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Abstract

In this study, the effects of various heat treatments (solutionizing, solutionizing + aging) on
the microstructure and mechanical properties of the Co-Cr-Mo based hip implants produced
by investment casting were investigated. The solution treatments were carried out at 1125°C,
1175°C and 1225°C for 3 hours under argon atmosphere. The aging treatments were carried
at 850°C for 4 hours. The samples were examined under scanning electron microscope (SEM)
and optical microscope (OM). Room temperature tensile tests and hardness tests were applied.
The results showed that, the process of solutionizing at 1175°C and subsequent aging resulted
in the formation of the smallest size precipitates with more homogeneous distribution in the
interdendritic space of the as-cast structure compared to other treatments. According to tensile
test results of the aged samples, as the solutionizing temperature increased to 1175°C both
strength and elongation values increased. However, with the increase of solutionizing
temperature to 1225°C, strength and elongation values decreased again. Solutionizing
temperature of 1175°C gave the best microstructure-mechanical property relationship.
Moreover, hardness values increased with the subsequent aging, yet do not change
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significantly with the solutionizing temperature.

1. Introduction

Cobalt base alloys (Co—Cr—Mo), conforming to ASTM
F-75 standard, are widely used in several medical
applications such as knee and hip joint replacement,
given their excellent biocompatibility, corrosion and
wear resistance, combined with their good mechanical
properties [1]. ASTM F-75 grade alloy is generally
produced by investment casting method [2]. This
method may lead to some defects in the as-cast position
such as porosity, large grain size, hard precipitates in
interdendritic zones, low ductility, low fatigue strength
and inhomogeneties in carbide morphology and their
size [2,3]. This is because the microstructures of the as-
cast alloys, which indicate solidification segregation
(interested to the formation of precipitates),
considerably with the casting parameters (e.g., the melt
temperature and cooling rate) [3, 4]. Several solutions
to this problem have been suggested to decrease defect
amount and to develop the mechanical properties such
as ductility and strength of this alloy. However, the
mechanical properties of these alloys can be improved

by heat treatments by dissolving the wide carbide area
and generate a more homogeneous microstructure [5].
Nevertheless, the mechanical properties can be
improved with additional heat treatments by dissolving
the large carbide network and produce a more
homogeneous structure [6]. Lee et al. studied the effect
of the addition of N on the microstructure and
mechanical properties of the C-free Co-Cr-Mo alloys
with various Cr contents. They revealed that Ni-free
Co-Cr-Mo alloys with enriched Cr content up to 34
wt%, modified by N addition, are suitable for hip and
knee joints that are produced on the basis of the casting
process such as investment casting [7]. Their
properties such as corrosion resistance, wear
resistance, excellent biocompatibility, hardness of Co-
Cr-Mo alloy depend mainly on the carbon content and
the type of heat treatment applied [8]. The main
strengthening mechanism of Co base alloys is the
presence of second phase precipitates. The
precipitation hardening performance of the alloy is
closely related to the phase, size, amount, and
distribution of precipitates in the metallic matrix [8,9].
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Gomez et al. investigated the effects of casting
parameters such as pouring temperature on the
microstructure of ASTM-F75 (Co-28%Cr-6%Mo)
alloy [10]. They showed that mechanical properties can
be optimized through controlling processing
parameters. The microstructural study showed that
pouring and preheating mold-temperatures affect the
evolution of the microstructure during rapid cooling
and various microstructures result in a large range of
mechanical properties for the alloy ASTM-F75. The
preheating mold temperature and the liquid
temperature varied between 900, 1000, and 1410, and
1470°C, respectively. According to the results,
optimum static strength and ductility were obtained
when shrinkage microporosity decreased and the
volume fraction of MxsCs type ‘‘eutectic’’ carbides
precipitated at grain boundaries [10]. It is also found
that the as-cast grain size is very sensitive to preheating
mold and metal pouring temperatures. Moreover, the
formation of ‘‘eutectic’’ carbides can be minimized by
increasing the preheating mold and metal pouring
temperatures [10,11].

Co-Cr-Mo alloys generally consist of a metastable y
(fcc) matrix and € (hep) martensite. The € martensite
is formed during quenching, plastic deformation, and
isothermal heat treatment. [12]. The as-cast ASTM F-
75 alloy consists of two primary phase
microstructure: y-face centered cubic (y-fcc) phase
and & hexagonal close packed (e-hcp). y -face
centered cubic (y-fcc) phase which shows advanced
elongation and ultimate tensile strength when
temperature is high enough [12]. Another is &-hcp
phase which shows low elongation and brittle fracture
on straining when temperature is low [4, 13]. Co-base
alloys present a dentritic a-fcc metastable matrix due
to tansformation of fcc—hcp so obtained precipitated
formed in microstructured by M2Cs carbides, o or
MeC carbide phase ¢ phase both o and ¢ phases [13,
14]. Carbide precipitation at grain boundaries and
interdendritic regions is the major strengthening
mechanism in the as-cast condition. K. Yamanaka et
al., studied the the effects of carbon on the relation
between the microstructure and the mechanical
properties of Ni-free Co—Cr-W-based cast alloys.
Result of the study show that adding carbon to the
alloys increased the amount of interdendritic
precipitates that formed and changed the precipitation
behavior [15].

The aim of the study is to investigate the effects of the
heat treatment procedure and temperature on
microstructure, tensile properties, and hardness of the
investment-casted ASTM-F75 alloy. For the first set

of samples, only solution treatment was applied at
three different temperatures (1125, 1175 and 1225°C,
respectively). Then, aging treatments were applied to
the solutionized samples. The solution treatment was
applied in order to provide fine and homogenously
distributed grain structure, and also to dissolve some
of the carbides in the post-casting structure.
Additional aging treatments were applied in order to
increase the strength and hardness values. With the
optimum heat treatment, it is expected that the
ductility of the final material will increase
significantly compared to as—cast material.

2. Materials and Methods

2.1 Casting process

Cobalt based superalloy in accordance with the
standard ASTM F-75 was used in this study which has
Cr and Mo as main alloying elements and Ni, Fe, C,
Mn and Si as trace elements. The casting is made by
ASTM F-75 alloy ingot directly. The compositional
limits of this alloy is shown in Table 1 and the
spectrometer results of 7 samples produced in this
study are listed in Table 2. There are three basic steps
required for investment casting. These are wax-based
mold preparation, dipping into ceramic slurry and
shaping, and finally pouring molten metal into this
mold. In the production step, firstly, the wax is melted
at 72°C. It is mixed for homogenization. Then, it is
injected into aluminum mould with the help of
temperature and pressure. After visual and dimensional
controls, wax models are being sticked to wax runner
with the help of heat. Figure 1a represents the pattern
creation step. After assemblying, tree is being coated
with refractories. Refractories depend on quality
requirements. Zircon, Alumina, various Alumina
Silicates, Mahnezia can be used. Wax assemly is being
coated with appropriate refractory and allowed to dry
for every coating step. Next operations are wax
removal with autoclave furnace and ceramic mold
sinterring at 1000°C for 25 minutes. The aim of the
sintering process is to prevent the thermal shock that
may occur when the molten metal is spilled and to
facilitate the sweep of the molten metal. While
preheating the mould in furnace, the solid metal was
placed in the induction furnace, and melted at 1560°C.
Figure 1b demonstrates the melted metal in the
furnace. The ceramic mold is connected to the furnace
and the melt metal mold is poured. After 22 minutes,
the casting ends as shown in Figure 1c. The mold is
allowed to cool to room temperature as shown below
in Figure 1d.
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Figure 1. (a) Pattern creation, (b) Melting of ASTM F-75 alloy, (c) Pouring, (d) Cooling of mold

Table 1. The chemical composition of the ASTM F-75 alloy

Element (wt%) Co Cr Mo Ni C Si
ASTM F-75 Bal. 27-30 5-7 <0.50 <0.35 <1.0

Table 2. The spectrometry analysis results of the as-cast samples

Elements (%) Cr Mo Ni Fe C Mn Si Co
C1 28,17 5,34 0,23 0,28 0,22 0,59 0,32 64,84
C2 28,61 5,97 0,50 0,40 0,22 0,43 0,33 63,55
C3 27,31 5,83 0,22 0,27 0,27 0,59 0,30 65,21
C4 27,63 5,27 0,23 0,32 0,29 0,70 0,38 65,18
C5 27,78 5,87 0,42 0,39 0,25 0,36 0,59 64,34
C6 28,68 5,54 0,45 0,38 0,23 0,41 0,67 63,65
C7 28,48 5,35 0,23 0,32 0,24 0,59 0,38 64,41
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2.2 Solution treatment and aging treatment
processes

Six test samples were encoded as C1, C2, C3, C4, C5,
and C6. Test samples were undergone to solution
treatment (C1, C3, C5) and solution treatment + aging
treatment (C2, C4, C6). One set of samples are shown
in Figure 2a. The solution treatments were performed
at 1125°C, 1175°C and 1225°C temperatures for 3 h,
followed by quenching in water. The heat treatments
were carried out in a high-temperature tube furnace
under an inert gas atmosphere (Argon). The heat
treatment setup is shown in Figure 2b. The aging
treatment was performed at 850°C for 4h. All samples
were applied to solution treatment only whereas the
C2, C4, C6 samples were subjected to only aging as
shown in Table 3.

(b)
Figure 2. (a) Tensile test samples together with hardness
samples of ASTM F-75 and (b) tubular furnace

Table 3. Sample coding and Experimental parameters used
in the present study.

Sample Codes Heat Treatment

Solutionizing

¢l (1125°C)

C2 Solutionizing
(1125°C) +Aging

C3 Solutionizing
(1175°C)

C4 Solutionizing
(1175°C) +Aging

C5 Solutionizing
(1225°C)

C6 Solutionizing
(1225°C) +Aging

C7

As-Cast (No heat treatment)

2.3 Microstructural study

The preparation of samples for optical microscopy
(OM) and scanning electron microscopy (SEM) were
carried out using conventional procedures such as
grinding and polishing steps. The samples were first
grinded with SiC grinding papers. Polish using
diamond suspension (1 and 3 um). Afterwards, the
samples were thoroughly cleaned so as to remove any
polishing residue. The sample surface was then etched
to obtain examination of microstructure. Etching
solution consist of 4 g Sodium Hydroxide, 100 ml
water, 4 ¢ potassium permanganate. This solution
immersed over the surface for 25 seconds. Then the
samples were cleaned by rinsing with ethanol. Then,
the sample is placed on the optical microscope. The
samples were examined also by SEM using a Carl
Zeiss 300VP microscope which was operated at an
acceleration voltage of 15 kV. Moreover, energy
dispersive spectroscopy (EDS) techniques were
employed to provide a more accurate characterization
of the different precipitated phases, even though the
EDS technique provides a semi-quantitative analysis.

2.4 Mechanical testing

Two tensile samples were cut from the produced hip
implants. After solution treatment and aging heat
treatment processes were applied, tensile samples are
machined from the material in the desired orientation.
The tensile test samples were 12.5 mm in gauge
diameter (D), 10 mm in radius (R), 50 mm in gauge
length (G), and 60 mm in reduced section (A). The
tensile tests were applied using a crosshead speed of
1.5 mm/min by Zwick Z250 test machine. The
technical drawing of the tensile test samples, which is
taken from ASTM E8 standard, is given in Figure 3.
Macrophotographs of a tensile test samples (a) before
and (b) after the tests are given in Figure 4. In the
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second mechanical testing phase, two different
hardness tests were applied: Rockwell Hardness Test
and Vickers Hardness Test (HV1). A force of 9.8N was
applied for an indentation time of 15 s in the
microhardness test.

1
===+

Figure 3. The technical drawing of a tensile test sample

@ (b)

Figure 4. Macrophotographs of a tensile test sample
(a)before and (b) after the test.

3. Results and Discussion

3.1 Microstructural evaluation

microscopy (OM)

by optical

3.1.1 Images of as-cast and solution treated samples

Co-base alloys exhibit a dendritic a-fcc metastable
matrix due to the nature of the fcc—hcp transformation
and a precipitate formed mainly by M23Cs carbides,
and a lamellar phase formed by interlayed plates of
M23Cs carbide and a phase [5]. M23Cs carbide initially
present in the alloy tends to transform into MeC
carbide. According to microstructure of the various
ASTM F-75, all samples showed Co grains with or
without carbide precipitates depending on heat
treatment conditions. These samples exhibited lameller
type carbides on matrix structure. Figure 3 shows that
the typical microstructure of as-cast condition with a
cobalt matrix (FCC) containing primary lamellar and
blocky carbides. Three different structure of the
carbides in the as-cast microstructure can be
determined. The “eutectic” carbide with lamellar
morphology was formed at grain boundaries by
interlayer plates of M23Cs carbide and a phase. These

phases has not been clearly identified because it can be
maybe o or both a and ¢ phases. As-cast cobalt alloys
the solidified microstructures consist of a
predominantly FCC y-dendritic structure which is
accompanied by segregation, and second phase
precipitates within the matrix and along the
interdendritic regions [16]. In the case of as-cast alloys
present highly inhomogeneous structure is expected to
form with large-grained cored dendrites and Co-rich
areas [16,17]. The microstructures observed by optical
microscopy belong to as-cast condition are shown in
Figure 5. This as-cast microstructure is the
characteristic one as described above.

Figure 5. OM images belong to microstructure of the as-
cast sample.

~.\»' —— : v ‘\ 9 -
Figure 6. Microstructures of samples solutionized at (a-b)
1125°C (c-d); 1175°C, (e-f) 1225°C

969



Oztiirk et al. | Cumhuriyet Sci. J., 42(4) (2021) 965-976

Figure 6a and b show the microstructural evolution for
solution treatment at 1125°C (Sample C1). There is a
microstructural morphology change from lamellar to a
more round-like form of M23Cs carbides as the solution
treatment temperature increases. The chemical
composition of these carbides corresponds to the
M23Ce (M = Co, Cr and Mo) phase. As the M23Cs
carbide suffers a spheroidization and sometimes could
transform according to the M23Cs—M;¢C reaction [8],
it can also be noticed in Figure 6¢c-d and e-f
respectively (Samples C3 and C5). It can be seen from
these Figures that the morphology of the carbides
changed, and the carbides have been shrunk with
increasing solution treatment temperature.

3.1.2 Images of solution treated and aged samples

Carbide precipitation at grain boundaries and
interdendritic regions is the major strengthening
mechanism in the as-cast samples. Moreover,
additional fine precipitate carbides are always

beneficial in terms of strength and hardness increase in
metallic materials.

Figure 7. Microstructures of samples (a,b) solutionized at
1125°C and aged, (c,d) solitonized at 1175°C and aged and
(e,f) solutionized at 1225°C and aged.

According to optical microscope images, matrix phase
was observed with spheroidized M2Cs carbides in
microstructures presented in Figure 7. Carbide
precipitates are seen through the grain boundaries and
also in the matrix structure. As a result, the strength of
the material is increased significantly in C2 and C4
samples. In addition to that lamellar carbides,
precipitations into the grains became more evident due
to the aging process in all three conditions (C2, C4 and
C6).

3.2 XRD analysis

Figure 8 shows the XRD patterns belong to the C7, C1
and C2 samples. Here, patterns belong to C1 and C2
samples were given as representative since the patterns
for the samples C3-C4 and C5-C6 give similar results
parallel to C1-C2. The pattern of the as-cast sample
shows that both y matrix phase with fcc crystal
structure and € phase with hcp structure are present.
Also, the structure contains M2:Cs type carbide phase.
The structure of the as-solutionized condition contains
v and € phases together, as seen in Figure 8b. After the
subsequent aging process, the structure contains
mainly a high intensity & phase together with M23Cs
type carbides and the matrix phase (y).

A (a)

Intensity (a.u.)

10 20 30 4 60 70 80 90

0 50
2-Theta (degree)

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2-Theta (degree)
-

(c)

De

Intensity (a.u.)

|

10 20 30 40 50 60 70 80 90
2-Theta (degree)

Figure 8. XRD patterns of the samples: (a) as-cast, (b)
solutionized at 1125°C, (c) solutionized at 1125°C and aged
(the symbols represent; A: fcc y phase, o: hcp € phase, ¢:
Ma3Cs phase).
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3.3 SEM study

3.3.1 As-cast and solution sreated samples

The as-cast microstructure corresponding to sample C7
is shown in Figure 9. The typical microstructure of as-
cast alloy consists of a cobalt matrix (FCC) containing
primary lamellar and carbides. It is showed a solid
solution of Co as a matrix and also carbides as
secondary phase. Figure 10a and b present the
microstructure of the sample C1 showing the matrix
and carbide phases together. The microstructure
consists of a dendritic Co-rich fcc matrix and
interdendritic precipitates. The SEM images show that
the M23Cs carbide spheroidization tends to transformed
MsC carbide and also carbide size reduction, carbides
homogeneously distributed and smaller in size when
increased heat treatment temperature. These Figures
show an electron backscattered SEM image of all
samples, so bright area indicate that high atomic
number and dark areas indicate that low atomic number
of phase and also bright area representing solid matrix
of phase; Co grains.

C5-a

s B R A T
Figure 10. SEM images samples solutionized at C1 (a-b);
1125°C, C3 (a-b); 1175°C, C5 (a-b) 1225°C

Three areas were selected as shown in Figure 11 and
Table 4. Selected area 1 show the Co-rich matrix
composition with a 67.04 mass% of Co content. EDS
Spot 1 analyse indicated that the secondary phase of
Co-Cr-Mo phase occurs in the structure which is in
accordance with the chemical composition of Co-Cr-
Mo (ASTM F-75). EDS Spot 2 shows the higher
concentration of Cr (46.96%), Mn (17.26%) and Si
(30.51%) and also some amount of C. According to
this result, Si-rich inclusions are within carbides in the
middle of the interdendritic zones. Manganese and
silicon are mainly in solution and are not segregated
toward grain boundaries, and they are difficult to
reveal. Co-Cr-Mo alloys with low and medium C
content, as in this case, typically show very little grain
boundary attack [10,18].

Figure 11. SEM micrograph corresponding to C1 and three
regions were selected for analysis, selected area, EDS spot
1, EDS spot 2.

Table 4. Composition of elemental analysis for selected
Area 1, EDS spot 1, EDS spot 2.

Co Cr Mo Mn Si C
Selected
ool 6704 2630 299 104 075 0001
EDS 4651 3486 1337 105 150 167
Spot 1
EDS
spoto 116 4696 016 1726 3051 394

The EDS analysis corresponding to sample C3 belong
to the areas spotted in Figure 12. Three area were
selected as in the Table 5. From the obtained results,
the higher concentration of Co rich matrix means that
it is Co enriched and reaches the composition of 65.62
mass%. EDS Spot 2 and spot 3 analysis indicate that
there is a secondary (eutectic) phase composed of Co,
Cr and Mo elements as also found in the sample C1.
From the result of Spot 1 analysis, it may be a Si-rich
inclusion within the carbide in the middle of inter
dendritic zones.
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Selected Area 1

EDS Spot 1

EDS Spot 2
EDS Spot 3

Figure 12. SEM micrograph corresponding to C3 and four
regions were selected for analysis, EDS spot 1, EDS spot 2,
EDS spot 3, selected area 1.

Table 5. Composition of elemental analysis for selected area
1, EDS spot 1, EDS spot 2, EDS spot 3.

Co Cr Mo Mn Si C

Se;?g;ef 6562 27,08 389 103 092 0
SpEoﬁ 2050 2339 181 460 388L O
SpEo?g 5745 27,43 1022 109 18l 033
SpEo?g 4957 3536 1166 085 122 0

The EDS analysis corresponding to sample C5 are
taken from the areas shown in the backscattered
electron image of C5 (Figure 13). Three area were
selected as in the Table 6. The higher concentration of
Co found in bright area in the selected area 1, so it
means that Co-rich matrix is Co enriched and reaches
the composition of 82.27 wt.%. Here, all three EDS
analysis indicate the famous intermetallic Co-Cr-Mo
matrix phase with bright colour. Also, EDS spot 2
indicates a higher concentration of chromium
compared to the other two which can be attributed to
another secondary precipitation-like phase with dark
colour.

Table 6. Composition of elemental analysis for selected area
1, EDS spot 1 and EDS spot 2.

Co Cr Mo Mn Si C
Selected
clected  gp27 1499 194 0 080 0
EDS 6360 3316 105 012 031 0
Spot 1
EDS 7962 1568 365 0 087 0
Spot 2

Selected Area 1

#
ey — A ~—

Figure 13. SEM micrograph corresponding to C5 and three
regions were selected for analysing, EDS spot 1, EDS spot 2
and selected area 1.

3.3.2 Solution treated and aged samples

The typical microstructure of as cast-condition with a
cobalt matrix (FCC) containing primary lamellar and
blocky carbides. In general the as-cast microstructure
is a Co-fcc dendritic matrix with the presence of a
secondary phase, such as the MuCgs carbides
precipitated at grain boundaries and at interdendritic
zones. These precipitates are the main strengthening
mechanism in this type of alloys [7]. Figure 14
represented that sample C2 has obvious M23Ce carbide
and some possible MgC carbide. The carbides in the
shape of small dot like areas seen in C4 and C6 samples
can be attributed to M¢C carbide presence.

Figure 14. SEM micrograph of (a-b) C2, (c-d) C4 and (e-f)
C6 samples.
C6 which is solution treated at 1225°C and aged,

reveals lamellar type of carbides along are along within
grain boundaries.
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The EDS analysis taken from the areas shown in Figure
15 are belong to sample C2. Four different areas were
selected as in the Table 7. Comments can easily be
made that selected area 1 represents the matrix phase
having the values of Co (82.80%) Cr (14.80%) and Mo
(2.16%) which is in accordance with ASTM F-75
standard. Same result can be said for the selected area
2. Small black dots are detected in EDS spot 1 and EDS
spot 2, which are mostly M23Cs type carbide. As the
solution treatment progresses, the Mj3Ces carbide
suffers a spheroidization and could transform
according to the M23Cs—MsC reaction [8].

Therefore, it should be noticed that some amount of
these carbides could be transformed to MsC type
carbides.

Selected Area 1
Selected Area 2

EDS Spot 1

Figure 15. SEM micrograph corresponding to C2 and three
regions were selected for analysis. (selected area 1, selected
area 2, EDS spot 1, EDS spot 2)

Table 7. Composition of elemental analysis for selected area
1, selected area 2, EDS spot 1 and EDS spot 2.

Co Cr Mo Mn Si C
Selected
Seleded g280 1480 216 0 08 0
EDS 7227 2003 654 0 115 0
Spot 1
EDS 7119 2132 626 0 110 007
Spot 2
EDS 6540 3171 127 0 034 0
Spot 3

The EDS analysis taken from the areas shown in Figure
16 are belong to sample C4. Three areas were selected
as in the Table 8. MeC carbide phase detected in EDS
spot 1. EDS spot 2 shows MxCs carbide phase. It
embraces EDS spot 1 which is MeC carbide phase.
Comments can easily be made that selected area 1 is
the a phase so it evinces to higher value of Co (62.34%)
Cr (28.74%) and Mo (4.85%) which is base matrix of
ASTM F-75.

P Selected Area 1

Figure 16. SEM micrograph corresponding to C4 and three
regions were selected for analysis. (selected area 1, EDS
spot 1, EDS spot 2)

Table 8. Composition of elemental analysis for selected area
1, EDS spot 1 and EDS spot 2.

Co Cr Mo Mn Si C
Selected g5 04 9874 485 096 094 0
area 1l
EDS
spot1 2707 3146 2159 1451 277 129
EDS
sporz 4979 3463 1140 107 121 021

The EDS analysis taken from the areas shown in Figure
17 are belong to sample C6. Four different areas were
selected as in the Table 9. Different from C2 and C4
samples, there is one Cr-rich area (selected area 1)
consists of higher amounts of Cr and C. The result
confirms the presence of the M23Cs carbide phase.

‘,

s-ve'.-,-f“'

¥

L v i
& Selected Area 1
| £

A
] ;ﬂ?"‘

Selected Area 2 |4

Figure 17. SEM micrograph corresponding to C6 and three
regions were selected for analysis. (selected area 1, selected
area 2, EDS spot 1, EDS spot 2)
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Table 9. Composition of elemental analysis for selected area
1, EDS spot 1 and EDS spot 2.

Co Cr Mo Mn Si C
Selected 1951 6787 764 0 074 544
area 1
Selected
eap 8104 1604 209 0 077 0
EDS
spot1 8065 1642 214 0 078 0
EDS © g297 1484 211 0 078 0
Spot 2

Table 10. Mechanical properties of the samples.

3.4 Mechanical test results

Table 10 shows mechanical test results of the samples.
As can be seen from the table, solution treatment +
aging conditions (C2, C4, C6) possess higher yield
strength values than only solution treated samples (C1,
C3, C5) and also higher than the as-cast condition. The
solutionizing temperature of 1175°C gives the highest
yield strength values both solutionized and
solutionized + aged conditions; 649 MPa and 683 MPa,
respectively. When heat treatment temperature is
increased to 1225°C, yield strength was decreased for
C5 and C6. From result of these observation; the
highest value of yield strength was obtained by aged
samples, specially C4 at 1175°C (683 MPa).

BE L, e e e
ASTM* F-75 450 665 8 -
c1 So('f{;ogjéi)ng 52123 742437 9.3+0.5 355
@ gL ea e weow
c3 So(lﬂgogljéi)ng 64956 82656 9.05+0.65 350
c4 (ﬁ%‘fg)’”ﬂg?ﬂg 68323 82958 9.75:£0.25 364
c5 So('fégljéi)ng 521419 71648 8.6£0.2 351
g ows e ases
c7 As-Cast 55011 71943 8.7+0.3 300

Table 10 also shows the effect of solutionizing
temperature (1125°C, 1175°C, 1225°C) on tensile
strength of for all heat treated conditions. As can be
seen from the table 10, solution treatment + aging
conditions (C2, C4, C6) possess higher yield strength
values than only solution treated samples (C1, C3, C5)
and also higher than as-cast condition. It is worth
noting that, In the experiment carried out at 1175
degrees, a second phase was formed in the structure of
the sample, which is soluble at high temperatures and
has limited solubility at low temperatures. The
precipitates of the microstructures interact with
dislocations and tend to hinder their movement The
presence of secondary phase grains increased the
strength. We could observe fine precipitates in Fig. 7,
in which grain size was a small size appears. As the
temperature of the solution treatment was increased,
the carbides reduced. The solutionizing temperature of
1175°C gives the highest yield strength values both
solutionized and solutionized + aged conditions; 826
MPa and 829 MPa, respectively. Owing to lamellar
carbides that exist in the microstructure have led to the
strength of the material increased significantly in C2

and C4 samples. As the heat treatment temperature was
increased to 1225°C, tensile strength was decreased
significantly for C5 and C6. As a result; the highest
value of tensile strength was obtained by aged samples,
specially C4 at 1175°C (829 MPa).

When the elongation values are considered, the as—cast
sample has the elongation value of 8.7 %. The sample
which solution treated at 1125°C temperature results
similar value as as-cast sample. 1175°C solutionized
sample represents a lower elongation value of 9.05%.
There has been decrease for 1225°C solutionized
sample which is the lowest elongation value for
solution treated conditions. For aged samples (C2, C4,
C6), C2 and C6 shows lower elongation values than all
other conditions (8.4 and 8.5 % respectively).
However, the C4 condition (both solutionized and aged
at 1175°C) gives the best result of 9.75% elongation
value which is remarkable among all samples.

The hardness values of the samples are given in the
Figure 18. There is obvious increment value of
hardness results ever then as-cast sample. Only heat
treated samples showed the results of C1 (355 HV1),
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C3 (350 HV1), C5 (351 HV1) values. It was clear from
the results that aging temperature has an impact on
hardness of the samples. The hardness values of aged
samples is higher compared to that of solution-treated
samples, aged samples gave higher hardness values
than solutionized samples. Also, as the solutionizing
temperature increases the hardness values stay
constant with having C2 (365 HV3), C4 (364 HV1) and
C6 (362 HV1) hardness, respectively.

400

350
-
E 300
250

200 Cl|C2|C3|C4|C5 C6)|CT7

355 | 365 | 350 | 364 | 351 | 362 | 300

(mHV1

Figure 18. The hardness values of the samples
4. Conclusion

This paper presents the results of processing-
microstructure and mechanical properties for ASTM
F-75 alloy after applying both solution treatment and
aging processes. The results obtained in this study can
act as guidelines for tuning the microstructure of Co-
Cr-based hip implants materials in order to increase
their mechanical properties. The different phases
present were identified using XRD and SEM EDX
analysis. In all conditions, the microstructures agreed
with the literature. As a result;

e The undissolved carbides of Cr, Mo, and Co have
major effects on the microstructural and
mechanical properties of the solution treated and
aged samples. MxCs type carbides and
intermetallic phase were detected at grain
boundaries and interdendritic zones. M2Cs
carbides tend to spheroidize and also carbide size
reduces. With increased heat treatment
temperature, carbides are homogeneously
distributed and begin to be smaller.

e The tensile tests showed that all heat treatments
improved mechanical properties as both strength
and ductility increased. For the as-solutionized
samples, the best strength and ductility values have
been obtained by solutionizing at 1175°C.
Elongation values of solution treated and solution
treated+aging samples exists in the range of 8.5 to
9.7 %.

e As the temperature increases to 1225°C, tensile
strength and also yield strength decreased. Similar
to this treatment, solutionizing at 1175°C and
subsequent aging increased both vyield, tensile
strength and elongation. This treatment gives the
highest mechanical properties as considerably high
values have been obtained (e.g yield strength of
683 MPa, tensile strength of 829 MPa and an
elongation of 9.75 %).

e Hardness wvalues also increased with the
subsequent aging process as hardness values are
similar ~ for three different solutionizing
temperatures.

e It was demonstrated that samples from C4 alloy
showed precipitates, much smaller size and with a
more  homogeneous  distribution in  the
interdendritic space of the as-cast structure with
respect to the other six alloys studied. Grain size is
also effective in increasing the mechanical
strength. This effect could be the result of the
applied optimum heat treatment temperature
(1175°C) and aging conditions when compared to
other samples.
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