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Abstract

This study aims to investigate the effect of aging on microstructural evolution and
mechanical properties of two ASTM F75 alloys, one without the carbon additive and
the other one containing 0.21 wt.% C. Aging on the samples solution-annealed at
1225 °C for 1 hour was performed at 720, 760, and 800°C for 5 hours. The evaluation
of the microstructure of both samples after aging showed that the y—e
transformation led to the formation of two various morphologies of the precipitates
in the regions of the e-phase. At the first stages of aging, the precipitates appeared
as a series of straight bands in both samples, while with an increase in the
temperature, pearlite-like regions were found at the grain boundaries of only the
carbon-containing sample. In the sample without the carbon additive, the
microstructure consisted of the o-phase. In the carbon-containing sample, lamellar
M23Cs carbides were formed during aging in the vicinity of the remaining blocky

M23Cs carbides. The carbon-containing sample consisted of fine M»3Cs carbides
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after aging at 720°C, which were distributed inside the grains and at the grain
boundaries. The appropriate precipitation rate and their optimum distribution in the
structure led to an increase in the yield strength by up to 15%, along with an increase
in the ultimate tensile strength by up to 6% compared with the as-cast state.

However, no significant improvement was found in the ductility of the alloy.
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1. Introduction

Medical grade casting ASTM F75 alloy is based on 27-30 wt.% Cr, 5-7 wt.% Mo,
and a balanced amount of Co, along with a minor content of other elements such as
C, N, Si, Mn, Al, Ti, Fe, Ni, and B. This alloy is broadly employed to fabricate
orthopedic implants owing to its high strength because of the formation of carbides
and its high wear resistance [1-3].

ASTM F75 alloy (in as-cast/annealed conditions) is widely used in the fabrication
of prosthetics due to its high corrosion resistance in body fluid environments. The
characteristics of the ordinary casting process, such as large grain size and casting
defects, lead to both low yield strength and fatigue fracture in the hip prosthesis area.
Therefore, to overcome these problems, investment casting and powder metallurgy
methods are suitable alternatives. The investment casting process is usually used to

reduce the grain size and also to improve the distribution of alloying elements and



carbides [4,5]. The defects formed in the as-cast condition have motivated
researchers to study the effect of various heat treatments on the microstructure and
mechanical properties of this alloy. Common heat treatments performed on this alloy
include solution annealing and aging [6]. Controlling the carbon content of the
solution, morphology, and the distribution of the carbides formed in the Co-Cr-Mo-
based alloys are of great importance in enhancing the mechanical properties of these
alloys [7,8].

The microstructure of ASTM F75 alloy in as-cast conditions, according to its
chemical composition, can consist of matrix phases of y from FCC cobalt or € from
HCP cobalt, M,3Cs secondary carbides with blocky and lamellar morphologies, o
phase, and MsC phase. The formation of Mj3Cs is considered the major
strengthening mechanism in this alloy. The addition of carbon leads to an
enhancement in both the stability of the y-phase and mechanical properties.
However, the addition of excess amounts of carbon causes the formation of M2;Cs
carbide [9-11]. When coarse My3Cg carbides are precipitated along the grain
boundaries, they can act as preferred sites for the propagation of fatigue cracks.
Therefore, obtaining an optimal microstructure through uniform distribution of
precipitates, morphology, size, and volume fraction of these precipitates in the
matrix phase is done to enhance the mechanical properties by the solution annealing

heat treatment and aging [12].



Regarding their chemical composition, cobalt-chromium-molybdenum-based alloys
possess two matrix phases, i.e., low-temperature € with an HCP crystal structure and
high-temperature y with an FCC crystal structure. The y—e transformation
temperature for pure Co is 417 °C. However, by adding elements such as Cr and Mo,
the transformation temperature reaches 870 °C since these elements are e-stabilizing
elements [13]. The e-phase resulting from the y—¢ transformation is known as the
martensitic . The martensitic € could be achieved in three ways: 1- Isothermal
transformation, 2- Athermal transformation, and 3- Strain-induced transformation
during the heat treatment [14].

Most of the studies on this subject investigated the effect of alloying elements such
as Cr, N, Ni, Si, and Mn on the microstructure of ASTM F75 alloy, and only a few
studies have paid attention to the microstructure and mechanical properties of the
alloy, and the effect of heat treatments on the enhancement of mechanical properties
has been rarely reported. Song Lee et al. [15] fabricated various samples of ASTM
F75 alloy with various amounts of carbon from 0 to 0.18 wt.% and found an increase
in the volume fraction of the y-phase from 12 to 30. This led to an increase in the
tensile strength and ductility (30%) with the presence of 0.1 wt.% C. In addition,
carbon increased the stacking fault energy while decreasing the density of the
stacking fault, which led to the stabilization of the y-phase. In another study, Dobbs

et al. [16] investigated the effect of the solution annealing heat treatment at 1240 °C



(for 0.5, 1, 2, 4, and 8 hours) and aging at 720 °C (for 6, 9, 16, 24, 48 hours) on
tensile properties. They showed that heat treatment, in general, causes an
Improvement in the mechanical properties without compromising corrosion
resistance. Also, the optimal properties are achieved in the sample undergoing partial
solution annealing (at 1225 °C for 15 min and air cooling). Herrera et al. [17] studied
the effect of carbon content on the mechanical properties of ASTM F75 alloy in as-
cast and solution-annealed conditions and fabricated three alloys with low, medium,
and high amounts of carbon to evaluate the effect of carbon content. They found that
carbon content exhibited a noticeable effect on the mechanical properties of the heat-
treated alloys, and the alloy with a medium amount of carbon showed the most
optimal mechanical properties.

This study aims to investigate the microstructural evolution of ASTM F75 alloy,
with and without the carbon additive, by changing the heat treatment cycle of the
solution annealing to compensate for the poor mechanical properties of this alloy,
such as its low strength and ductility in the as-cast state.

2. Experimental procedure

The ingots with different amount of carbon were melted in an induction melting
furnace under Ar inert gas and cast into a Al,O3 crucible. Cast ingots were annealed
at 1225 °C for 1 h followed by water quenching. 10x10x10 mm samples were

exposed to aging test in temperaturess of 720, 760 and 800 °C for 5 h and quenched



into water. The electrical resistance furnaces used in this research had accuracy about
15 °C. Chemical composition determined using quantometry method (Spectro2004)
and the results are listed in table 1.

Tablel. Chemical composition of ingots in accordance to standard.

element Co |Cr Mo | Si Mn | Fe Al C

ASTM F75[18] | Bal. | 27-30 | 5-7 |<1 |<1 |<0.75|<0.1 |<0.35
Product 1 Bal. | 28.16 | 5.49 | 0.35|0.53 0.3 0.016 | 0.01
Product 2 Bal. | 28.24 | 5.63|0.32|0.43|0.24 |0.077|0.21

Metallographic sections were prepared using standard mechanical polishing
procedures and elctroetched using 90% H2S04-10% methanol solution for 30-240
second with the voltage of 6 Volt. A Vega Tescan scanning electron microscope
(SEM) with an energy dispersive spectroscopy (EDS) analyser operating at 15 kV
and optical microscopy (Olympus DP25) were used to observe the morphology and
distribution of the phases.

A Rigaku Smart Lab XRD was used with Cu-Ka radiation at 40 kV and 30 mA. The
volume fraction of phases was calculated by Imag J analysis software.

Tensile tests at room-temperature were carried out on an Instron Model-8502 test
machine. Tensile tests were conducted in accordance with ASTM E8 [19] of the

tension testing of metallic material.

3. Results and Discussion

3.1. Microstructural investigations



Figures 1 and 2 present the optical micrographs of the samples with and without
carbon in different annealing and aging conditions. In samples without carbon, some
precipitates can be found, the EDS analysis of which is shown in Fig. 3 for the
sample aged at 760 °C. As can be seen in point A, the matrix phase consists of the
base alloy elements, i.e., Cr, Mo, and Co, with atomic percentages of 32.28, 67.77,
and 2.95, respectively. In point B, Cr, Co, and Mo are present with atomic
percentages of 42.97, 48.33, and 8.70. Thus, it appears that the precipitates present
are of o type. o precipitates could also be found in annealed conditions, and with an
increase in the aging temperature from 720 °C to 800 °C, the amount and size of ¢
precipitates increased. This can be explained by the fact that the aging temperature
was close to the temperature range of the formation of o, i.e., 540-980 °C [20]. o
exhibits a tetragonal structure, which is composed of the Co-Cr intermetallic phase.
Due to its brittle nature, this phase is detrimental. By adding carbon, M,3Cs carbides
were formed, according to reports of other studies (Co-Cr/M) + C— M23Cs) [1],
which can play a crucial role in precipitation strengthening.

The formation of M,3Cg precipitates will be discussed in the carbon-containing alloy.
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Fig 1. Optical microscope microstructure in the annealed state at 1225°C for 1

a,b) Samples without carl?g;: r-c,d) Samples with carbon
At 800 °C and in the sample without the carbon additive, a series of precipitates were
formed as straight bands around the initial precipitate of the o-phase, which can be
seen in the optical micrograph of Fig. 4 with a higher magnification. These regions
are the e-martensite phase with an HCP structure with numerous stacking faults,
which are the preferred sites for the formation of precipitates. The reason for the
formation of the precipitates in these regions is that Co present in the matrix reacted
with Cr and Mo, which were segregated preferentially to dislocations and stacking

faults, and the o-phase was formed as straight bands.
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Fig 2. Optical microstructure images of a, b, ¢) carbon-free and d, e, f) carbon-

containing samples aged for 5 hours at temperatures of a,d) 720°C, b,e) 760°C, c,f)

800°C
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Fig 3. The electron microscope image of the microstructure of the carbon-free

sample aged at 760°C for 5 hours along with the results of EDS analysis

According to the literature [21,22], by aging at temperatures lower than 925 °C, two
mechanisms can be proposed for the y—¢ transformation. The first one suggests that
in the short times of the first stages of aging, the FCC to HCP; transformation with
an orientation relationship of FCC{111} Il 4cp {0001} leads to the formation of the
g-martensite. The regions of the FCC phase are single-phase, while those of the HCP
phase consist of carbides, as well. These carbides exhibit an orientation relationship
of {0001} wee || {111} m2scs With HCP. Therefore, the carbide nucleation in HCP,
occurs as a series of straight bands. The second mechanism, which was seen in the

alloys that contain carbon, suggests that at longer times and higher aging



temperatures, the FCC to HCP, transformation occurred at the grain boundaries from
the FCC matrix along with the carbide nucleation and results in the formation of a

lamellar pearlite-like morphology, which will be discussed in the following.

Formation of sigma
precipitates i HCB:

Fig 4. Image of the optical microstructure of the carbon-free sample aged for 5
hours at 800°C

Figure 2d-f shows the microstructures of the carbon-containing sample aged at 720
°C, 760 °C, and 800 °C, which consist of fine M»3Cs precipitates at the grain
boundaries and inside the grains along with parallel lines of the precipitation of
carbides in HCP;. The scanning electron microscope (SEM) micrograph and the
EDS analysis for the formation of M3Cs in the regions of HCP; in the sample aged
at 760 °C are displayed in Fig. 6. According to the EDS analysis of point A in Fig.
6d, the concentration of Cr is higher than that of Co and Mo. Since the Cr content in
M23Cs carbide has been reported to be higher than that of Co and Mo [17], it appears
that this precipitate was of M,3Cs type. The reason for the absence of the o-phase

precipitates in the carbon-containing sample, as stated previously, is that these



precipitates reacted with carbon present in the alloy, and M3Cs carbides were
formed. Since the stacking fault density in the HCP crystal structure is higher than
that in the FCC crystal structure [23], the presence of the stacking fault in these
regions led to a significant decrease in the activation energy of the precipitation. The
solute atoms present in the alloy, which were dissolved by solution annealing, had a
strong tendency to segregate in these regions. Therefore, parallel lines were the
preferred sites for the nucleation of M33Cs carbides. With an increase in the aging
temperature to 760 °C, as shown in Fig. 2e, the precipitation rate of M33Cs carbides
inside the grains and especially at the grain boundaries increased, and coarser
precipitates could be found at this temperature compared with those at 760 °C. In
addition, it can be seen that the y—¢ transformation has been done more at this aging
temperature, and the parallel lines related to the precipitation of M»3Cg carbides
increased in the regions related to HCP;. In the early stages of aging, especially at
low temperatures and short times, the formation of precipitates often occurs in the
form of parallel lines in HCP; regions, and the formation of carbides with a pearlite-
like morphology occurs at higher temperatures and longer times.

The XRD pattern of the carbon-containing sample after aging is seen in Fig. 5. With
an increase in the aging temperature from 720 °C to 760 °C in the aged samples, the

peaks corresponding to the e-phase increased due to the occurrence of the y—e



transformation because of the increase in the stacking fault and distortion, whereas

the peak corresponding to the y-phase decreased.
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Fig. 5 X-ray diffraction pattern of ASTM F75 sample containing carbon in
different conditions.
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Fig. 6 Optical microstructure and electron microscope image of the sample
containing carbon aged at 760°C for 5 hours with the results of EDS analysis.




It has been reported that [24] carbon atoms tend to be absorbed by dislocations and
stacking faults and form segregated regions of carbon. These carbon atoms react
with chromium and molybdenum atoms, which segregate preferentially to
dislocations and stacking faults and lead to the creation of regions in the form of
parallel lines. Another effect that was observed by adding carbon to ASTM F75 alloy
aged at 760°C was the formation of a phase with a pearlite-like morphology at the
grain boundaries. By increasing the aging temperature and time, the conditions for
the transformation are provided in the form of a series of discontinuous reactions
simultaneously with the formation of HCP, at the grain boundary, which has a low
stacking fault, unlike HCP. This can be explained by the high mismatch at the grain
boundaries and an increase in the growth rate of carbides in these regions due to an
increase in the diffusion rate caused by increasing the aging temperature. The optical
and SEM micrographs of the pearlite-like region formed at the grain boundaries can
be seen in Fig. 6b and Fig. 6c¢, respectively. As shown, in the pearlite-like phase, the
Co content is higher than that in the lamellar carbide, according to the EDS analysis
result in Fig. 6d. The reason is that this region consisted of two phases, i.e., M23Cs
and €. The high content of Co in this region is related to the presence of the &-
martensite phase, which was formed from the y—e& transformation during aging.
Figure 6d shows M,3Cs carbides with two different morphologies. In this figure,

blocky carbides remaining from solution annealing can be observed around lamellar



carbide (black) formed in the aging conditions. Due to the dissolution of a part of
blocky carbides during solution annealing at 1225 °C for 1 hour, the content of C,
Cr, and Mo around these carbides increased. During aging, lamellar carbides were
formed because of appropriate conditions provided for the diffusion and segregation
of the elements, which are seen in black color in the three microstructures aged at
720 °C, 760 °C, and 800 °C, similar to the lamellar carbides present in the as-cast
condition. With an increase in the aging temperature to 800 °C and according to Fig.
2f, an increase in the temperature led to the coarsening of lamellar M,3Cs carbides
and the formation of more consistent precipitates, especially at the grain boundaries.
The morphologies observed at 720 °C as parallel lines and pearlite-like regions that
appear at the grain boundaries became more prominent at this aging temperature
(800°C).

According to Fig. 2f, lamellar M»3Cg carbides (black regions) can be found inside
the grains, especially at the grain boundaries. Another noteworthy point is that the
volume fraction of the pearlite-like regions (gray regions) increased at the grain
boundaries with an increase in the aging temperature compared with that of the
samples aged at 720 and 760 °C since increasing the aging temperature led to an
increase in the diffusion rate of the elements at the grain boundaries and as well as
an increase in the mismatch of the grain boundaries. Also, the e-martensite was

formed with an increase in the stacking fault density.



3.3. Hardness measurements

Figure 7 presents the hardness values of the as-cast, annealed, and aged samples.
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Fig 7. Hardness values of carbon-free and carbon-containing products in different
conditions according to Vickers (VHN).

As can be seen, the hardness value increased owing to the addition of carbon, which
led to the formation of carbides in the carbon-containing sample. By aging the
sample without the carbon additive at 720 °C, the hardness value increased from 269
HV to 332 HV compared with the as-cast state because of the grain refinement that
occurred in the aging state. In both samples, with an increase in the aging
temperature from 720 °C to 800 °C, the hardness value increased due to an increase
in the amount of the e-phase by increasing the aging temperature, as could be seen
in the XRD results. The reason is that by increasing the aging temperature from 720

°C to 800 °C, the y—e¢ transformation was done more, and the e-phase content



increased. The other reason for the increased hardness of the carbon-containing
sample was the formation of lamellar M,3Cs carbides inside the grains and at the

grain boundaries.

3.2. Evaluation of mechanical properties

The results of cold tensile tests of the samples aged at 720, 760, and 800 °C aged for
5 hours for both samples, i.e., without the carbon additive and with the carbon
additive, along with the results of casting and annealing at 1225 °C can be seen in
Fig. 7.

As shown in this figure, by aging the sample without the carbon additive at 720 °C,
the yield strength values increased compared with those of the as-cast state but did
not reach the standard level. Moreover, both the tensile strength values and ductility
did not change noticeably compared with the values of the as-cast state. With an
increase in the aging temperature, one could see a decreasing trend in yield and
tensile strength as well as ductility with an increase in the volume fraction of the &-
phase. Thus, in the sample without the carbon additive, not only no improvement
was observed in the mechanical properties due to aging but also, according to the
precipitate type in this sample (the sigma phase) along with an increase in the volume

fraction of the g-phase, the



600

B without
500 carbon
©
a.
g 400
<
B
c 300
o
&
- 200
g
>
100
0
as cast aneal at aged at aged at aged at
1225°C/ 1h  720°C/5h 760°C/5h 800°C/5h
a
__ 1000
& 900 W without
=
2 500 carbon
<
a0 700
o
ﬁ 600
o 500
2 400
9]
= 300
£ 200
©
S
= 100
)
0
as cast aneal at aged at aged at aged at
1225°C/1h  720°C/5h 760°C/5h 800°C/5h
35
B without
30
carbon
g 25
'5 20
©
ao 15
c
o
w 10
5
0
as cast aneal at aged at aged at aged at

1225°C/1h  720°C/5h  760°C/5h  800°C/Sh

C
Fig 8.Changes in tensile properties according to aging temperature
a) Yield strength  b) Tensile strength  ¢) Elongation percentage



mechanical properties were degraded, and none of the parameters except ductility
and reduction in area reached the standard level.

In the sample containing the carbon additive, an improvement in the mechanical
properties compared with the as-cast state occurred due to the appropriate
distribution of the carbides, which was an expected result. In addition, the yield
strength of this alloy increased compared with the as-cast state, considering the
precipitates formed in the stacking faults and the distribution of the precipitates
inside the grains. However, the ductility decreased because of the formation of the
e-phase and carbides. Nonetheless, with an increase in the aging temperature, the
sample became brittle, and the yield and tensile strength values decreased compared
with those obtained in the sample aged at 720 °C owing to the y—¢ transformation
at 760 °C and formation of the e-phase in the structure as well as the formation of
interconnected lamellar carbides especially at the grain boundaries. Moreover, the
ductility of the alloy reached 1.64%. Therefore, the tensile test results show that in
the sample without the carbon additive, a decrease in the mechanical properties in
both conditions, i.e., the as-cast and aged conditions, could be observed. This can be
ascribed to the absence of carbon in this sample, which led to the absence of carbides
in the matrix phase since carbides played a fundamental role in the strengthening of

this alloy through precipitation-strengthening. However, in the carbon-containing



sample in aging conditions at 720 °C, the mechanical properties were enhanced

compared with the as-cast state.

4. Conclusion

1. In the alloy without the carbon additive, due to the single-phase nature of the alloy
(HCP), no significant changes were observed in the microstructure by aging at
720°C and 760°C, and the same sigma-phase precipitates that were present in the as-
cast and solution annealing state, could be seen in the aging state. However, in the
sample aged at 800 °C, the formation of sigma precipitates occurred in the form of
parallel lines in HCP1 created by the y—¢ transformation.

2. In the carbon-containing alloy, the sample aged at 720 °C contained fine M23Cs
carbides that were distributed inside the grains and at the grain boundaries. With an
increase in the aging temperature to 760 °C, parallel lines of the precipitate formation
in HCP; increased, and a limited number of regions with pearlite-like morphologies
could be seen. In addition, the formation rate of lamellar M3Cg carbide, especially
at the grain boundaries, increased. The formation of pearlite-like regions at the grain
boundaries reached the maximum at the aging temperature of 800 °C.

3. After aging, the y—¢ transformation increased in both samples with an increase

in the aging time from 720 °C to 800 °C.



4. In the carbon-containing sample after aging at 720°C, both the ultimate tensile
strength (808.9 MPa) and ductility (12.7%) were higher than those of the sample
aged at 760 °C due to the presence of a lesser amount of the e-phase and formation
of finer carbides.

5. In the sample without the carbon additive, due to the fundamental role of carbides
in strengthening through the precipitation-strengthening mechanism, the absence of
carbon and consequently the absence of carbide in the matrix phase of this sample,
lower mechanical properties in different conditions of the as-cast and aging were
observed.

6. The carbon-containing sample showed the best mechanical properties when aged

at 720 °C for 5 hours compared with the other aging temperatures.
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