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Alternative Sample Preparation of Co-28Cr-6Mo to Avoid Strain-induced 
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I. S. Cesarina, L.H.M. Antunesa* , G. Darin Filhob , C. Ulsenc , P.F.S. Farinaa

aUniversidade Estadual de Campinas (UNICAMP), Faculdade de Engenharia Mecânica, Rua 
Mendeleyev, 200, 13083- 860, Campinas, SP, Brasil.

bUniversidade de São Paulo (USP), Escola Politécnica, Laboratório de Caracterização Tecnológica, 
Av. Prof. Mello Moraes, 2373, 05508-030, São Paulo, SP, Brasil.

cUniversidade de São Paulo (USP), Escola Politécnica, Departamento de Engenharia de Minas e de 
Petróleo, Av. Prof. Mello Moraes, 2373, 05508-030, São Paulo, SP, Brasil.

Received: January 15, 2023; Revised: April 29, 2023; Accepted: June 18, 2023

The allotropic transformation, characteristic of cobalt-based alloys, occurs at around 970 ºC in 
Co-28Cr-6Mo alloys. When subjected to fast cooling, such alloys can maintain the high temperature 
cubic centered phase at room temperature, resulting in a CFC metastable matrix. This metastable 
condition leads to a nucleation of the hexagonal phase (the stable one), which is induced by deformation 
or isothermally. In general, Co-based alloys are submitted to solution heat treatment plus aging to 
control both the precipitation of carbides and the nucleation of the hexagonal phase. When the study 
of this type of alloy is conducted in the metastable condition, it is extremely important do not induce 
the hexagonal phase during sample preparation. Traditionally, the metallographic route preparation 
is carried out using electropolishing to avoid the deformation-induced phase transformation. 
The need for specialized equipment and hazardous electrolytes to perform electropolishing limits its use. 
Therefore, the aim of the present work is to propose the use of an adaptation to traditional metallographic 
techniques in order to prepare Co-28Cr-6Mo alloy samples. To this end, the samples prepared by three 
different routes were analyzed by X-Ray diffraction, including Rietveld refinement, as well as EBSD 
in order to identify and quantify the phases present in the structure. A control cold rolled sample was 
also analyzed. The results showed a significant reduction in the HCP phase fraction, strain-induced 
during grinding, after the application of the alternative preparation method proposed. Further studies 
might be useful to validate the present methodology.
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1. Introduction
ASTM F75 alloys (Co-28Cr-6Mo) have been extensively 

used as an implant material in orthopedics and dentistry due 
to its biocompatibility and mechanical and wear resistance1. 
At room temperature, such alloys are single-phase, being 
composed of a hexagonal closed packed (HCP) phase called 
ε-HCP. An important feature of cobalt-based alloys is the 
polymorphic transformation that occurs at around 970 ºC 
in the F75 alloy2. During this transformation, the high 
temperature face-centered cubic (FCC) phase known as γ-FCC 
transforms into ε-HCP phase under slow cooling. However, 
if fast cooling is applied, the γ-FCC phase can occur at room 
temperature in a metastable condition. From the metastable 
γ-FCC phase, it is possible to obtain the ε-HCP phase both 
under an isothermal heat treatment at around 800 ºC 3 and 
by the strain-induced martensitic transformation (SIMT)4.

Cobalt-based alloys are traditionally applied after 
solubilization and aging heat treatments. Solubilization is 
used to dissolve coarse carbides from the casting process 
and precipitate fine carbides, while aging produces the 

ε-HCP phase isothermally5, resulting in an ε-HCP matrix 
with dispersed fine carbides.

Recently, the use of additive manufacturing (AM) to produce 
orthopedic and dental implants has been gaining relevance. 
The possibility of obtaining implants customized for each patient 
and designed to achieve the best performance of osseointegration 
and mechanical behavior has attracted a lot of attention in 
the field of AM technology. Among the available techniques 
of metal AM, laser powder bed fusion (L-PBF) stands out. 
Such technique consists of laser melting micrometric layers of 
metallic powder which are deposited and melted successively 
on each other until the piece is obtained in its final shape.

The high intensity of the incident laser beam focused on 
an area of approximately 100 microns has enough energy to 
melt the metallic powder. The surrounding metallic powder 
acts as a heat conductor, quickly dissipating heat and cooling 
the molten region, resulting in a single-phase γ-FCC matrix. 
Moreover, the studied alloy presents a relatively high carbon 
and nitrogen content (0.14 and 0.13 wt%, respectively). 
It was shown that carbon and nitrogen stabilize the γ-FCC 
phase and suppress the athermal martensitic transformation6,7, 
forming a single-phase γ-FCC structure identified as “as-built”. * e-mail: lhmantunes@gmail.com
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Therefore, the study of such alloys relies on the metastable 
condition in which only the γ-FCC phase is present. In this 
way, it becomes necessary to understand more accurately 
the effects of thermal treatments, especially the precipitation 
of the ε-HCP phase.

Due to SIMT, special attention should be given to the 
metallographic preparation of such metastable samples. 
The presence of a metastable phase combined with the 
residual stress resulting from the solidification of each 
layer favors the occurrence of the strain-induced ε-HCP 
phase8. The grinding step of the metallographic preparation 
process may be sufficient to induce this stable phase. 
In order to avoid SIMT, some authors9-11 have proposed 
some alternatives for sample preparation. The most used 
technique is electropolishing, which consists of applying 
a voltage to the sample and putting it into contact with 
an electrolyte. Although this process chemically removes 
the surface layer of the sample, it requires specific 
equipment and may be dangerous depending on the 
electrolyte used. Thus, electropolishing is restricted to 
well-equipped laboratories and should be performed by 
trained operators.

In this context, the present work aims to verify the effect 
of manual grinding and polishing during the preparation of 
ASTM F75 Co-based alloys on the SIMT in comparison 
with an electropolished sample (single-phase CFC) and a 
cold rolled electropolished sample (CFC + HCP phases).

2. Experimental Procedure
The alternative sample preparation proposed herein is 

based on the traditional metallography, i.e., grinding and 
polishing, with the addition of a more precise polishing 
step using VibroMet™. Such equipment is comprised of a 
polishing cloth soaked in an alumina or silica suspension 
with very fine grain size. Sample holders made of 
ferromagnetic stainless steel hold the samples and press 
them against the polishing cloth with their own weight. 
Finally, a magnetic base underneath the polishing cloth 
vibrates and rotates, consequently moving the samples. 
This vibrational motion gives a uniform and precise 
polished finish to the samples.

To evaluate the effect of manual grinding and polishing 
during the metallographic preparation of samples, a 
methodology capable of ensuring the reliability and 
reproducibility of the experiment as well as the integrity 
of the sample was elaborated. Plates with 12 x 6 x 3 mm3 
were produced by L-PBF using MP1 Co-Cr-Mo metallic 
powder feedstock, supplied by EOS GmbH. The chemical 
composition (wt%) of the produced samples was determined 
by X-ray fluorescence and the carbon and nitrogen contents 
were obtained by combustion infrared detection and inert 
gas fusion, respectively: 27.89Cr–6.27Mo–0.72Mn–
0.62Si–0.32Fe–0.1Ni–0.14C–0.13N, with balance Co.

Each additively manufactured plate had its metallographic 
preparation process interrupted at different stages, 
as follows:

• G - Grinded
• GP - Grinded + Polished
• GPV - Grinded + Polished + VibroMet™
• CRGPV - Cold Rolled + Grinded + Polished + 

VibroMet™
In the “G” condition, only grinding was performed with 

100, 220, 320, 400, 600, 800, 1200 1500 and 2000 grit 
emery paper. The “GP” condition stands for grinding 
followed by polishing with an alumina suspension of 
1 μm and 0.3 mμ for 5 minutes each. In the “GPV” 
condition, the metallographic process was complete, i.e., 
besides grinding and polishing, an additional polishing 
step using a Buehler VibroMet™ polisher was performed 
with a colloidal silica suspension of 0.04 μm for 12 hours. 
Finally, the “CRGPV” condition was used as a control, 
ensuring the presence of the ε-HCP phase in its structure. 
In this condition, the sample was cold rolled at a 20% 
reduction, and subsequently prepared following the same 
steps of the GPV condition.

The crystalline phases of each sample were determined 
by X-ray diffraction (XRD) to confirm the occurrence of 
the γ-FCC and ε-HCP phases during each step of sample 
preparation. The XRD patterns were obtained using Cu Ka 
radiation and an Empyrean diffractometer (Panalytical) 
operating in the Bragg-Brentano configuration. Table 1 lists 
the parameters used to acquire the diffractograms.

To quantify the phases present in the sample, a 
refinement of the crystalline structures was carried out 
using the Rietveld refinement method. This method 
involves the minimization of the residual function of a 
nonlinear least-squares algorithm to refine the crystalline 
structure of a compound. In this work, the Highscore Plus 
4.0 software was used to adjust the XRD diffractogram, 
and therefore quantify the γ-FCC and ε-HCP phases after 
each step of the metallographic preparation. The strategy 
for refinement was based on Young’s guidelines12, and 
the results became acceptable when the convergence of 
statistical parameters reached values compatible with 
Hill and Flack criteria13. In addition to the Rietveld 
refinement, a quantification of the phases was performed 
via backscatter electron diffraction (EBSD). Since this 
technique requires a great quality of surface preparation 
to guarantee the indexing of Kikuchi lines, only the GPV 
and CRGPV conditions were analyzed.

The microstructures of the samples were characterized 
by scanning electron microscopy on a Thermo Scientific/FEI 
Quanta 650 microscope with an EBSD detector. The EBSD 
maps were acquired using the AZtecHKL software and 
processed with the HKL Channel 5 software package, both 
from Oxford Instruments.

Table 1. X-ray diffraction parameters.

X-ray Tube Voltage (kV) Current (mA) Starting angle (º) Final angle (º) Angular step (º) Time per step (s)

Cu 45 40 35.0 90.0 0.02 5.0
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3. Results and Discussion
The diffractograms obtained from the X-ray diffraction 

analysis are shown in Figure 1. The diffraction peaks were 
indexed to the FIZ Karlsruhe’s Inorganic Crystal Structure 
Database (ICSD) under the codes 98-006-1642 for the γ-FCC 
phase and 98-06-2984 for the ε-HCP phase. It is noticeable 
that the grinding (G) process induces the formation of the 
ε-HCP phase, and as the metallographic process progresses 
with polishing (GP) and the use of VibroMet™ (GPV), the 
ε-HCP peaks lose intensity, indicating a reduction in the 
phase fraction.

The angular range proved to be adequate to perform the 
Rietveld refinement. As observed, peaks at larger 2θ  angles 
have lower angular resolution, which hampers the Rietveld 
refinement. For the Rietveld simulation, three peaks 
of the FCC phase were considered: (111), (200) and (220). 
When both γ-FCC and ε-HCP phases were present, six 
additional peaks were analyzed: (10 1 0), (0002), (10 1 1), 
(10 1 2), (11 2 0) and (10 1 3). The parameters used for the 
simulation included background, scale factor, unit cell 
parameters, preferential orientation, peak shape and peak 
profile. The main results can be seen in Table 2.

The low variation in the lattice parameter is within the 
expected range due to the sample preparation methods used. 
All indices are in accordance with the acceptable limits 
reported in the literature13. The FCC peak broadening, 
observed in the G and CRGPV samples is related to 
microstrains in the crystal lattice. Since there is an increase 
in volume when CFC to HCP phase transformation occurs, 
some deformation also occurs at the surrounding CFC 
austenite due to the plastic accommodation of the shape 
deformation14,15.

The band contrast images in Figures 2b and d illustrate 
the typical microstructure of the Co-28Cr-6Mo alloy when 
produced by L-PBF, consisting of elongated grains parallel 
to the heat transfer direction during cooling16-18. In Figure 2d, 
a greater number of slip bands can be noted. As reported in 
the literature, stacking faults, abundantly found in highly 
deformed materials, are preferential sites for the ε-HCP 
phase nucleation15,19. This justifies the higher volume fraction 
of the ε-HCP phase observed in the CRGPV specimen 
(Figures 2c and 3).

In the chart of Figure 3, the proportions of each phase 
determined by Rietveld refinement and EBSD are presented. 

According to the Rietveld refinement results, there was a 
reduction in the amount of the ε-HCP phase from 27.4 to near 
0% as steps were added to the metallographic preparation 
process, while the EBSD analysis revealed that GPV sample 
was comprised of 0.4% of the ε-HCP phase. In relation to 
the CRGPV sample, both techniques pointed to the presence 
of around 29% of this phase.

It was observed that traditional metallographic preparation 
by manual grinding induces the ε-HCP phase through the SIMT 
process occurring on the surface of the samples. However, 
subsequent polishing steps and VibroMet™ act by removing 
this surface layer smoothly, without promoting SIMT.

The GPV sample presented an amount of 0.0 and 0.4% of 
the ε-HCP phase, while the CRGPV sample was comprised 
of 27.6 and 29.8% of this phase, according to the Rietveld 
refinement and EBSD analyses, respectively. The small 
difference observed in the GPV sample confirms that the 
ε-HCP phase fraction present in this sample is close to zero. 
When dealing with small amounts of phases, e.g., below 2%, 
the Rietveld refinement technique may produce unprecise 
results. Therefore, even though a complete absence of 
the ε-HCP phase was noticed, this may not be entirely true. 
On the other hand, the 2.2% difference observed in the 
CRGPV sample between the Rietveld and EBSD results may 
be attributed to unindexed regions in the EBSD phase map. 

Figure 1. Diffractograms of the four conditions analyzed (black curve) 
with refinement overlap (red line).

Table 2. Results of parameters refined using the Rietveld method.

Sample Lattice parameter g-FCC Lattice parameter e-HCP Rwp (%) GoF (%) Rexp (%)

G a=3.5842(3)Å
a=2.5567(5)Å

6.74 1.83 3.68
c=4.0912(4)Å

GP a=3.5817(2)Å
a=2.5535(2)Å

6.91 1.66 4.17
c=4.1069(3)Å

GPV a=3.5759(1)Å 7.6 1.82 4.17

CRGPV a=3.5869(2)Å
a=2.5463(3)Å

4.87 1.31 3.71
c=4.1074(2)Å
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Due to the cold rolling process, highly deformed regions 
are formed, making crack nucleation not uncommon. 
Thus, it can be concluded that unindexed regions such as 
the white ones in Figure 2c increases the uncertainty of 
the volume fraction of the ε-HCP phase obtained from the 
EBSD analysis.

As already mentioned, although the ε-HCP phase 
percentage verified in the GPV sample is small, it does not 
guarantee the total absence of this phase in the sample. For 
studies and applications that use aged samples, i.e., with a 
fraction of the ε-HCP phase being obtained isothermally, 
the possible presence of this phase due to the SIMT process 
induced by grinding may not have a relevant effect on the 
performance of the material. Nevertheless, when one wishes 
to study or apply the alloy in its metastable condition, that 
is, only with the γ-FCC phase, it is preferable to perform 
electropolishing, either as the only preparation step or as a 
final step, after manual polishing.

4. Conclusions
The results obtained herein referring to the metallographic 

preparation indicated that grinding superficially induces 
the formation of the hexagonal phase (ε-HCP) through the 
SIMT mechanism. Both the polishing technique and the use 
of VibroMet™ were able to significantly reduce the induced 
phase, which at the end of the entire process achieved 
approximately 0.4% of remaining ε-HCP.

For applications where the alloy is submitted to aging and 
is comprised of the isothermal ε-HCP phase, the metallographic 
preparation proposed in this work can be successfully 
employed. However, electropolishing is recommended for 
studies and applications in which one wishes to work with 
a fully γ-FCC structure.

Figure 2. a) and c) Phase maps of the GPV and CRGPV samples, respectively; and b) and d) band contrast of the GPV and CRGPV samples, respectively.

Figure 3. Values of phase quantification analyses by Rietveld 
refinement and EBSD.
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