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Three different Co-Cr-Mo-C alloys conforming to ASTM F75 standard were poured in an
industrial environment and subjected to a conventional solution treatment at 1225 °C for
several time intervals. The microstructural changes and transformations were studied in
each case in order to evaluate the way in which treatment time influences the secondary
phase fraction and clarify the microstructural changes that could occur. To assess how treat-

ment time affects microstructure, optical microscopy and image analyzer software, scanning
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electron microscopy and energy dispersion spectrometry analysis were employed.

The main phases detected in the as-cast state were: o-phase, MgC, and M,3Cg carbides. The
latter presented two different morphologies, blocky type and lamellar type. Despite being
considered the most detrimental feature to mechanical properties, o-phase and lamellar

Solution treatment
Co-Cr-Mo
Microstructure carbides dissolution took place in the early stages of solution treatment. M,3Cg carbides fea-
tured two different behaviors. In the alloy obtained by melting an appropriate quantity of
alloyed commercial materials, a decrease in size, spheroidization and transformation into
MeC carbides were simultaneously observed. In the commercial ASTM F75 alloy, in turn, de-
spite being the same phase, only a marked decrease in precipitates size was noticed. These
different behaviors could be ascribed to the initial presence of other phases in the alloy
obtained from alloyed materials, such as o-phase and “pearlitic” carbides, or to the initial
precipitate size which was much larger in the first than in the commercial ASTM F75
alloy studied. MeC carbides dissolved directly in the matrix as they could not be detected
in samples solution-treated for 15 min.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction ent chemical composition they may present; their resultant

mechanical properties vary significantly. The main defects

Cobalt base alloys (Co-Cr-Mo) are widely used in several
medical applications such as knee and hip joint replace-
ment, given their excellent biocompatibility, corrosion and
wear resistance, combined with their good mechanical
properties [1-4]. They are usually employed in as-cast state
conforming to the ASTM F75 standard; and, due to the differ-

encountered in the as-cast state are shrinkages, chemical
heterogeneity and large grain size [5,6]. The distribution of
these inherent defects in the technique employed to obtain
the implants explains the low mechanical and fatigue
strength values, which can promote the early failure of the
device.
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With a view to removing casting defects, as-cast Co-Cr-Mo
alloys are often subjected to different heat treatments, which
are designed to enhance their mechanical properties and pre-
vent fatigue failure. The main thermal treatments applied to
these alloys are conventional isothermal solution treatment
or homogenization, hot isostatic pressing (hipping) and carbide
refining treatments [7].

Several authors have reported that the best elongation
values were obtained by hipping treatments [8-11] and carbide
refining by melt additions [12]. Notwithstanding this, the most
widely used method is solution treatment given the technolo-
gies associated to this process and the low cost involved. Even
though the data provided by literature regarding temperatures
and times applied vary notoriously, this type of treatment is
usually performed at temperatures around 1200 °C and for pe-
riods ranging from 1 to 4 h.

In conventional solution treatments applied to Co-Cr-Mo
alloys, the temperature range available to achieve complete
carbide dissolution is very narrow. To achieve the quality
demanded by implants used in human beings, the processes
require a rigorous control of the variables involved. Treatment
temperature is one of said variables, which is determined by
the melting point of the interdendritic phases. The values
reported in the literature present some discrepancies in this
respect too, while the success or failure of the entire process
depends on the accuracy of its choice.

Some authors have found that before carbides melting, a
solid-state diffusion of the carbide forming elements occurs,
while after that, a serrated interface develops [13]. At low treat-
ment temperatures, carbide coarsening, spheroidization [14-16]
and incomplete homogenization were observed, also the car-
bide dissolution kinetics decreased extensively [17]. Treatment
temperatures higher than carbides melting point lead to M»3Cs
carbide fusion [18] and tend to take the system to a thermody-
namic equilibrium, since the elements diffusion eliminates
the composition gradients [13].

It has been demonstrated that partial carbide dissolution
improves not only ductility [8] but also, to a large extent, the
alloy fatigue strength in solution-treated samples, [19,20] as it
was corroborated by Lorentz et al. [21]. Moreover, it has been
reported that short treatments enhance mechanical properties,
while prolonged ones result in ductility gain at the expense of
other mechanical properties [22,23]. Weeton and Signorelli
demonstrated that a solution treatment followed by ageing in-
creases hardness [24]

Clemow and Daniell [17] evaluated the reactions produced
during solution treatment and carbide dissolution kinetics.
They came to the conclusion that dissolution kinetics was rela-
tively high at the beginning of the cycle and decreased as heat
treatment time elapsed. They also concluded that M;3Cs— MsC
carbide transformation during high temperature exposure was
associated with a decrease in dissolution kinetics. It was further
observed that MeC carbide formation was promoted by an in-
crease in the treatment temperature. On the other hand, Caudi-
llo et al. [22] reported that M,3Ce carbides dissolved directly in
the matrix without being transformed into an MgC carbide first.

The microstructure of Co-Cr-Mo alloys in as-cast condition
consists in a Co-rich fcc matrix, and precipitates in the inter-
dendritic zones and grain boundary. Such precipitates are
mainly formed by M,5Ce carbide, the intermetallic phase o

and an eutectic lamellar precipitate, formed by M,3Cg carbides
and a-fcc phase [18,25]. The precipitation of this pearlitic
structure results from the low cooling rate that takes place
during solidification [26].

Carbide precipitation represents the major strengthening
mechanism in as-cast state for these kinds of alloys, and it
is also responsible for low mechanical properties. The type,
size and carbide volume fraction depend on the solidification
conditions as well as on the chemical composition. The carbide
forming elements along with the carbon content present in the
alloy play a significant role in the composition and morphology
of the precipitated carbides [13]. Even though the effect of the
solution treatment on the mechanical properties of the alloy is
strongly linked to the carbide features, studies conducted on
the characterization of carbides and other phases formed dur-
ing the solution treatment are really scarce in the literature. In
view of the discrepancies evidenced above, a study aiming to
elucidate carbide behavior at high temperature during solution
treatment is in urgent need.

A previous work [27] accurately studied the microstructure
of three different as-cast Co-Cr-Mo alloys and clearly identified
the M,;3C¢ and MgC carbides and o phase. The aim of this work is
to advance our understanding regarding the evolution of the
Co-Cr-Mo alloy microstructure during the solution thermal
treatment by detecting phases and morphologies present. It
also seeks to enlighten their possible transformation at high
temperature, evaluating the influence of treatment time.

2. Experimental Procedure

Three different Co-Cr-Mo-C alloys, all of them conforming to
ASTM F75 chemical composition specifications, were poured
following the methodology adopted and described in a previous
work [27]. Sample number one (C1) was obtained by melting an
appropriate quantity of alloyed materials of commercial purity.
Sample number two (C2) was obtained from the remelted rem-
nant of (C1), checking and adjusting the composition. For this
reason it is expected that C2 could have more of metallic inclu-
sions and more inhomogeneities. Sample number three (C3)
was obtained by melting commercial material ASTM F75 certified
alloy, for comparison purposes. The runs were carried out in an
industrial environment, by using a 100 kW induction furnace.
The alloys were melted at 1530 °C under an argon atmosphere
and then poured into ceramic molds which were preheated to
1200 °C and included a set of three cylinders.

Table 1 introduces the chemical analysis of the resulting
alloys, as determined by spark emission spectrometry.

Table 1-Chemical composition (wt.%) of the studied
alloys.

Colada Co Cr Mo C W Si
(Wt.%) (Wt.%) (wt.%) (Wt%) (wWt.%) (wt.%)

c1 60.75 30.60 6.14 0.13 0.36 1.29

C2 62.99 28.93 5.83 <0.021 0.38 1.05

C3 64.13 27.01 6.30 <0.021 0.40 1.08

ASTM  59.0/ 27.0/ 5.0/ Max Max. Max

F75 69.0 30.0 7.0 0.35 0.2 1.0
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The cylinders were cut into slices and then subjected to a so-
lution treatment at 1225 °C and held at this temperature for in-
tervals ranging from 0 to 240 min. Specimens were held at the
predetermined temperature for 15, 30, 45, 60, 120 and 240 min,
respectively. In all the cases, the samples were quenched in
cold water to retain the high temperature microstructure. The
samples corresponding to time O were the as-cast state speci-
mens for each alloy.

Samples preparation for optical and scanning electron mi-
croscopy was carried out with conventional procedures for
polishing, from 600 grid Si-C paper until a 0.05 pm alumina
suspension. The specimens were thoroughly cleaned to remove
any polishing remnant. To reveal the microstructure and study
the precipitates evolution, a two-stage etching was used, select-
ing a combination of etchants that, in a first stage, revealed the
dendritic matrix features with a light electrolytic chromic acid
etchant and then stained the second phases for their identifica-
tion [28].

Optical microscopy was used for a first identification of
secondary phases, and image analysis, together with carbide
fraction quantification, was performed using Image Pro Plus™
software. To provide a more accurate characterization, the sam-
ples were examined by scanning electron microscopy (SE-SEM)
with a JEOL JSM-6460LV microscope, and energy dispersive
spectroscopy (EDS) techniques were employed, even though
the EDS technique provides a semi-quantitative analysis. The
system used was an EDAX Genesis XM4-Sys 60, equipped with
a multichannel analyzer EDAX mod EDAM IV, Sapphire Si(Li)
detector and a super ultra thin beryllium window, with a 20 kV
acceleration voltage.

3. Results and Discussion

The microstructure of all the samples studied in as-cast condi-
tion and observed by optical microscopy was mainly formed by
dendritic a-fcc Co-rich grains and carbides precipitated in grain
boundaries (GBs) and interdendritic spaces [27]. Despite the fact
that precipitates feature a wide chemical carbide composition
range, they were well identified by the color obtained using the
etching technique and the EDS analysis.

3.1. Sample C1

The main precipitates were identified by color metallography
and EDS analysis as o phase, M,3Cs and coarse lamellar phase,
in agreement with reports in the literature [29]. Fig. 1 details
the as-cast microstructure in an optical micrograph, while
Fig. 2 illustrates a secondary electron SEM image with the
main phases marked. The EDS analysis of the “pearlitic”
phase revealed that it was formed by thin interlayed plates
of M»3Cg carbides and a-fcc phase, in accordance with Kilner
[18] and Héro [30]. Fig. 3a and b depicts the EDS analysis for
the carbide and o tetragonal phase.

During the solution treatment evolution, the initial “pearlitic”
colonies and o phase dissolved in the first 15 min, and their
presence could not be detected in any solution-treated sam-
ple under longer term treatment. This could be expected
given the fact that the “lamellar” structure permits a faster
diffusion of the carbide forming elements in the a-matrix
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Fig. 1 - Optical micrograph of the main phases in as-cast
state, detected in C1 alloy by color metallography.

and therefore blocky type carbides dissolve more slowly than
lamellar carbides do.

As the solution treatment progresses, the M,3Cs carbide
suffers a spheroidization and transforms according to the
M,3C¢— MgC reaction, as it can be noticed in Figs. 4 and 5, re-
spectively. Such transformation was corroborated by the EDS
analysis and consistent with Clemow and Daniell [17], Lane
[30] and Mancha et al. [13] who established that carbide de-
composition takes place through a solid state reaction. The EDS
analysis corresponding to the M,3Cs and MgC carbides are
shown in Fig. 6a and b, respectively. Fig. 7 demonstrates that in
samples from C1 solution-treated for 45 min, recrystallization
also occurs as a secondary effect. A decrease in carbide size, con-
comitant with the transformation, could be observed as well.

3.2 Sample C2

The coexistence of two different types of carbides was found
in as-cast condition in this alloy, probably owing to a change
in the cooling rate. Fig. 8 depicts the carbides identified by
color metallography as M»3Cs and M¢C needle-type. Fig. 9a
and b, in turn, shows EDS analysis results. The latter carbide
(McC) was only detected in the as-cast state, so it could be
assumed that this carbide dissolved directly in the matrix

Fig. 2 - SEM micrograph of C1 alloy with main precipitates
marked.
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Fig. 3 - EDS analysis of a) M,3C¢ carbide detected in as-cast C1 alloy b) o-phase present in as-cast C1 alloy.

exhibiting no transformation. In regard to the M,3Cg carbide
present in C2, despite being the same phase identified in C1,
its behavior differed completely, as no transformation was no-
ticed. A decrease in M,5Cg carbides size was detected instead,
indicating that, in this case, this phase dissolved directly in
the matrix.

.‘-

M,3 Cg carbide
20 pm
Fig. 4 - Optical micrograph showing microstructural evolution

in C1 alloy. Sample solution-treated for 15 min with main
phases identified as M,3Cs and MgC carbides.

3.3. Sample C3

Only My3Ce carbides were identified in this alloy in as-cast
samples, as illustrated in Figs. 10 and 11. Carbides present in
solution-treated specimens from C3 alloy behaved analogous-
ly to C2 alloy. The prolonged exposure to high temperature

=

i

RPN
(SN

Fig. 5 — SE-SEM image showing spheroidization and
M,3C¢— MgC transformation in C1 alloy. Sample corresponds
to 1 h of solution treatment.
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Fig. 6 - EDS analysis corresponding to the main phases found in C1 after 1 h of treatment a) M»3G; carbide and b) MeC, respectively.

dissolved most carbides, and those remaining featured such a 3.4. Variation of Carbide Content

small size that it hindered their visualization by optical mi-

croscopy. Fig. 12 is a secondary electron SEM image of a The variation of the carbide content with increasing solution
120 minute solution-treated specimen. The EDS analysis treatment time was studied for each alloy. Each quantitative de-
shown in Fig. 13 indicates that it is a My3Cs carbide. termination of carbide content was made at 100 x magnification

Fig. 8 - OM of as-cast G2 alloy showing M,;Cs and MeC

Fig. 7 - OM where recrystallization and M3Cs carbide
carbides in coexistence. Phases detected by color

decomposition can be observed. Sample from C1
solution-treated for 45 min. metallography.
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Fig. 9 - EDS analysis of the present phases in as-cast C2 alloy a) M»3Cs carbide phase and b) M¢C carbide phase.

on 20 fields and the data obtained were processed by image an-
alyzer software. For the three alloys under study, the carbide
fraction decreased significantly in short treatments, whereas in
times ranging from 120 to 240 min, variation was slight. The so-
lution treatment promotes a pronounced decrease in the size of
secondary phases for the first 90 min. Since the initial carbide
size difference between the alloys was very large, the data pre-
sented in Fig. 14 were normalized. Initial carbide sizes were

262,127 and 45 pm in average for C1, C2 and C3 as-cast samples,
respectively. Therefore the carbide variation with the solution
time is reported based on the percentage of size decrease.

Carbide size reduction reached 62%, nearly 71% and 97%
for samples solution-treated for 240 min from C1, C2 and C3
alloys, respectively, as illustrated in Fig. 14.

It is noteworthy that as the solution treatment time in-
creased, a high temperature oxide layer was formed in heat

Fig. 10 - OM with main colored phases detected in C3 alloy.
M>3Cg carbides with extremely homogeneous distribution
were identified.

Fig. 11 - Electron micrograph with main detected phases in
C3 alloy.
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Fig. 12 - Main phases present in C3 alloy after 120 min of
solution treatment, shown in an electron micrograph
(SE-SEM).

C2.Its thickness increased as treatment time did, up to reaching
1 mm thickness in the 240 minute solution-treated specimen.
The oxide layer analysis applying EDS technique revealed that
it was an oxide formed by the main alloying elements. The
oxide film SEM image and the EDS analysis corresponding to
the oxide layer are shown in Figs. 15 and 16, respectively.

The formation of this oxide layer cannot be tolerated in the
manufacture of biocompatible devices; since oxide micropar-
ticles could be retained in ulterior sterilization processes and
change the device properties. It could even be released in the
human body as wear or corrosion products. Despite the fact
that the chemical composition of the alloys studied does not
vary significantly, indeed there is an element that, given its
distribution or size, becomes the catalyst in the formation of
this chromium rich layer. Further investigations should be
conducted to clarify the formation mechanism of this layer.

4, Conclusions

Three Co-Cr-Mo-C alloys poured in an industrial environ-
ment were solution treated at 1225 °C for several time inter-
vals. The microstructural changes and transformations were

50.0-
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Fig. 13 - EDS analysis of the M,3C¢ carbide phase detected in
C3 commercial alloy.

100 ¥
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Secondary phase reduction [%]
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Fig. 14 - Evolution of carbide content (percentage of reduction)
as a function of treatment time for the alloys under study.

studied in each case. According to the results obtained, the
following conclusions can be drawn:

— The optical, SEM microscopy and EDS analysis, showed
that the phases present in the as-cast state were well iden-
tified as o-phase, M¢C and M,;Cg carbide, respectively. The
latter presented two different morphologies, blocky type
and lamellar type. Despite being mentioned as the most
detrimental feature to the mechanical properties, o-phase
dissolution takes place in the first minutes of solution
treatment.

— With respect to M,;3Cg carbides, two different behaviors
were observed. In C1 alloy, a decrease in size, spheroidiza-
tion and transformation into MgC carbides were simulta-
neously appreciated. In C3 alloy, despite being the same
phase, only a marked decrease in the size of the precipitates
was noticed. These different behaviors could be ascribed to
the initial presence of other phases in C1 such as o-phase
and “pearlitic” carbides, which, once dissolved in the early
stages of treatment, may have increased the transition ele-
ment rates in the matrix facilitating transformation; or due
to the initial precipitate size which was much larger in C1
than in the other two alloys under study.

Fig. 15 - SE-SEM image of the oxide layer formed at high
temperature in C2 alloy.
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Fig. 16 — EDS analysis of the oxide layer formed in C2, which resulted in chromium-rich oxide.

Specimens from C3 alloy showed precipitates with an
initial, much smaller size and with a more homogeneous
distribution in the interdendritic space of the as-cast struc-
ture with respect to the other two alloys studied. These
phases could be identified only with large magnifications,
which were achieved by SEM microscopy. As a consequence,
shorter times were needed to dissolve most carbides.

The decrease in carbides size turned out to be 62%, about
71% and 97% for C1, C2 and C3 alloys, respectively, for samples
solution-treated for 240 min.

Finally, samples from C2 alloy generated an oxide layer
around the solution-treated samples. This oxide film was
mainly formed by chromium. The anomalous behavior of
this particular alloy, which was obtained by remelting C1
alloy, could be caused by carbide distribution during casting
and by the high level of Si-metallic inclusions detected in the
as-cast evaluation.
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