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Abstract: In the current research, we studied the role of the solution treatment and aging on the
microstructure of a Co–28Cr–5Mo–0.3C alloy. We used metallographic observations, scanning electron
microscopy (SEM), and hardness measurements for the evaluations. We also made a comparison
between the phase equilibrium calculated with Thermo-Calc, using TCFE8 and TCNI8 thermodynamic
databases and experimental findings. The experimental results showed that the transformation of the
metastable FCC phase to the HCP phase during aging was extremely sensitive to the solution treatment
prior to aging. The effect of the increase in the solution temperature and time was detectable through
promotion of the martensitic transformation during quenching in which HCP1 (straight bands) and
HCP2 (lamellar-type constitution) phases had developed. In contrast, a low solution temperature
and time caused most of the primary carbides to remain in an undissolved condition in the matrix;
therefore, during aging, no sign of the FCC to HCP1 (straight bands) phase transformation could be
observed. However, we observed the formation of the HCP2 phase (lamellar-type constitution) at
the grain boundaries. In addition, the X-ray diffraction pattern indicated that the sample solution
treated at lower temperatures and shorter times had a stronger martensitic transformation during
aging compared to the sample solution treated at higher temperatures and longer times. Hardness
measurements confirmed the results. Thermodynamical calculations showed that an agreement
existed between the experiments and calculations. We also discuss the results from the TCFE8 and
TCNI8 databases.

Keywords: Co-28Cr-5Mo-0.3C alloy; aging; precipitation; X-ray diffraction; CALPHAD;
mechanical properties

1. Introduction

The ASTM F75 cast alloy, with a Co–28Cr–5Mo–0.3C nominal wt. % composition, is one of the most
widely used cobalt-base alloys for orthopedic implants, such as knee, hip, and shoulder implants [1–3].
The mechanical properties of this alloy and its microstructure are strongly related. In-homogeneities in
carbide morphology, size, and distribution result in a decrease of the alloy’s mechanical properties,
which can be eliminated using heat treatment. Various microstructural features, including stacking
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faults, twins, dislocations, and carbides are associated with heat treatment. Heat treatment can result
in the homogenous distribution of carbides and the elimination of casting defects [4–6].

The FCC to HCP transformation in cobalt base alloys is very sluggish. Therefore, under normal
cooling conditions, the FCC phase stays below the phase boundary in the metastable FCC state.
In pure Co, the transformation takes place at about 427 ◦C (TC) via a diffusion-less mechanism.
The transformation temperature (TC) increases as Cr and Mo are added to the Co, because they expand
the HCP field of stability [7].

The HCP phase can be induced from the FCC phase through plastic deformation (strain-induced
transformation) [6], quenching from T (T > TC) (athermal martensite), or isothermal aging below
TC (isothermal martensite) [5]. In the Co–28Cr–5Mo–0.3C alloy, due to the high amount of C, a full
phase transformation by means of quenching and aging is limited [6]. Moreover, premature fracture
during plastic deformation prevents the commencement of transformation beyond 50–60%, through
strain-induced transformation. Therefore, a complete FCC to HCP transformation requires the
simultaneous activation of all the procedures [5].

The specific microstructural features related to the FCC- > HCP martensitic transformation seem
to be strongly influenced by the alloy composition and heat treatment conditions. In the current
research, the role of the solution temperature and aging on the microstructure of the Co-28Cr-5Mo-0.3C
alloy, as well as the metastable FCC->HCP phase transformation during aging, was investigated.

Thermodynamic equilibrium calculations can predict the phase transformations during heat
treatments. To model the phase diagrams for multicomponent systems, the CALPHAD (CALculation
of PHAse Diagram) approach is effective. Thermodynamical calculations yield the microstructural
changes that should take place at different temperatures, and thereby facilitate the optimum temperature
for heat treatments such as aging. The Thermo-Calc software (TCS) [8] coupled with thermodynamic
databases is widely used for calculations related to cobalt-based alloys. Recent studies [9–13] have
employed databases for steel and nickel alloys. The current version is the TCS Steels/Fe-alloys Database
Version 8 (TCFE8) [14], where the recommended composition limit for Co in this database is lower than
20 (wt. %). On the other hand, the TCS Ni-based Superalloys Database Version 8 (TCNI8) provides no
indication of the limit for the Co content. The TCFE6 database was used for Co–Cr–W-based dental
alloys by Yamanaka et al. [9,10], and for Co–29Cr–6Mo alloys by Kurosu et al. [11]. According to their
work [9–11], the TCFE6 database offers comparable results with experimental findings. In particular,
Kurosu et al. [11] investigated an alloy with a similar composition to the alloy used in this work,
although without carbon addition. They calculated the FCC and HCP phases, as well as the Sigma
phase, owing to the lack of carbon in the composition. On the other hand, the Ni-based superalloys
database was used for the Co based alloys [12,13]. Koßmann et al. [12] studied micro-segregation and
the precipitates of as-cast Co–Al–W superalloys from the TCNI5 database, but they found limited
applicability of results from the thermodynamical calculations to their experimental results. Contrarily,
an excellent agreement with the experimental results was given in a study on Co–Ni–Cr–Al–Re–Y
alloys by Salam et al. [13], although their compositions included Ni up to 31.5 wt. %. In our work,
we provide thermodynamical calculations using both the TCFE8 and TCNI8 databases, which are
compared to the experimental results.

2. Calculations and Experimental Procedure

2.1. Thermodynamic Calculations

Thermodynamic equilibrium calculations can predict phase transformations during heat
treatments. Therefore, it is possible to define a proper temperature range for the solution and
aging treatments. It is also possible to obtain the chemical composition of equilibrated phases at the
aging temperature. In the current work, we performed thermodynamic equilibrium calculations using
the Thermo-Calc software 2016a (Thermo-Calc Software AB, Solna, Sweden). Similar compositions of
cobalt-based alloys [9–13] were calculated using databases developed for both steels and nickel-based
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superalloys. Therefore, the calculations were performed using the thermodynamic databases TCFE8
and TCNI8. In the Thermo-Calc databases, TCFE8 and TCNI8, both databases include the elements
Co, Cr, Mo, and C. Both the databases also contain LIQUID, HCP_A3, and M23C6 phases. However,
the TCNI8 databased predicts the ordered cubic FCC_L12 phase, whilst the disordered FCC_A1 phase
is stable in the TCFE8 database. In addition, calculations using the TCNI8 database resulted in the
SIGMA intermetallic phase at a temperature range between 900 and 950 ◦C. In the calculations, we
retained all the possible phases.

2.2. Experimental Procedure

Table 1 shows the chemical composition of the as-cast studied Co–Cr–Mo–C alloy. As-cast
specimens were machined and cut into cylindrical samples with the dimensions of 10 mm height and
8 mm diameter. Solution treatments were followed by quenching in water at ambient temperature.
Two different solution treatments were applied, solution temperature at 1230 ◦C for time of 3 h and at
1200 ◦C for time of 1 h. Aging treatment was carried out at 850 ◦C for 24 and 48 h in order to develop
isothermal martensite. All The heat treatments were carried out in a high-temperature tube furnace
under an inert gas (argon) atmosphere.

Table 1. Chemical composition of the studied cobalt alloy (wt. %).

%Cr %Mo %C %Si %Co

28 5 0.3 1.5 Balance

A conventional metallographic technique was employed for the microstructural studies. Prior to
the metallographic examination, the surface was ground for a depth of about 1 mm to achieve a smooth
surface and to remove any decarburized or deformed material, since the sectioning of the samples
might possibly have induced an allotropic transformation within the metastable FCC cobalt matrix.
The samples were polished and etched by means of an etchant containing 92% HCl, 5% H2SO4, and 3%
HNO3. The microstructures of the samples were examined using scanning electron microscopy (SEM),
as well as optical microscopy (OM). Then semi-quantitative analysis was conducted using electron
dispersive spectroscopy (EDS) to distinguish the phases at the microstructures. Phase identification
was carried out by the X-ray diffraction method using Cu Kα (λ = 1.54184 A◦) radiation in a Philips
machine. The scan angle (2θ) was selected between 40◦ and 55◦, with step size of 0.02◦ 2θ × S−1.
The X-ray diffraction experiments were employed for the determination of the most intense isolated
(200)FCC and (1011)HCP X-ray diffraction peaks. Additionally, the effect of the phase transformation on
the hardness of the Co–28Cr–5Mo–0.3C was characterized using microhardness measurements under
an applied load of 50 g and dwell time of 10 s.

3. Results and Discussion

3.1. As-Received Alloy

The as-cast structure of the Co–28Cr-5Mo–0.3C alloy is shown in Figure 1. The microstructure
consisted of a Cr and Mo rich dendritic matrix γ (Figure 1a), and secondary phases, mainly blocky
carbides of the M23C6 type that appeared in the interdendritic regions and grain boundaries (Figure 1b).
In general, the M23C6 carbide has been identified as the main secondary phase in this alloy, as well as
in alloys of a similar chemical composition [15].
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Figure 1. (a) Optical microscopy OM micrograph of the as-cast sample contained dendrite 
microstructure, and (b) Scanning electron microscopy (SEM) micrograph of the primary carbides. 

3.2. Thermodynamical Calculations 

In Figure 2, the calculated isopleth and phase amounts for the Co–28Cr–5Mo–0.3C alloy are 
presented using the TCFE8 and TCNI8 databases. In general, both databases gave similar phase 
transformations at slightly different temperatures, as shown in Figure 2b and Table 2. However, the 
calculations based on the TCNI8 database also indicated a sigma phase transformation. The sigma 
phase decomposes again at 900 °C. Therefore, the HCP and M23C6 phases exist at 800 °C in 
equilibrium according to the TCFE8 and TCNI8 databases.  

Table 2. Calculated phase transformation temperatures using the TCFE8 and TCNI8 databases. 

Database 
Temperature, °C 

Liquidus Solidus M23C6 HCP Sigma 
TCFE8 1399 1255 1260 921 °C - 

Figure 1. (a) Optical microscopy OM micrograph of the as-cast sample contained dendrite microstructure,
and (b) Scanning electron microscopy (SEM) micrograph of the primary carbides.

3.2. Thermodynamical Calculations

In Figure 2, the calculated isopleth and phase amounts for the Co–28Cr–5Mo–0.3C alloy are
presented using the TCFE8 and TCNI8 databases. In general, both databases gave similar phase
transformations at slightly different temperatures, as shown in Figure 2b and Table 2. However,
the calculations based on the TCNI8 database also indicated a sigma phase transformation. The sigma
phase decomposes again at 900 ◦C. Therefore, the HCP and M23C6 phases exist at 800 ◦C in equilibrium
according to the TCFE8 and TCNI8 databases.
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Figure 2. Calculated (a) isopleth and (b) phase amounts for Co- C-0.261 Si-0.29 Mn-1.47 Cr-0.0474 Ni 
steel using the Thermo-Calc TCFE8 and TCNI8 databases. 

Typical solution treatment of ASTM F75 involves annealing carried out at temperatures around 
1200 °C. The Thermo-Calc results suggested that the M23C6 phase was stable with the FCC phase at 
this temperature, and it dissolved at temperatures above 1255 °C in the liquid phase. Thus, the 
solution treatment conditions that were finally chosen for this work were temperatures of 1200 and 
1230 °C. Higher temperatures were avoided to prevent the formation of the liquid phase. We could 
also observe that the HCP + M23C6 phase region lay at temperatures below 921 °C. The aging 
temperature was selected as 850 °C in the HCP + M23C6 phase region to precipitate fine M23C6 carbides. 
As shown in Table 3, M23C6 is a Cr rich carbide, and the low value of carbon is dissolved in the HCP 
phase. Both databases indicated similar phase amounts and chemical compositions.  
  

Figure 2. Calculated (a) isopleth and (b) phase amounts for Co- C-0.261 Si-0.29 Mn-1.47 Cr-0.0474 Ni
steel using the Thermo-Calc TCFE8 and TCNI8 databases.

Table 2. Calculated phase transformation temperatures using the TCFE8 and TCNI8 databases.

Database
Temperature, ◦C

Liquidus Solidus M23C6 HCP Sigma

TCFE8 1399 1255 1260 921 ◦C -

TCNI8 1380 1248 1255 942 ◦C 950 ◦C

Typical solution treatment of ASTM F75 involves annealing carried out at temperatures around
1200 ◦C. The Thermo-Calc results suggested that the M23C6 phase was stable with the FCC phase at
this temperature, and it dissolved at temperatures above 1255 ◦C in the liquid phase. Thus, the solution
treatment conditions that were finally chosen for this work were temperatures of 1200 and 1230 ◦C.
Higher temperatures were avoided to prevent the formation of the liquid phase. We could also observe
that the HCP + M23C6 phase region lay at temperatures below 921 ◦C. The aging temperature was
selected as 850 ◦C in the HCP + M23C6 phase region to precipitate fine M23C6 carbides. As shown
in Table 3, M23C6 is a Cr rich carbide, and the low value of carbon is dissolved in the HCP phase.
Both databases indicated similar phase amounts and chemical compositions.
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Table 3. Calculated phase compositions and phase fractions at 850 ◦C obtained using the TCNI8 and
TCFE8 databases.

Database

HCP M23C6

Phase
vol.-%

wt.-% in HCP Phase
vol.-%

wt.-% in M23C6

Cr Mo C Cr Mo C

TCFE8 94.36 25.84 4.28 0.037 5.64 67.85 18.32 5.237

TCNI8 93.98 25.68 4.32 0.017 6.02 67.99 16.64 5.182

3.3. Solution Treatment and Quenching

Figure 3, shows the microstructure of the studied alloy after solution treatment and quenching.
The solution treatment at 1230 ◦C for 3 h resulted in nearly the full dissolution of the interdendritic
carbides, and it also led to spheroid carbides (Figure 3a). Meanwhile, the solution treatment at 1200
◦C for 1 h caused the partial dissolution of the carbides, and therefore, some of the primary carbides
remained undissolved in the alloy matrix (Figure 3b).
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When the Co–28Cr–5Mo–0.3C alloy was quenched from the FCC phase field, the material partially
transformed to athermal martensite. The estimated amounts of the athermal martensite were calculated
using the expression developed by Sage and Gillaud [16]. We found that the martensite percentages
for the samples quenched at 1200 and 1230 ◦C were 2% and 4%, respectively. To begin the athermal
martensitic transformation, a certain nucleation enthalpy (∆G∗) is considered necessary; and to supply
this energy, a super cooling over the temperature difference ∆T is necessary. It is known that as
super cooling increases, the volume fraction of martensite increases. Moreover, as the time of the
solution treatment increases, more carbides dissolve and the homogeneity of the matrix increases,
and correspondingly, the nucleation sites for equilibrium transformations decrease [17]. Therefore,
the amount of the athermal martensite (HCP) phase formed on quenching would increase by increasing
the solution temperature and time.

The relatively small amounts of athermal martensite indicated that its development was strongly
restricted by the promotion of coherency stresses at the HCP–FCC interfaces, or most importantly by
the relatively high intrinsic stacking fault energy of the carbon supersaturated HCP faults. In other
words, the athermal martensitic transformation during rapid cooling is suppressed due to an increase
in the carbon content, since carbon acts as a γ (FCC) stabilizer for cobalt-based alloys [18].

3.4. Aging of the Nearly Fully Solution Treated Sample

Figure 4a,b, respectively, show the microstructural development of the sample solution treated at
1230 ◦C for 3 h and then aged at 850 ◦C for 24 h and 48 h. The formation of the HCP phase is also seen
in these figures. Isothermal aging of the solution treated and quenched Co–Cr–Mo–C alloy promotes
the FCC- > HCP phase transformation. This phase transformation is composed of two steps that
occur simultaneously, that is, the discontinuous precipitation of carbides and the formation of HCP
phase. Two microstructurally different forms of the HCP phase, that is, HCP1 (epsilon martensite) and
HCP2 (pseudoperlite) might also be constituted [15]. During aging, the FCC phase transforms into the
HCP1 phase as a series of straight bands. These bands become increasingly thick with the increasing
aging times. The martensite also nucleates preferentially at the FCC grain boundaries, developing
a morphology that resembles pearlite (a constituent typical of carbon steels), and it is known as the
HCP2 phase. This appearance results from the formation of carbides along with the development of
the martensite phase [15].

Figure 5a shows the X-ray diffraction patterns of the samples presented in Figure 4a,b. According
to Figure 5a, the relative intensities of the (1010)HCP and (1011)HCP diffraction peaks increased with the
aging time. The HCP peak intensity enhancement indicates the FCC- > HCP phase transformation
development during aging. Isothermal aging of the nearly fully solution treated sample at 850 ◦C leads
to the formation of HCP1 as discontinuous bands, which continually grow and form continuous bands
(Figure 4a,b).
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In addition to the HCP1 phase, the HCP2 phase also formed during the isothermal aging.
It exhibited a lamellar morphology (Figure 6a). Furthermore, extensive carbide precipitation occurred
within the lamellar HCP2 phase (Figure 6b). The lamellar-type constituent nucleated and grew readily
at the grain boundaries. The cause was the large mismatch that may be accommodated in these regions,
as well as the increased growth rate owing to the high diffusion rate along the grain boundaries [19,20].
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48 h, (a) lamellar carbides (b) progressive formation of carbides on the HCP1 phase during aging.

3.5. Aging of the Partially Solution Treated Sample

The microstructures of the sample solution treated at 1200 ◦C for 1 h and then aged at 850 ◦C for
24 and 48 h are shown in Figure 7a,b, respectively. The lamellar-type constituent nucleated and grew
at the grain boundaries. However, there was no clearly traceable HCP1 phase that had developed in
the sample solution treated at 1200 ◦C for 1 h, similar to the one observed in the nearly fully solution
treated sample. Furthermore, the undissolved primary carbide remained in the alloy matrix due to
the partial solution treatment (Figure 8a). The EDS analysis of the undissolved carbide is shown in
Figure 8b. We observed that the major elemental constituent is Cr. The undissolved primary carbides
contain a considerable amount of Cr and Mo elements, which include the HCP stabilizer and thus
result in a stable FCC cobalt matrix phase [21].
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As can be seen in Figure 8b, the EDS compositional profile with distance indicates that the Cr
content drops continually in the matrix as the distance from the undissolved carbide interface increases.
However, the grain boundary regions, as nucleation sites for the HCP2 phase, were found to be slightly
richer in Cr and Mo than the Co-matrix due to the preferential segregation of these elements [6].
As a result, the HCP2 phase easily forms during aging and it easily grows further with an increase in
the aging time.



Metals 2019, 9, 581 11 of 14

Metals 2018, 8, x FOR PEER REVIEW  11 of 14 

 

 
(a) 

 
(b) 

Figure 8. SEM micrographs of the partially solution treated sample, that was aged at 850 °C for 48 h, 
(a) un-dissolved primary carbides, (b) EDS analysis of the un-dissolved carbides along a line transmits 
within the un-dissolved carbides. 

During the subsequent aging at 850 °C for 48 h, the FCC phase transformed to isothermal HCP 
martensite, as indicated by the X-ray diffraction patterns in Figure 5b and the corresponding 
microstructure in Figure 7b. As seen in the x-ray diffraction pattern, during aging of the Co–28Cr–
5Mo–0.3C alloy at 850 °C, the FCC phase transformed into the HCP phase, and consequently, the 
relative intensities of the (1010)HCP and (1011)HCP diffraction peaks concomitantly increased with the 
increasing aging time. The peak intensity enhancement relates to the continual formation of 
isothermal martensite during aging. In comparison to the sample solution treated at higher 
temperatures and time, the solution treated sample at lower temperatures, i.e., 1200 °C for 1 h, 
showed more FCC (metastable) to HCP phase transformation as the aging time increased. This could 

Figure 8. SEM micrographs of the partially solution treated sample, that was aged at 850 ◦C for 48 h,
(a) un-dissolved primary carbides, (b) EDS analysis of the un-dissolved carbides along a line transmits
within the un-dissolved carbides.

During the subsequent aging at 850 ◦C for 48 h, the FCC phase transformed to isothermal
HCP martensite, as indicated by the X-ray diffraction patterns in Figure 5b and the corresponding
microstructure in Figure 7b. As seen in the X-ray diffraction pattern, during aging of the
Co–28Cr–5Mo–0.3C alloy at 850 ◦C, the FCC phase transformed into the HCP phase, and consequently,
the relative intensities of the (1010)HCP and (1011)HCP diffraction peaks concomitantly increased with the
increasing aging time. The peak intensity enhancement relates to the continual formation of isothermal
martensite during aging. In comparison to the sample solution treated at higher temperatures and time,
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the solution treated sample at lower temperatures, i.e., 1200 ◦C for 1 h, showed more FCC (metastable)
to HCP phase transformation as the aging time increased. This could be related to the presence of
a higher amount of the unstable FCC phase, which transforms to HCP as the aging time increases.
Figure 5 shows that the peak intensity of the HCP phase for the fully solution treated sample was
higher than the partially treated sample after quenching, but as the aging time increased, the intensity
of the HCP peak for the latter sample increased significantly.

Table 4 shows the equilibrium compositions and the volume fractions of the FCC and M23C6

phases at different solution temperatures. Thermodynamic equilibrium calculations using the TCFE8
database indicated that annealing at 1200 ◦C should comprise a 97.75 vol. % FCC phase containing
27.13 wt. %Cr, 4.86 wt. %Mo, and 0.19 wt. %C, with the remaining 2.25 vol. %M23C6. When increasing
the temperature from 1200 ◦C to 1230 ◦C, the FCC amount should be increased from 97.75 vol. % to
98.31 vol. %. The chemical composition of the FCC also varies with the temperature. For example,
the Cr, Mo, and C contents in the austenite increased at 1230 ◦C, and the volume of the M23C6 decreases
from 2.25 to 1.69 vol. %. However, the TCNI8 database predicted a higher amount of the M23C6 phase
between 3.92–4.33 vol. % according to the results in Table 4.

Table 4. Equilibrium compositions and volume fractions of the FCC and M23C6 at 1200 ◦C and 1230 ◦C.

Temperature,
◦C Database

FCC M23C6

Phase
vol.-%

wt.-% in FCC Phase
vol.-%

wt.-% in M23C6

Cr Mo C Cr Mo C

1200 TCFE8 97.75 27.13 4.86 0.193 2.25 68.39 11.65 5.282

1200 TCNI8 95.67 26.37 4.67 0.091 4.33 66.61 15.42 5.249

1230 TCFE8 98.31 27.35 4.91 0.220 1.69 69.09 10.79 5.299

1230 TCNI8 96.07 26.54 4.72 0.111 3.92 66.45 12.38 5.255

3.6. Microhardness Evolution

The microhardness values of the fully and partially solution treated Co–28Cr–5Mo–0.3C alloy
samples, that were aged at 850 ◦C, as a function of the aging time, are shown in Table 5. In general,
hardness represents the resistance of the substance to plastic deformation, and it increases with the
presence of hard phases and carbides [22]. Table 5 shows that the hardness of the partially solution
treated and quenched sample, despite its lower martensite content, was higher than the other sample.
This presence of undissolved carbides in the microstructure that enhance the hardness may explain
this effect. The hardness of the fully solution treated sample during isothermal aging at 850 ◦C for
24 and 48 h showed improvement of approximately 36% and 39%, respectively. Improvements in the
microhardness occurred due to the formation of HCP phases, i.e., HCP1 within the grains, as well as
HCP2 at the grain boundaries regions. The hardness enhancements for the partially solution treated
sample during isothermal aging at 850 ◦C for 24 and 48 h were about 58% and 72%, respectively. It was
in good correlation with the XRD analyses.

Table 5. Microhardness values (VHN) of the studied alloys for different states.

Solution Treatment Solutionized and Quenched Aged at 850 ◦C for 24 h Aged at 850 ◦C for 48 h

1230 ◦C for 3 h 380 ± 10 520 ± 15 530 ± 25

1200 ◦C for 1 h 410 ± 15 647 ± 23 705 ± 30
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4. Conclusions

(1). We used the thermodynamic databases, TCFE8 and TCNI8, for calculations with the ThermoCalc
software. Despite observing similarities for the phase transformations at similar temperatures, we
also observed some differences, such as the appearance of the sigma phase formation according
to the TCNI8 database. The FCC phase also calculated the FCC_L12 and FCC_A1 structures.

(2). Solution treatment at 1230 ◦C for 3 h resulted in the nearly fully solution of carbides, whilst
solution treatment at 1200 ◦C for 1 h caused most of the primary carbides to remain in the matrix
in an undissolved condition. The thermodynamic calculations were also consistent with the
experimental results. Based on the calculations, ~1.7–4.3% of the carbides should be present at
1200 ◦C and 1230 ◦C.

(3). The undissolved carbides of Cr, Mo, and Co have significant effects on the microstructural and
mechanical characteristics of the solution treated and aged sample.

(4). Aging of the nearly fully solution treated sample resulted in the development of HCP1 (straight
bands) and HCP2 (lamellar-type constitution) phases, but aging of the partially solution
treated sample resulted in formation of the HCP2 phase (lamellar-type constitution) at the
grain boundaries.

(5). The presence of undissolved carbides of Cr, Mo, and Co depletes the matrix from the HCP
stabilizer elements, and it consequently enhances the FCC peak intensity of the substance after
quenching. However, the FCC matrix changes more intensively compared to the HCP during
aging. Thermodynamical calculations also indicated a decrease of the Cr and C amount in the
FCC phase, with increasing solution temperatures.

(6). The hardness enhancement as a result of aging for the sample solution treated at 1230 ◦C for 3 h
was lower than that for the sample solution treated at 1200 ◦C for 1 h.
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