regimes are given in Table 2.

Macro- and micro-metallographic analysis of test specimens was performed
according to standard methods. The micro-hardness is determined according
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to Vickers method by means of device Micro-Duromat 4000 with load 50 g,
time for reaching the load 10 s and time for acting 10 s. The micro-hardness
is evaluated as average from 10 values for each phase.

The diffraction spectra for a wide interval of angles (2 × θ◦ = 15◦ − 125◦)
are taken for these specimen. The X-ray structure analysis is performed by
standard apparatus “Philips“ with Co-Kα emission, using the following regime:
step – 0.02 ◦/min and rate – 20 sec/step.

X-ray structural analysis of samples was performed after mechanical treat-
ment of their surface by abrasive cleaning and subsequent polishing.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Metallographic analysis

Macro-structural metallographic analysis shows a rough non-homogeneous
dendritic structure with non-metallic inclusions, Fig. 2 (a, b). These features
predetermined low mechanical properties and expected not high durability of
the biological implant.

The microstructure study of cast alloy sample 1 shows that the mean grain
size is about 220 µm, Fig. 3(a–c), and presence mainly of the low temperature
ε-phase of Co, which micro-hardness HV 0.05 is 250–260 kg/mm2, Fig. 4(a).
Relatively fine precipitates of second phase are observed in the grains. They
decorate some crystallographic directions of the matrix phase. This phase has
a micro-hardness HV 310–345 higher than that of the metal matrix. It was
determined as σ-phase – CoxCryMoz, according to the state diagram Fig. 5
and the results of the X-ray diffraction analysis Fig. 6.

There are precipitates observed on the grain boundaries which according to
the phase diagram and the X-ray investigations show presence of the chemical
compound – σ-phase (CoxCryMoz), Fig. 3. The precipitates are formed in
the metal casting process. Non-metallic inclusions are observed Fig. 3(b, d),
but no casting defects such as pores, pores and cracks are observed.

The measured micro-hardness in the field of non-metallic inclusions reaches
HV 580. The average results of the Vickers hardness measurement of five test
bodies are shown in Table 3, Fig. 4(a, b).

Table 3. The average results of the Vickers hardness measurement

Measurement No 1 2 3 4 5 Average

HV5 252 241 274 277 232 255

HV10 272 254 260 254 266 261
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(a) (b)

Fig. 2. Macrostructure of samples of the cast stick: (a) ×2; (b) ×10

(a) (b)

(c) (d)

Fig. 3. Microstructure of the control sample: (a) ×125; (b) ×500; (c, d) ×1000
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(a) (b)

Fig. 4. Micro-hardness (HV 0.05) in the cross-section of the control sample:
(a, b) ×500

3.2. Technological schemes for the production of products
by plastic deformation and casting

The technological parameters and conditions for preparation of the open
alloy are isothermal ones and therefore these state diagrams are significantly
distinguished from the isothermal ones, such as the same alloy [11–13] Fig. 5.
Despite the expected quantitative mismatch between the two diagrams, the
isothermal diagram of the state is at the heart of studying the phase compo-
sition of each alloy.

Figure 5 shows Co-Cr phase diagram of binary alloys. It is calculated with
Thermo-Calc, coupled with PBIN thermodynamic database [12]. According to
diagram, the following five phases are present in the cobalt-chromium binary
system above 800 ◦C:
• Liquid phase;
• Cobalt-rich Face-Centred Cubic (FCC) phase, sc. γ-Co – the high-temperature

modification;
• Cobalt-rich hexagonal close-packed phase, sc. ε-Co – the low-temperature

modification;
• At lower temperatures 800 ◦C, sc. σ-phase is observed. It is a brittle inter-
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(a)

(b)

Fig. 5. Isothermal phase
diagram Co-Cr [12]:
(a) above 800 ◦C;
(b) under 800 ◦C

metallic compound of cobalt and chromium with a composition correspond-
ing approximately to the ratio Co2Cr3 and with the molybdenum to the
CoxCryMoz [12–13], Figs 3–4;

• Another phase of cobalt is chromium-rich Body-Centred Cubic (BCC) phase,
sc. α-Co. It is characteristic of alloys with higher chromium concentrations
and is not typical of the range of alloy tested.
There are two different basic technological schemes and phase compositions

of metal products made by plastic deformation and casting.
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It can be briefly formulated as follows:
• For the plastically deformed articles, the primary separated intermetallic

phase is broken by deformation and during subsequent hardening it dissolves
in the solid solution. After aging a secondary fine-grained intermetallic
phase is separated.

• For the cast products, the primary intermetallic phase remains unchanged
in the processes of heat treatment. It is only in the aging phase that a
secondary fine-grained intermetallic phase is formed.
According to these technological schemes, the cast alloy does not reach its

operational capabilities and its full technological and mechanical resource due
to reduced mechanical properties. This fully applies to cast prostheses.

As the primary intermetallic phase is undissolved, it has a composition close
to the eutectoid one for alloy, namely 42.2%, and in the cast it solidifies last,
under 1379 ◦C (the right-blue marker) Fig. 5. In this case, the concentration
of γ-Co solution is the left blue marker, under of the median in the alloy (the
middle red marker).

3.3. Phase composition in heat treatment of cobalt alloy
for cast implants

Figure 6 shows the X-ray diffraction spectrum of a cast sample of the test
alloy. Only the diffraction lines of the high-temperature phase of cobalt, etc.
are observed on it γ-Co. This shows that the other phases of cobalt ε-Co and
CoxCryMoz, which are undoubtedly present in the alloy, cannot be identified
radiographically. This is probably due to their small amounts or their high
dispersion in the metal system.

The X-ray structural studies of the phase composition of the alloy are shown
in Fig. 6. Based on the comparison of the maximum intensity of the diffraction
maxima, it can be briefly stated [14]:
• Both cast and heat-treated samples have a composition that consists of three

phases: σ-phase, γ-Co and ε-Co. The presence of the high-temperature
phase is explicable, given that the amount of chromium in the alloy is
significantly less than that of cobalt, and it participates in the formation of
ε-Co in the peritectic reaction:

γ−Co + σ-phase → ε-Co.

• There are approximately the same amounts of σ-phase in all possible variants
of casting and heat treatment, which were mentioned above.

• During hardening, a significant part of ε-Co is converted to γ-Co.
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(a) (b)

(c)

Fig. 6. X-ray structural analy-
sis of the studied alloy: (a) cast
specimen; (b) hardened spec-
imen; (c) hardened and aged
specimen

• At aging, there is an increase in the amounts of σ-phase and γ-Co, at the ex-
pense of a decrease in that of ε-Co, which can be expected to be a reversible
reaction of the peritectic alloy.

3.4. Passivating cobalt oxide coatings

For the quenched specimen the X-ray diffraction analysis showed that dur-
ing the heating process and holding at the quenching temperatures a thick
oxide layer develops, which should be taken into account in the production of
an implant. The metallographic investigations showed that the thickness of
the oxide layer is 60–100 µm and it consists mainly of cobalt oxides of the type
Co3O4.

The X-ray diffraction analysis of quenched and aged specimen again showed
presence of considerably thick oxide layer with composition close to the one
obtained after quenching, Fig. 7. The thickness of the oxide layer is 120–
130 µm. It means that in the production process the development of the oxide
layer should be taken into account. It particularly considers implants for which
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Fig. 7.. Phase composition of the surface layer
after heat temperature treatment

the dimensional factor is of a great importance. The phase composition (γ-Co
and ε-Co) of the alloy after the mechanical cleaning is shown in Fig. 7. In this
case the two lines (111) and (200) of γ-Co are the highest ones.

3.5. TRIP effects after surface machining

After a mechanical cleaning of the surface of the specimen the diffraction
lines of γ-Co and ε-Co can be seen on the roentgenogram, but the σ-phase
is not presented in Fig. 8. It is unusual that the 40%-line of γ-Co-(200) is
many times higher than the 100%-line of γ-Co-(111). A probable explanation
of that could be that the residual stresses from the quenching have led to a
“modification” of the γ-Co. To that moment there is no data in the literature
to what extend the properties of the “modified” γ-Co correspond to those in
“equilibrium”.

A microstructural strengthening mechanism known in the literature as the
TRIP effect or a mechanism described in detail in the literature by Olson and
Cohen has been observed [15–16]. This feature of cobalt alloys can successfully
be used for their surface hardening. Figure 8 shows the change in the phase
composition of the surface of the investigated alloy under mechanical influences
– grinding and polishing. There is a disappearance of the ε-Co line, i.e. a phase
transformation has taken place after mechanical rather than thermal action.
This subject needs an additional research.
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Fig. 8. Phase composition after hardening,
aging and machining

Cobalt super alloys are characterized by low stacking fault energy of the
solid solution, typical of solid solutions with a face-centered cubic lattice. In
them the stacking fault defects are in high concentration, they are surrounded
by widely split partial dislocations and in crystallographic terms they represent
an ε-phase with a hexagonal lattice. In the presence of applied external load
and the appearance of micro-plastic acts in the material, ε-martensite turns
into a new α-phase with a body-centered cubic lattice.

4. CONCLUSION

The X-ray diffraction analysis of the phase composition of the investigated
Co-Cr-Mo alloy showed:
− The phase composition of the alloy in cast form is close to the composition

in the phase diagram;
− The temperature treatment of the implants – quenching and/or aging, is

connected with development of a thick oxide layer which should be taken
into consideration during their production process;

− After quenching and aging no σ-phase is developed in the alloy and its
composition is mainly γ-Co and ε-Co;

− During the heat treatment, a dense protective oxide layer forms on the
implants;
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− Cobalt super alloys are characterized by high concentration of low stacking
fault energy, and by applied external load ε-martensite turns into a new
α-phase with a body-centered cubic lattice.
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