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Abstract: In the 21st century, there is an increasing need for high-capacity, high-efficiency, and
environmentally friendly power generation systems. The environmentally friendly integrated
gasification combined-cycle (IGCC) technology has received particular attention. IGCC pressure
vessels require a high-temperature strength and creep strength exceeding those of existing pressure
vessels because the operating temperature of the reactor is increased for improved capacity and
efficiency. Therefore, high-pressure vessels with thicker walls than those in existing pressure vessels
(≤200 mm) must be designed. The primary focus of this research is the development of an IGCC
pressure vessel with a fully bainitic structure in the middle portion of the 300 mm thick Cr-Mo steel
walls. For this purpose, the effects of the alloy content and cooling rates on the ferrite precipitation
and phase transformation behaviors were investigated using JMatPro modeling and thermodynamic
calculation; the results were then optimized. Candidate alloys from the simulated results were
tested experimentally.

Keywords: IGCC plant; bainitic steel; continuous cooling transformation (CCT) curve; alloy design;
thermodynamic simulation

1. Introduction

In power generation of the 21st century, high-capacity, high-efficiency, and environmentally
friendly power generation systems are in demand. The integrated gasification combined cycle (IGCC)
plant construction technology, used to construct environmentally friendly power generation systems,
is gaining popularity [1–4]. IGCC plants require high-pressure and -temperature operation in order to
increase capacity and improve efficiency [5]. Therefore, pressure reactor vessels require high tensile
strengths (>530 MPa), high-temperature strengths (>240 MPa at 380 ◦C), impact energy absorption
(55 J at −20 ◦C), and creep strengths. During the production of the nozzle joint, used to send steam to
each pipe from the pressure container, a welding process is required [6]. The welded area is inevitably
subjected to residual stresses from welding and is modified. Cracking during welding due to the shape
of the nozzle has been reported frequently [7–9]. Manufacturers therefore use thicker materials in
order to produce the nozzle by cutting, without welding. In such conditions, it is more advantageous
to produce pressure containers that are thicker than conventional pressure containers (≤200 mm)
instead of changing materials. IGCC pressure-container temperatures are approximately 300–600 ◦C,
and 1.25Cr-0.5Mo bainitic steel is typically used; this has a high tensile strength at high temperatures
and pressures [10,11].
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Quenching and tempering processes are used to produce the bainitic structure in 1.25Cr-0.5Mo
steel. However, pressure containers produced with thick materials subjected to water cooling processes
after heating for several hours at the austenite temperature (900–1000 ◦C) develop external martensite
or martensite + bainite structures under the rapid surface cooling speed but also develop internal ferrite
because of the slow cooling speed in the centers of the vessel walls [12]. In Cr-Mo steel, the formation
of ferrite reduces both the tensile strength and toughness. To resolve this issue, physical control of the
cooling speed at the center is necessary.

As an alternative to physically controlling the cooling speed, we propose a chemical alloy
design route that prevents ferrite formation [13,14]. The factor with the most impact on the
mechanical characteristics is the microstructure, which is determined by the thermodynamic stability.
The evaluation and improvement of mechanical characteristics are closely related to microstructural
adjustment, particularly the thermodynamic stability analysis, evaluation, and adjustment capabilities
of each structure. In order to adjust the structures of metals, various alloys in various amounts are
added. The alloy design process has advanced on the basis of empirical data obtained through trial
and error. However, because of unpredicted variable errors, time consumption, and an increased cost
related to trial and error, more efficient alloy design methods are in development [15,16]. In order to
prevent the center of the pressure vessel wall from decreasing in strength, we aim to increase the tensile
strength by improving the hardenability and to reduce the austenite grain size through thermodynamic
methods [17,18]. We hope to prove the possibility of designing alloys thermodynamically in this way.

2. Experimental Procedure

In this study, the alloy design was performed by thermodynamic simulation programs (JMatPro5.1
and Thermo-Calc. TCW5. database: TCFE6, Stockholm, Sweden, where Mats Hillert was a professor)
and the candidate alloys designed by the simulation were manufactured [19,20]. The candidate alloys
were subjected to tensile testing, high-temperature strength and impact testing, and measurements
of the continuous cooling transformation (CCT) curve by a dilatometer test for comparison with
the mechanical properties of existing alloys. The dilatometer specimen size was round bar with
3 pi, and the length was 10 mm. Thermodynamic simulation by JMatPro was used to design alloys
with good hardenability, while strengthening by methods including grain refinement and hardening
were simulated by Thermo-Calc. In the alloy design model, the most basic alloying elements were
selected, and certain amounts of alloying elements were then added to the basic alloy. The effects
of the added alloying elements on the ferrite CCT curves were evaluated. The element addition
range was selected within the range of chemical requirements of ASTM F11. In addition, Nb and Ti
microalloyed steel were selected for the study on whether hardness and toughness were improved
when the content of certain elements was added [21,22]. The basic alloys and element addition ranges
are shown in Table 1. In the strengthening design, the behavior of carbide precipitates to refine the
austenite grain size was determined by Thermo-Calc. We selected the final alloy expected to improve
the mechanical properties on the basis of the thermodynamic simulation; 100 kg of this alloy was
cast experimentally through vacuum induction melting. The chemical composition of the candidate
alloy is presented in Table 2. The cast alloy was heat-treated (normalized, quenched, and tempered)
at the true processing temperature and characterized via room-temperature tensile strength testing,
high-temperature tensile strength testing at 380 ◦C, and impact testing at −20 ◦C. In order to confirm
the existence of the ferrite phase in the center of the specimen, the normalized specimen was tested to
confirm the CCT curve using a dilatometer. Dilatometer tests were performed under a heating rate of
2 ◦C, a holding temperature of 930 ◦C, and a holding time of 10 min. The specimen was quenched
at the rate of 10–300 ◦C until reaching room temperature. The microstructures were examined using
optical microscopy (OM, Olympus BX-51M, Tokyo, Japan) and the austenite grain size was measured
using ASTM standard E112. The precipitates were analyzed by transmission electron microscopy
(TEM, JEOL JEM-2010, Tokyo, Japan) after performing carbon extraction replication.
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Table 1. Chemical composition of Fe-C-Cr-Mo-Mn-Si model alloy used to study the effect of elements
by JMatPro-Thermo-Calc simulation.

Chemical
Composition (wt %) C Cr Mo Mn Si Ni Nb Ti Etc.

Model A 0.15 1.3 0.5 0.5 0.5 0 0 0 P: 0.004
S: 0.004
N: 0.005Addition range 0.1–0.15 1.0–1.3 0.5–0.7 0.3–0.8 0.5–0.9 0–0.2 0–0.05 0–0.05

Table 2. The effects of alloying element additions on the ferrite nose time of the alloys, simulated using
JMatPro software.

Alloying Range Equation R2

C (0.1–0.15) y = 1081.4x 0.908
Cr (1.0–1.3) y = 304.88x 0.9904
Mo (0.5–0.7) y = 3228.3x 0.9274

Mn
(0.3–0.5) y = 446.32x 0.9589
(0.6–0.8) y = 8864.9x 0.9153

Si (0.5–0.9) y = −18.283x 0.9244
Ni (0–0.2) y = 294.99x 0.9951
Nb (0–0.05) y = −166.15x 0.9991
Ti (0–0.05) y = −860.02x 0.6789

3. Results and Discussion

3.1. Problems from the External and Central Cooling Rates

Figure 1 shows the dilatometer curve and microstructure obtained when the alloy was cooled
at 200 ◦C/min on the surface and at 30 ◦C/min inside. The external and internal cooling rates of
200 and 30 ◦C/min were checked with a thermocouple during the water-cooling of the 350 mm thick
steel; the results in [23] are similar. When examining the dilatometer at the external cooling speed
of 200 ◦C/min in Figure 1a, ferrite was observed to form at Ac3 (739.7 ◦C) and ceased formation at
Ac1 (700.5 ◦C). Bainite was produced at Bs (567.2 ◦C). The optical micrograph in Figure 1c shows
the presence of ferrite generated during the polygonal phase, as well as bainite. The dilatometer
results obtained at the central cooling speed of 20 ◦C/min, shown in Figure 1b, indicate that ferrite
was produced at Ac3 (757.2 ◦C) and at Ac1 (682.6 ◦C), while bainite was produced at Bs (517.5 ◦C).
The bainite formation temperature was low, despite the cooling rate being lower than that at the
surface, because increases in the volume fraction of ferrite caused the undissolved C in the ferrite
(solubility at 723 ◦C: 0.02%C) to re-dissolve in the matrix, thereby increasing the matrix C content [24].
The matrix lowered the bainite formation temperature by the influence of C. The optical micrograph
in Figure 1d shows ferrite generated during the polygonal phase, as well as bainite. The external
region maintained the Ac3–Ac1 temperature range (∆T = 50.2 ◦C) for 15.6 s, while the central region
maintained the Ac3–Ac1 region (∆T = 74.3 ◦C) for 178.32 s. The amount of ferrite was significantly
greater in the central area than in the external area because the steel remained in the A1 temperature
range for much longer. In comparing the tensile strengths of the exterior and central areas, the amount
of ferrite was expected to be substantially more in the central area than in the external area.



Metals 2018, 8, 70 4 of 13
Metals 2018, 8, 70  4 of 13 

 

 
Figure 1. Micrographs showing the morphology of model A steel: (a) experimental dilatometer curve 
of simulated surface cooling rate (200 °C/min at 930 °C) in the 300 mm thick wall steel; (b) 
experimental dilatometer curve of simulated center cooling rate (20 °C/min at 930 °C) in the 300 mm 
thick wall steel; (c) optical microscopy (OM) image of specimen cooled at 200 °C/min at 930 °C; (d) 
OM image of specimen cooled at 20 °C/min at 930 °C. 

Figure 2 illustrates the CCT diagram at the central cooling speed of 20 °C/min for model A, 
calculated using JMatProsimulation [25]. Figure 2b shows the CCT diagram of the target designed 
advanced steel. For the model A alloy, ferrite was formed as the steel conditions passed through the 
ferrite CCT curve during cooling at the central cooling speed of 20 °C/min. As the conditions passed 
the bainite curve, the final bainite + ferrite phase was formed. Ferrite is softer than bainite, and the 
bainite + ferrite phase should have a lower strength than that of full bainite. In order to prevent 
strength deterioration, the ferrite CCT curve should not be passed during cooling at the central 
cooling speed of 20 °C/min. For this, it was necessary to design alloy processing such that the ferrite 
CCT curve of the advanced alloy is moved to the long-duration side. In order to achieve this, the 
factors affecting the ferrite CCT curve were calculated using JMatPro simulation and are shown in 
Figure 3. 

 
Figure 2. Schematic of continuous cooling transformation (CCT) diagrams for steel calculated from 
the JMatPro software: (a) composition of model A; (b) prediction composition of advanced steel. 

Figure 1. Micrographs showing the morphology of model A steel: (a) experimental dilatometer curve of
simulated surface cooling rate (200 ◦C/min at 930 ◦C) in the 300 mm thick wall steel; (b) experimental
dilatometer curve of simulated center cooling rate (20 ◦C/min at 930 ◦C) in the 300 mm thick wall
steel; (c) optical microscopy (OM) image of specimen cooled at 200 ◦C/min at 930 ◦C; (d) OM image of
specimen cooled at 20 ◦C/min at 930 ◦C.

Figure 2 illustrates the CCT diagram at the central cooling speed of 20 ◦C/min for model A,
calculated using JMatProsimulation [25]. Figure 2b shows the CCT diagram of the target designed
advanced steel. For the model A alloy, ferrite was formed as the steel conditions passed through the
ferrite CCT curve during cooling at the central cooling speed of 20 ◦C/min. As the conditions passed
the bainite curve, the final bainite + ferrite phase was formed. Ferrite is softer than bainite, and the
bainite + ferrite phase should have a lower strength than that of full bainite. In order to prevent
strength deterioration, the ferrite CCT curve should not be passed during cooling at the central cooling
speed of 20 ◦C/min. For this, it was necessary to design alloy processing such that the ferrite CCT
curve of the advanced alloy is moved to the long-duration side. In order to achieve this, the factors
affecting the ferrite CCT curve were calculated using JMatPro simulation and are shown in Figure 3.
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3.2. Hardenability Design Using Thermodynamic Calculation (JMatPro) 

Figure 3a shows the changes in the ferrite CCT curve according to the C content. Between 0.1% 
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was increased by 0.01%. 
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Figure 3. The effect of C addition (0.1–0.15%) on the ferrite continuous cooling transformation (CCT)
curve of the model A alloy using material data from JMatPro software: (a) CCT curves with varied C
additions; (b) change in the amount of ferrite nose time for varied C additions.

3.2. Hardenability Design Using Thermodynamic Calculation (JMatPro)

Figure 3a shows the changes in the ferrite CCT curve according to the C content. Between 0.1%
and 0.15%C was added to model A, and the ferrite CCT curve was calculated with JMatPro simulation
for each content. As the volume of C was increased from 0.1% to 0.15%, the ferrite curve was moved to
the long-duration side. In addition, the temperature of Fs decreased. Figure 3b shows the correlation
of the change in the length of the ferrite nose time with the concentration of C. Here, ferrite nose means
the time to reach the ferrite nose.

The relationship between the C content and ferrite nose time was determined by the least-squares
method. The ferrite nose time was increased by approximately 10.814 s as the amount of C was
increased by 0.01%.

Figure 4a–g illustrates the changes in the ferrite CCT curve with varying contents of Cr, Mn, Si,
Ni, Mo, Nb, and Ti, respectively. Figure 4a shows, as the amount of Cr added (between 1.0% and 1.3%)
was increased, that the ferrite curve was moved to the long-duration side. Figure 4b shows, as the
Mn content (between 0.3% and 0.8%) was increased, that the ferrite curve was moved substantially
to the long-duration side. Figure 4c shows that increasing the Si content caused the ferrite curve to
move slightly towards the short-duration side. Figure 4d shows that increasing Ni caused the ferrite
curve to move to the long-duration side. Figure 4e shows, as the amount of Mo increased, that the
ferrite curve moved to the long-duration side. Figure 4f shows that increased amounts of Nb moved
the ferrite curve slightly towards the short-duration side. Finally, Figure 4g shows that increasing Ti
caused the ferrite curve to move slightly towards the short-duration side. In summary, as the C, Cr,
Mo, Mn, and Ni contents are increased, the ferrite curve occurs at longer durations, while increases in
the contents of Si, Nb, and Ti shift the ferrite curve to shorter durations.
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Figure 4. The effects of elemental additions on the ferrite continuous cooling transformation (CCT)
curve of the model A alloy using material data from JMatPro software: (a) added Cr between 1.0%
and 1.3%; (b) added Mn between 0.3% and 0.8%; (c) added Si between 0.5% and 0.9%; (d) added Ni
between 0% and 0.2%; (e) added Mo between 0.5% and 0.7%; (f) added Nb between 0% and 0.05%; (g)
added Ti between 0% and 0.05%.

Figure 5 shows the correlations for changes in the length of the ferrite nose time with changes in
the amount of each alloying element. In the case of C, Cr, Mo, Mn, and Ni, the slope of the graph is
positive, whereas those for Si, Nb, and Ti are negative. When the slope is positive, the ferrite formation
curve moves to longer durations, and when it is negative, it moves to shorter durations. In particular,
Mn and Ti have the most positive and most negative slopes, respectively. The correlation between each
alloy and the ferrite nose time, formulized using the least-squares method, is shown in Table 2.
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Figure 5. Effects of alloying element additions on the ferrite nose time of the alloys, simulated using
JMatPro: (a) added Cr between 1.0% and 1.3%; (b) added Mn between 0.3% and 0.8%; (c) added Si
between 0.5% and 0.9%; (d) added Ni between 0% and 0.2%; (e) added Mo between 0.5% and 0.7%;
(f) added Nb between 0% and 0.05%; (g) added Ti between 0% and 0.05%.

In order to easily compare and analyze the effects of each alloying element on the ferrite nose
time, these are shown in Figure 6 for easy comparison. The ferrite nose time and temperature have
different values depending on addition of alloying elements. In order to compare the fraction of ferrite
according to each alloying element, the time is compared with the ferrite nose time, because time is the
more important factor for the ferrite fraction.



Metals 2018, 8, 70 7 of 13

Metals 2018, 8, 70  6 of 13 

 

and 1.3%; (b) added Mn between 0.3% and 0.8%; (c) added Si between 0.5% and 0.9%; (d) added Ni 
between 0% and 0.2%; (e) added Mo between 0.5% and 0.7%; (f) added Nb between 0% and 0.05%; 
(g) added Ti between 0% and 0.05%. 

Figure 5 shows the correlations for changes in the length of the ferrite nose time with changes in 
the amount of each alloying element. In the case of C, Cr, Mo, Mn, and Ni, the slope of the graph is 
positive, whereas those for Si, Nb, and Ti are negative. When the slope is positive, the ferrite 
formation curve moves to longer durations, and when it is negative, it moves to shorter durations. In 
particular, Mn and Ti have the most positive and most negative slopes, respectively. The correlation 
between each alloy and the ferrite nose time, formulized using the least-squares method, is shown in 
Table 2. 

 
Figure 5. Effects of alloying element additions on the ferrite nose time of the alloys, simulated using 
JMatPro: (a) added Cr between 1.0% and 1.3%; (b) added Mn between 0.3% and 0.8%; (c) added Si 
between 0.5% and 0.9%; (d) added Ni between 0% and 0.2%; (e) added Mo between 0.5% and 0.7%; 
(f) added Nb between 0% and 0.05%; (g) added Ti between 0% and 0.05%. 

In order to easily compare and analyze the effects of each alloying element on the ferrite nose 
time, these are shown in Figure 6 for easy comparison. The ferrite nose time and temperature have 
different values depending on addition of alloying elements. In order to compare the fraction of 
ferrite according to each alloying element, the time is compared with the ferrite nose time, because 
time is the more important factor for the ferrite fraction. 

 
Figure 6. Effects of alloying elements on the ferrite nose time for the model A alloy. 

As shown in Figure 6, the ferrite nose time was slowly increased from 0.3% to 0.5% for Mn and 
rapidly for Mn of ≥0.5%. Mo had the largest effect in delaying the ferrite nose time delay, next to Mn. 

Figure 6. Effects of alloying elements on the ferrite nose time for the model A alloy.

As shown in Figure 6, the ferrite nose time was slowly increased from 0.3% to 0.5% for Mn and
rapidly for Mn of ≥0.5%. Mo had the largest effect in delaying the ferrite nose time delay, next to
Mn. Mn and Mo generally became segregated in the austenite grain boundaries and suppressed the
generation of ferrite [26,27]. The inhibitive effects of Mn and Mo on ferrite formation were greater than
those of C alloying. Nb and Ti had less effects on the ferrite nose time delay [28,29]. Therefore, carbides
were likely formed by reactions of Nb and Ti with C; this carbide formation caused C deficiencies.
Within the addition range of each element, the CCT curve was calculated with unit changes of 0.1% for
Mn and 0.01% unit changes for Nb. For a simple comparison, the effect of C has been designated as 1.0
to determine the effects of alloys on the ferrite curve via the C equivalent equation:

Ferrite nose time = C + 0.282 Cr + 2.985 Mo + 8.198 Mn + 0.273 Ni − 0.017 Si − 0.154 Nb − 0.795 Ti (1)

Si, Nb, and Ti had negative slopes, indicating that they promote the transformation of ferrite.
Ferrite generation is promoted by Ti > Nb > Si; the promoting effects of Ti and Nb are larger than those
of Si because they are carbide formers. The effect of Ti is larger than that of Nb because Ti is more likely
to form carbides than Nb and the amount of TiC is larger than that of NbC; thus Ti additions induce
relatively higher C deficiencies. Cr, Mo, Mn, and Ni showed positive slopes and therefore suppress
the formation of ferrite. In reviewing these results, the addition of Mn and Mo, which had relatively
greater slopes, can suppress the generation of ferrite most effectively.

3.3. Strengthening Design by Grain Refinement and Hardening Using Thermodynamic Calculations
(Thermo-Calc)

In order to satisfy the mechanical property requirements, such as a tensile strength of >530 MPa,
a high-temperature strength of >240 MPa at 380 ◦C, and an impact energy absorption of 55 J at −20 ◦C,
reducing ferrite formation in the central part is important, but solid solution strengthening and crystal
grain refining through precipitation strengthening are also effective. We studied Nb and Ti, which
are known to refine the crystal grains of Cr-Mo steel. Figure 7 shows the amounts of solution and
precipitation phases calculated by Thermo-Calc in the Nb-and Ti-added model A alloys. The solution
was about the solution of alloying elements (Nb and Ti), and the meaning of precipitation phases
refers to precipitates such as NbC or TiC. Figure 7a shows that NbC carbide was formed when the
amount of the alloy element of Nb was about 0.01% or more at the normalizing temperature and
quenching temperature (900–1000 ◦C). Because more than 0.01% of Nb was present, the amount of NbC
could be expected to increase. TiC was formed when Ti was added at the normalizing and quenching
temperatures. For ≥0.005% Ti added at 1200 ◦C, the Ti4C2S2 complex carbide, which could reduce
grain refinement, and MnS inclusions were precipitated. As shown in Figure 7, the Nb and Ti contents
were ≥0.01% and ≥0.005%, respectively; the NbC and TiC precipitates were considered effects of
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the refined austenite grain size. References [22,23] are referred to in the reliability and quantitative
measurement of NbC and TiC.
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In the mechanical properties of IGCC plant vessels, the creep strength is another important
mechanical property, in addition to the tensile strength, high-temperature strength, and impact
resistance. In Cr-Mo steel, the presence of M7C3, known as the Cr-Fe rich phase, promotes the onset of
acceleration creep [29]. It takes a large amount of time to perform the creep test. Thus, reference is made
to the fact that M7C3 precipitates have an adverse effect on creep properties. Thus, an alloy design
was conducted to prevent the formation of M7C3 precipitates. In order to suppress the formation of
M7C3 precipitates, the alloy design was performed using Thermo-Calc. The phase diagram of the
alloy components of model A, as well as the composition and Gibbs energy of the formation for the
M23C6 and M7C3 phases, were calculated by Thermo-Calc. In Figure 8a, cubic M23C6 contained Fe,
Cr, C, Mo, and Mn. The Fe and Cr contents increased and decreased, respectively, with increases in
the temperature from 500 to 750 ◦C. The tempering temperature range of Cr-Mo steel is known as
650–750 ◦C. The matrix contains Fe51-Cr21.4-Mo6-Mn0.8-C20.7 (at %) at the temperature of 740 ◦C.
In Figure 8b, hexagonal M7C3 comprised Fe, Cr, C, Mo, and Mn, as for M23C6, but the Cr and C contents
were higher than in M23C6. The Gibbs energy in Figure 8 indicates the stability of M23C7 at 500–750 ◦C,
while M7C3 was stable in the narrow region of 720–740 ◦C. In order to suppress the formation of M7C3,
it is considered preferable to temper the steel by avoiding the temperature range of 720–740 ◦C in
which the M7C3 precipitate is stable. Figure 9 shows the phase diagrams calculated using Thermo-Calc
in order to confirm whether M7C3 precipitates are formed when the hardenability-affecting elements
of C and Mn and the grain-refining elements of Nb and Ti are added to the model A alloy.
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Figure 9 shows the phase formation of M23C6 and M7C3 according to the contents of C (0.13–0.15%)
and Mn (0–1.0%) in model A with the addition of 0.03% Nb to 0.14% C steel and with the addition of
0.015% Ti to 0.14% C–0.03% Nb steel, as determined by Thermo-Calc. In Figure 9a, 0.13% C yielded
stable M23C6 phases. When the Mn content was ≤0.6%, the M23C6 phase was stable; for Mn contents
of ≥0.6%, the M7C3 phase was stable. M23C6 and M7C3 both contain Mn; when Mn was increased
above a certain amount, the formation of M7C3 was promoted. For these reasons, the Mn solubility of
M7C3 was higher than that of M23C6. In Figure 9b, 0.14% C added with 0.03% Nb decreased the area of
M7C3 stability decreases in the tempering temperature range of 630–770 ◦C. Nb decreased the region
of M7C3 stability, despite not being included in either M23C6 or M7C3. This was because Nb is a strong
carbide-forming element, thought to decrease the C content of the matrix; it was considered that the
area of M7C3 decreased as the content of C decreased. The decreased M7C3 area in 0.14% C–0.03% Nb
steel containing 0.015% Ti was caused by the decrease in the C content from the formation of TiC.
The addition of 0.03% Nb + 0.015% Ti to 0.14% C steel on the formation of M7C3 caused behavior
similar to that of 0.13% C steel without the addition of Nb and Ti. That is, the addition of 0.03% Nb
and 0.015% Ti appeared to suppress M7C3 with a 0.1% reduction in C addition.

3.4. Hardenability and Mechanical Properties of Advanced Alloy

Table 3 shows the chemical composition of the selected alloys on the basis of the results of the
simulated alloy designs detailed in Sections 3.1–3.3. The selected advanced alloy was cast using
high-frequency vacuum induction melting. The mechanical properties of the alloy were characterized
after heat treatment by quenching and tempering. The tensile strength, high-temperature yield strength,
and impact energy absorption of the advanced alloy all satisfied the reference specifications. This
example of alloy design through simulation demonstrated that alloys could be designed according
to the desired mechanical properties. Each experiment was performed to verify the results from
the simulation from a metallurgical perspective. Figure 10 shows the CCT curve to confirm the
hardenability of the model A and advanced alloys. The nose of the ferrite curve of model A was
generated at approximately 760–680 ◦C at a cooling rate of 200 ◦C/min, but that of the advanced alloy
appeared at approximately 750–720 ◦C at a cooling rate of 15 ◦C/min.
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Table 3. Chemical composition and mechanical properties of selected alloys on the basis of the
analysis performed.

Chemical
Composition C Mn Si Cr Mo Ni Nb Ti

ASME Spec.* 0.10–0.20 0.30–0.80 0.50–1.00 1.00–1.50 0.45–0.65 <0.20 <0.07 <0.05
Advanced Alloy 0.15 0.6 0.5 1.3 0.5 0.18 0.03 0.015

Specification

- Tensile strength > 530 MPa
- High-temperature yield strength (380 ◦C) > 240 MPa
- Impact energy absorption (−20 ◦C) > 55 J

Advanced alloy

- Tensile strength = 585 MPa
- High-temperature yield strength (380 ◦C) = 375 MPa
- Impact energy absorption (−20 ◦C) = 170 J

* ASME Spec. (Specifications of the American Society of Mechanical Engineers).
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In Figure 11, in order to confirm the formation of ferrite at varied cooling rates of 300, 100, 50,
20, 15, and 10 ◦C/min, the microstructures were observed via microscopy. At the cooling rates of
20–300 ◦C/min, only full bainite appeared. At 15 ◦C/min, some ferrite was formed, while at 10 ◦C/min,
ferrite was formed rapidly. Therefore, the advanced alloy showed better hardenability than the existing
model A alloy.
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Figure 12 shows the results of carbon extraction replica experiments for the identification of
carbides in the advanced alloy after the final heat treatment (normalizing, quenching and tempering).
TEM observation of the precipitates confirmed the formation of M23C6, M7C3 and MC, which adversely
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affect creep strength and grain refining. In Figure 12a, several precipitates are distributed. The pattern
analysis of the coarse precipitates indicated by arrows shows the composition of M23C6 (FCC).
The chemical composition of the M23C6 phase was 59.12%Fe-23.25%Cr-6.76%Mo-4.48%Mn-6.4%C as
measured by energy-dispersive X-ray (EDX) spectral analysis. Because the matrix is a carbon film,
the ratio of the remaining alloying elements aside from carbon was similar to the results predicted
by Thermo-Calc in Figure 8. From the EDX point analysis of the remaining coarse precipitates, the
Cr content did not exceed 24%. This suggests that precipitates of M7C3 with higher Cr contents than
M23C6 were not formed. Figure 12b shows high-magnification TEM observations performed to analyze
precipitates finer than the M23C6 precipitates. A fine circular precipitate was observed and identified
as FCC MC by pattern analysis; EDX analysis shows the composition of MC (M = Nb, Ti). These
MC precipitates were considered to positively affect the strength and impact properties by refining
the grains.Metals 2018, 8, 70  11 of 13 
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4. Conclusions 

For the design of 1.25 Cr-0.5 Mo steel with excellent tensile strength, high-temperature yield 
strength, good creep strength, and high impact resistance, a complete bainite structure even at the 
center of a 300 mm thick wall can be obtained. After simulations via JMatPro and Thermo-Calc, the 
simulated alloy design was verified through experimental specimen production. JMatPro software 
was used to calculate the start time of ferrite production via CCT curve analysis. An alloy with 
excellent hardenability was designed by using the correlation formulas for changes in the CCT curves 
with each alloying component. The advanced alloy designed by simulation showed a complete 
bainite structure without ferrite phases at a cooling rate of 20 °C/min and good mechanical properties 
with a strength of 585 MPa and an impact energy absorption of 170 J at −20 °C. The alloy design 
through Thermo-Calc simulation allowed the suppression of M7C3 formation, which negatively 
affects creep strength and improved the mechanical properties by promoting MC precipitation for 
fine grain refinement. This method of simulated alloy design can reduce the error of unexpected 
variables encountered in trial-and-error designs, reduce the time and cost of design, and enable 
custom alloy designs to accommodate the required mechanical properties. 
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Figure 12. Transmission electron microscopy (TEM) micrographs of C-containing phases in advanced
alloy. (a) Image of M23C6 (FCC; zone axis of [001]); (b) image of MC (FCC; zone axis of [001]);
(c,d) energy-dispersive X-ray (EDX) spectra from precipitates (a,b).

4. Conclusions

For the design of 1.25 Cr-0.5 Mo steel with excellent tensile strength, high-temperature yield
strength, good creep strength, and high impact resistance, a complete bainite structure even at the
center of a 300 mm thick wall can be obtained. After simulations via JMatPro and Thermo-Calc,
the simulated alloy design was verified through experimental specimen production. JMatPro software
was used to calculate the start time of ferrite production via CCT curve analysis. An alloy with
excellent hardenability was designed by using the correlation formulas for changes in the CCT curves
with each alloying component. The advanced alloy designed by simulation showed a complete
bainite structure without ferrite phases at a cooling rate of 20 ◦C/min and good mechanical properties
with a strength of 585 MPa and an impact energy absorption of 170 J at −20 ◦C. The alloy design
through Thermo-Calc simulation allowed the suppression of M7C3 formation, which negatively affects
creep strength and improved the mechanical properties by promoting MC precipitation for fine grain
refinement. This method of simulated alloy design can reduce the error of unexpected variables
encountered in trial-and-error designs, reduce the time and cost of design, and enable custom alloy
designs to accommodate the required mechanical properties.
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