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Abstract: The microstructural characteristics of a simulated heat-affected zone (HAZ) in SA213-T23
(2.25Cr-1.6W steel) used for boiler tubes employed in thermal power plants were investigated
using nital, alkaline sodium picrate, and Murakami’s etchants. In order to investigate the
microstructure formation process of the HAZ in the welding process, simulated HAZ specimens
were fabricated at intervals of 100 ◦C for peak temperatures between 950 and 1350 ◦C, and the
microstructural features and precipitate behavior at various peak temperatures were observed.
The alkaline-sodium-picrate-etched microstructures exhibited a black dot or band, which was not
observed in the natal-etched microstructure. As the temperature increased from 950 to 1350 ◦C,
the black dot and band became wider and thicker. Experimental analyses using an electron probe
micro-analyzer, electron backscatter diffraction, and transmission electron microscopy revealed the
appearance of austenite in the black dot region at a peak temperature of 950 ◦C; its amount increased
up to a peak temperature of 1050 ◦C and thereafter decreased as the peak temperature further
increased. The amount of M23C6 decreased with an increase in peak temperature. Based on these
results, we investigated the behaviors of austenite and M23C6 as functions of the peak temperature.
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1. Introduction

Ultra-supercritical (USC) power plants are being operated under increasing pressure and
high-temperature conditions to reduce fuel costs, environmental pollutants, and greenhouse gas
emissions. SA213-T22 (2.25Cr-1Mo steel), a conventional boiler tube material used in water-wall
tubes in power plants, should be thickened for high-temperature and high-pressure applications [1,2].
However, if the tube becomes thicker than the ones commercially used, the construction costs will
increase owing to the change in boiler design and the increase in the number of welding passes [3–6].
Furthermore, there is an increased risk of thermal stress and welding defects during the operation of
the power plant.

Therefore, SA213-T23 (2.25Cr-1.6W steel), which has superior high-temperature creep properties
compared to the existing material SA213-T22 (2.25Cr-1Mo steel), was developed. In order to enhance
the high-temperature creep strength, T23 was developed by adding tungsten (1.6%) instead of reducing
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the molybdenum (0.2%) content compared to T22; additionally, vanadium, niobium, and boron were
added [7–11].

However, in the case of T23, reheat cracking has been reported during post-weld heat treatment
(PWHT) to mitigate the residual stress in the weld metal [12–20]. Low alloy Cr-Mo steel is known to
have a high risk of reheat cracking [21–23], which is typically due to the intergranular cracks developing
in the weld metal or heat-affected zone (HAZ) during PWHT or high-temperature service [18,19].
Reheat cracking is also known as stress-relaxation cracking because the cracks develop during the
process of relieving the residual stresses [24]. The reheat cracking phenomenon in low-alloy Cr-Mo
steels occurs when the plastic deformation when stress relaxation, rather than being strengthened
transgranular, is concentrated along the weakened grain boundary [22–24]. The transgranular
strengthening can be attributed to precipitation strengthening by fine and uniformly distributed
precipitates [18–20]. The grain boundary is weakened due to the formations of a depleted zone [15–17]
and coarse precipitates [18–20] and due to the segregation of tramp elements [22–27].

T23 is also reported to be susceptible to reheat cracking because the transgranular is strengthened
and the grain boundary is weakened. The transgranular strengthening of T23 is attributed to the
homogeneous transgranular precipitation of a fine metal carbide containing the alloying elements V
and Nb [15–17]. The grain boundary weakening is attributed to the precipitation of an incoherent
intergranular carbide M3C at the boundaries [8,9], the grain boundary segregation of the Al and P
elements [15,16], and the Cr- and W-depleted zones formed by the M3C and M23C6 carbides of Fe, Cr,
and W in the grain boundaries [16,17]. Therefore, it can be observed that the reheat crack of SA213-T23
is closely related to the nature of the precipitate.

Studies to identify the causes of the reheat cracks in T23 have been based only on an analysis
of the microstructure of the coarse-grained HAZ (CGHAZ) after PWHT. However, it is necessary to
analyze the microstructural features of CGHAZ before PWHT in order to understand the root cause of
crack initiation in this material. In particular, it is necessary to characterize the types and distribution
of the grain boundaries and intergranular precipitates that can cause reheat cracking, and analyze
precipitate behavior and phase transformation of the matrix during the formation of the HAZ via the
welding thermal cycle.

Therefore, in order to investigate the microstructure formation process of the HAZ in the welding
process, simulated HAZ specimens were fabricated at intervals of 100 ◦C for peak temperatures
between 950 and 1350 ◦C, and the microstructural features and precipitate behavior at various peak
temperatures were observed. The microstructures were analyzed using various etching solutions such
as nital, alkaline sodium picrate, and Murakami’s etchant and observed under an optical microscope in
order to develop a method to easily identify the behavior of the precipitates and the change in grain size.
Further verifications were performed using characterization methods such as transmission electron
microscopy (TEM), electron probe micro-analyzer (EPMA), and electron backscatter diffraction (EBSD).

2. Materials and Methods

Table 1 presents the chemical composition of the SA213-T23 (2.25Cr-1.6W) material used in this
study. Chemical composition was analyzed using an optical emission spectrometer (LAB LAVM 10,
SPECTRO Analytical Instruments GmbH, Kleve, Germany).

Table 1. Chemical composition of the T23 steel.

Material
Chemical Composition (atom %)

C Si Mn Ni Cr Mo V Nb Al Ti B W N Fe

SA213-T23 0.07 0.24 0.50 0.11 2.09 0.15 0.22 0.028 0.018 0.042 0.0017 1.66 0.0095 Bal

In actual welding, it is difficult to evaluate the microstructure characteristics because the HAZ
is a narrow region owing to various thermal cycles. Therefore, the simulated HAZ was fabricated
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by using Gleeble 3500 (Dynamic Systems Inc., New York, NY, USA) thermal cycle simulator and
the microstructure was observed. The thermal cycle of the HAZ was determined using the Sysweld
software 9.5 (ESI, Paris, France) for the simulation of welding analysis.

Figure 1 shows the thermal cycle curve of the HAZ according to the distance along the fusion
line when gas tungsten arc welding is applied to the tube material with a thickness of 6 mm with
the heat input of 16 kJ/cm. Using Gleeble 3500 thermal cycle simulator, the HAZ was simulated at
intervals of 100 ◦C from the peak temperature of 950 ◦C (temperature above the AC3 point) to the peak
temperature of 1350 ◦C (CGHAZ temperature) using the thermal cycle curve calculated using Sysweld
software. The validation of the thermal profile has been verified with a thermocouple.

Metals 2018, 8, x FOR PEER REVIEW  3 of 14 

 

Figure 1 shows the thermal cycle curve of the HAZ according to the distance along the fusion 
line when gas tungsten arc welding is applied to the tube material with a thickness of 6 mm with the 
heat input of 16 kJ/cm. Using Gleeble 3500 thermal cycle simulator, the HAZ was simulated at 
intervals of 100 °C from the peak temperature of 950 °C (temperature above the AC3 point) to the 
peak temperature of 1350 °C (CGHAZ temperature) using the thermal cycle curve calculated using 
Sysweld software. The validation of the thermal profile has been verified with a thermocouple. 

 

Figure 1. Schematic illustration of simulated various heat-affected zone (HAZ) thermal cycle and 
geometry of sample. 

The microstructure of the simulated HAZ was observed by etching with nital etchant (2 mL 
HNO3, 50 mL methanol) and alkaline sodium picrate etchant (2 g picric acid, 25 g NaOH, 100 mL 
Boiled water). Murakami etchant (10 g K3Fe(CN)4, 10 g NaOH, 100 mL water) was used to observe 
the distribution of the precipitates. Prior γ etchant (54 g NaOH, 5.4 g picric acid, 2–3 drops glycerol, 
200 mL boiled water + 2 mL HNO3, 50 mL methanol) was used to observe grain size. 

The phase analysis of the simulated HAZ at various peak temperatures was performed using an 
electron probe micro-analyzer (EPMA) (JXA-8530F, JEOL, Tokyo, Japan) and electron backscatter 
diffraction (EBSD) (SUPRA40VP, Carl Zeiss, Oberkochen, Germany), and the equilibrium diagram 
was constructed using Thermo-Calc TCF.6 software to analyze the experimental results. For the 
precipitation analysis, precipitates were extracted via the carbon replica method, and image 
observation, energy-dispersive X-ray spectroscopy (EDS), and diffraction pattern analysis were 
performed using a field-emission transmission electron microscope (FE-TEM) (TALOS F200X, FEI, 
Hillsboro, OR, USA). Using the image analysis program Image-Pro Plus (Ver.4.5.0.29, MEDIA 
CYBERNETICS, Rockville, MD, USA), the precipitate size distribution at various peak temperatures 
was measured using Murakami-etched optical microscope photographs. 

3. Results 

3.1. Microstructure Evolution of the Base Metal 

Figure 2 shows the microstructure of the base metal (2.25Cr-1.6W steel) using various etching 
methods. Figure 2a,d show the optical and scanning electron microscope (SEM) microstructures 
obtained using nital etching. Figure 2b,e show the optical and SEM microstructures obtained using 
alkaline sodium picrate etching. Figure 2c shows the optical microstructure obtained using 
Murakami etchant. In order to compare the differences between nital and alkaline sodium picrate 
etching, the microstructure was observed after nital etching, and it was subsequently finely polished. 
Afterward, alkaline sodium picrate etching was performed to observe the same position as that 
observed in nital etching, and the differences in the microstructures owing to etching were compared. 
The nital-etched microstructure in Figure 2a,d shows grain boundaries appearing as prior austenite 
grain boundaries, and precipitates in the prior austenite grain boundaries and fine precipitates in 
transgranular are observed. In the alkaline-sodium-picrate-etched microstructure in Figure 2b,e, the 
grain boundaries appear as austenite grain boundaries as in the case of nital etching. The precipitates 
are visible in the prior austenite grain boundaries, but the precipitates in transgranular are not visible. 
However, the matrix is observed to be monochromatic in nital etching in Figure 2a, whereas the 

Figure 1. Schematic illustration of simulated various heat-affected zone (HAZ) thermal cycle and
geometry of sample.

The microstructure of the simulated HAZ was observed by etching with nital etchant (2 mL
HNO3, 50 mL methanol) and alkaline sodium picrate etchant (2 g picric acid, 25 g NaOH, 100 mL
Boiled water). Murakami etchant (10 g K3Fe(CN)4, 10 g NaOH, 100 mL water) was used to observe
the distribution of the precipitates. Prior γ etchant (54 g NaOH, 5.4 g picric acid, 2–3 drops glycerol,
200 mL boiled water + 2 mL HNO3, 50 mL methanol) was used to observe grain size.

The phase analysis of the simulated HAZ at various peak temperatures was performed using
an electron probe micro-analyzer (EPMA) (JXA-8530F, JEOL, Tokyo, Japan) and electron backscatter
diffraction (EBSD) (SUPRA40VP, Carl Zeiss, Oberkochen, Germany), and the equilibrium diagram
was constructed using Thermo-Calc TCF.6 software to analyze the experimental results. For
the precipitation analysis, precipitates were extracted via the carbon replica method, and image
observation, energy-dispersive X-ray spectroscopy (EDS), and diffraction pattern analysis were
performed using a field-emission transmission electron microscope (FE-TEM) (TALOS F200X, FEI,
Hillsboro, OR, USA). Using the image analysis program Image-Pro Plus (Ver.4.5.0.29, MEDIA
CYBERNETICS, Rockville, MD, USA), the precipitate size distribution at various peak temperatures
was measured using Murakami-etched optical microscope photographs.

3. Results

3.1. Microstructure Evolution of the Base Metal

Figure 2 shows the microstructure of the base metal (2.25Cr-1.6W steel) using various etching
methods. Figure 2a,d show the optical and scanning electron microscope (SEM) microstructures
obtained using nital etching. Figure 2b,e show the optical and SEM microstructures obtained using
alkaline sodium picrate etching. Figure 2c shows the optical microstructure obtained using Murakami
etchant. In order to compare the differences between nital and alkaline sodium picrate etching, the
microstructure was observed after nital etching, and it was subsequently finely polished. Afterward,
alkaline sodium picrate etching was performed to observe the same position as that observed in nital
etching, and the differences in the microstructures owing to etching were compared. The nital-etched
microstructure in Figure 2a,d shows grain boundaries appearing as prior austenite grain boundaries,
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and precipitates in the prior austenite grain boundaries and fine precipitates in transgranular are
observed. In the alkaline-sodium-picrate-etched microstructure in Figure 2b,e, the grain boundaries
appear as austenite grain boundaries as in the case of nital etching. The precipitates are visible in the
prior austenite grain boundaries, but the precipitates in transgranular are not visible. However, the
matrix is observed to be monochromatic in nital etching in Figure 2a, whereas the matrix is observed to
be in two colors—ivory and brown—in alkaline sodium picrate etching in Figure 2b. In alkaline sodium
picrate, the average hardness of the ivory color phase was 207.4 Hv0.01 and the average hardness of the
brown color phase was 191.7 Hv0.01. The base material of the 2.25Cr-1.6W steel (SA213-T23) is generally
known to consist of tempered martensite, bainite, and M23C6 carbide in the grain boundary [28–30].
Therefore, the ivory color phase of relatively high hardness is considered tempered martensite, and
the brown color phase of relatively low hardness is considered bainite. In the case of nital etching, the
optical microstructure in Figure 2a exhibits a monochromatic color, whereas the SEM microstructure
in Figure 2d exhibits a height difference between the two colored parts in Figure 2b. This is because
tempered martensite has a higher hardness than bainite, so bainite is reduced more during polishing.
Thus, it is considered that the bainite part was reduced more than the tempered martensite part in nital
etching. Murakami etching illustrated in Figure 2e is an etching technique for carbide etching, and it is
possible to observe the distribution of precipitates in the optical microscope before SEM observation.
Thus, the appearance of the precipitates in the grain boundaries and the transgranular can be observed.
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Figure 2. Optical and SEM microstructure of the base metal. (a,d) nital etchant, (b,e) alkaline sodium
picrate etchant, and (c) Murakami etchant. (d,e) SEM micrograph at the region denoted as X, Y in (a,b).

Figure 3 shows the result of composition analysis using EPMA for the phase analysis of the base
metal. The precipitates where the alloying elements of C, W, and Cr are concentrated in a point shape
according to the prior austenite grain boundary can be observed.

The results of TEM analysis of the precipitates using carbon replica method are shown in
Figure 4 to analyze the precipitate in the transgranular and grain boundary. In the TEM photographs,
Figure 4a,b, a coarse precipitate of rectangular or rhombic shape is observed at the prior austenite grain
boundary, and fine precipitates are observed in the transgranular. From the pattern analysis, it can be
concluded that the coarse precipitate of Y1 is the M23C6 carbide of [011] FCC, and the circular fine
precipitate within the grain of Y2 is the MC carbide of [001] FCC. From the EPMA results in Figure 3,
the M of M23C6 carbide is the Fe, Cr, and W alloy elements. As MC is approximately 50 nm or less,
it is considered that V, W, and Nb were not detected in the EPMA analysis.
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Figure 4. (a) TEM micrograph of the base metal at the region denoted as X1. (b) An enlarged portion of
(a). (c,d) Diffraction patterns at the regions denoted as Y1 and Y2.

3.2. Microstructure Evolution of the Simulated HAZ at Various Peak Temperatures

Figure 5 shows the optical microstructure of the HAZ at various peak temperatures (950–1350 ◦C)
using nital, alkaline sodium picrate, Murakami, and prior γ etching. Similar to Figure 2, the observation
positions of the microstructure with nital and alkaline etching were observed again. First, a change in
microstructure was observed with nital etching as the peak temperature increased. It can be observed
that, as the peak temperature increased from 950 to 1350 ◦C, the former austenite grain size (marked
with an arrow) gradually increased. Grain size increase was clearly observed in the prior-γ-etched
microstructure. Further, as the peak temperature increased from 1150 to 1350 ◦C, a lath shape in the
matrix was observed. The microstructure in the case of alkaline sodium picrate etching shows that,
as the temperature increased from 950 to 1350 ◦C, the prior austenite grain size gradually increased,
similar to nital etching. Notably, a black dot or band (marked with an arrow) other than the prior
austenite grain boundary was observed. As the temperature increased from 950 to 1350 ◦C, it became
thicker and changed from a black dotted line to a black band. This phenomenon was observed only
in alkaline sodium picrate etching, but not nital etching. With Murakami etching, it was observed
that, as the peak temperature increased, the point-shaped precipitates in the prior austenite grain
boundary decreased. Precipitates were observed up to 1150 ◦C, but hardly observed at temperatures
above 1250 ◦C. Figure 2 shows that the grain boundary precipitates appearing in Murakami etching
were M23C6. The reason for the disappearance of the M23C6 carbide with the increase in temperature
from 950 to 1350 ◦C appears to be related to the dissolution of precipitates.
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Figure 6 shows the SEM photograph of nital etching and alkaline sodium picrate etching at
various peak temperatures (950–1350 ◦C). The observed position was the same as in Figure 5, and
the black band that appeared in alkaline sodium picrate etching was mainly examined. The SEM
photographs (marked with an arrow) of nital etching at the peak temperature of 950 ◦C exhibited
white spherical precipitates. Precipitates were not observed in the prior austenite grain boundary,
and the precipitates were present in a lined form in the transgranular. The precipitate size increased
at the peak temperature of 1050 ◦C, but precipitates gradually dimmed at the peak temperature of
1150 ◦C and disappeared above the peak temperature of 1250 ◦C. The SEM photographs (marked
with an arrow) of alkaline sodium picrate etching at the peak temperature of 950 ◦C exhibited white
spherical precipitates and holes around the precipitates. At the peak temperature of 1050 ◦C, the hole
size became larger and the precipitate size at the center of the hole became smaller. At the peak
temperature of 1150 ◦C, the precipitate disappeared and only a hole was observed. Further, at the peak
temperature of 1250 ◦C, a black band region did not appear in the SEM photograph as in the case of
nital etching. In alkaline sodium picrate etching at 1350 ◦C, a black band was apparent in the optical
microstructure, shown in Figure 5, but black bands are not easily observed in the SEM microstructure
in Figure 6. These results indicate that the precipitate was dissolved and the black band appeared in
the region where the precipitate was present. The black band was observed only in alkaline sodium
picrate etching, but not in nital and Murakami etching.

Figure 7 shows the result of EPMA composition mapping to observe the changes of the phase
composition at various peak temperatures. The black dot (band) was the region where C, W, and Cr
elements were concentrated. As the peak temperature increased, the C, W, and Cr elements gradually
diffused. It can be observed that the alloy composition was similar to M23C6, which is the intergranular
precipitate of the base material (Figure 3). This is because the M23C6 precipitates composed of C,
W, and Cr elements dissolved in the matrix as the peak temperature increased, but the C, W, and
Cr elements did not dissolve completely in the matrix owing to insufficient dissolution time of the
welding heat cycle conditions. W and Cr are considered to be partially dissolved.
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In order to analyze the phase identification of the partially dissolved black dot or band, EBSD
analysis was conducted at each peak temperature, and the results are shown in Figure 8. Alkaline
etching was performed on the EBSD specimens to observe the same position as that corresponding to
the EBSD results.

In the EBSD phase map at the peak temperature of 950 ◦C, a black dot region existed as M23C6 and
gamma or as iron. M23C6 and gamma existed alone or together. In the EBSD phase map, iron (gamma)
is an austenite, and iron (alpha) of the matrix could be ferrite (BCC), bainite (BCC), or martensite (BCT),
but it is considered to be bainite or martensite based on the CCT diagram of T23 and hardness (270 Hv).
Therefore, based on the SEM photographs (the alkaline-sodium-picrate-etched microstructure) at the
peak temperature of 950 ◦C (Figure 6), the precipitate was M23C6, and the hole around the M23C6 or
the lone hole was austenite or martensite. Similarly, at the peak temperature of 1050 ◦C, M23C6 and
iron (gamma) were present alone or together in the black dot region, or iron (alpha) existed. However,
compared to the peak temperature of 950 ◦C, the amount of M23C6 decreased and that of iron (gamma)
increased. At the peak temperature of 1150 ◦C, the amount of M23C6 and austenite decreased in the
black dot region. At the peak temperatures of 1250 and 1350 ◦C, the black band region was almost
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iron (alpha) without M23C6 and gamma. The black dots had different directions in the inverse pole
figure. It can be observed that a microstructure of lath shape appeared beyond the peak temperature
of 1150 ◦C.Metals 2018, 8, x FOR PEER REVIEW  8 of 14 
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Figure 8. EBSD results at various peak temperatures.

In the EBSD analysis, austenite appeared at the peak temperature of 950 ◦C, and the amount
increased at the peak temperature of 1050 ◦C and thereafter decreased as the peak temperature
increased. M23C6 decreased with the increase in peak temperature. At the peak temperatures of 950,
1050, and 1150 ◦C, M23C6 and iron (gamma) were present alone or together in the black dot region,
or iron (alpha) existed. However, at the peak temperatures of 1250 and 1350 ◦C, the black band was
almost iron (alpha) without either of them.

Figure 9 shows the result of TEM analysis of a thin film at the peak temperatures of 1050 ◦C
in order to analyze the microstructure of the phase identification of austenite and M23C6 in EBSD.
Rectangular precipitates can be observed in the BF image of Figure 9a, and an elliptical phase can be
observed around the rectangular precipitate. This is similar to the shape of the precipitate and the hole
around the precipitate in the SEM photograph (alkaline-sodium-picrate-etched microstructure) at the
peak temperature of 950 ◦C of Figure 6. In order to analyze the phase of the rectangular precipitate
and elliptical phase, the diffraction pattern of the X1 region was analyzed. In the diffraction pattern
analysis, the precipitate was M23C6 and the phase around the precipitate was austenite. The diffraction
pattern analysis of the X2 region in the matrix exhibited the BCC structure. As the lath shape was
not observed, the matrix was regarded as plate-like bainite. In the EDS line analysis of the Y1 region
in Figure 9d, Cr, C, and W were concentrated in M23C6 as shown in the EPMA analysis, and these
elements gradually decreased from M23C6 to austenite and the matrix. It is believed that the M23C6
alloying elements such as C, W, and Cr were diffused as M23C6 dissolved in the matrix.
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4. Discussion

4.1. Correlation between Peak Temperature and Grain Size

Figure 5 shows that the precipitation gradually decreased and the prior austenite grain size
increased with the increase in peak temperature (950–1350 ◦C). In the results of Figures 2–8, the M23C6
precipitates of base metal were observed to dissolve with the increase in peak temperature. In order to
investigate the dissolution of M23C6 as the peak temperature increased, the equilibrium diagram of
the phase volume fraction was calculated using Thermo-Calc TCF.6 software (Thermo-Calc Software,
Stockholm, Sweden). Figure 10 shows the result of Thermo-Calc TCF.6 calculation for T23 steel using
an Fe-based alloy database. The phases shown in Figure 10a are austenite and ferrite phases, and
the precipitates are M6C, M23C6, MC (V-W rich), and MC (Nb rich) phases. T23 (2.25Cr-1.6W) is
a steel with excellent hardenability. It transforms into bainite (BCC) or martensite (BCT) without
transformation into ferrite (BCC) when cooling in the austenite region [8]. The M6C precipitate is a
high-temperature stable phase and is not formed during tempering at the time of fabrication. It is
known that M23C6 phase transforms into the M6C phase during the long-term operation (400–600 ◦C)
of a power plant [31].
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Therefore, an equilibrium diagram without the M6C phase was constructed, and the result is
shown in Figure 10b. In Figure 10b, it can be observed that M23C6 was a stable region at a temperature
lower than 800 ◦C. The behavior of M23C6 in the thermal cycle at the peak temperature of 950 ◦C was
predicted, and when heated above 800 ◦C, the M23C6 phase transformed into an austenite matrix.
It can also be deduced that, when cooled from 950 to 800 ◦C, it was dissolved in the austenite matrix.
The reason for the presence of carbide at the peak temperature of 950 ◦C is that the coarse carbides
(particle size: 0.91 µm) among the precipitates present in the base metal were partially dissolved
because they did not have sufficient time for full dissolution at the peak temperature of 950 ◦C.

As the peak temperature increased from 950 to 1350 ◦C, the M23C6 dissolution accelerated
because the holding time was longer than that above 800 ◦C and the diffusion of carbon increased
with temperature. Therefore, precipitation decreased as the peak temperature increased from 950 to
1350 ◦C.

According to Zener’s theory of the relationship between precipitate and grain growth, the grain
boundary migration is suppressed when the precipitate is coarse particle, high volume fraction,
and uniform distribution [32–34]. In order to investigate the correlation among size, fraction, and
distribution of the precipitates and grain size, the precipitate size was measured quantitatively with the
increase in peak temperature using a Murakami etching photograph. Figure 11 shows the distribution
of precipitate size according to the increase in peak temperature (950–1350 ◦C). In the size distribution
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of carbide particles shown in Figure 11, as the peak temperature increased, the amount of precipitate
decreased and the particle size became finer. Therefore, the grain size increased with the increase in
peak temperature because the driving force of the grain boundary migration was increased as the peak
temperature increased, and the pinning effect was reduced owing to the dissolution of the precipitates,
which interfered with the grain boundary migration.
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4.2. Correlation between Carbide Dissolution and Austenite Formation

In order to investigate the reason for the appearance of the black dot or band region as austenite
(FCC) at the peak temperature of 1050 ◦C but as a matrix (BCC) at the peak temperature of 1350 ◦C,
the following analysis was performed.

Figure 12 shows the result of EPMA line analysis by enlarging the black dot or band regions at
the peak temperatures of 1050 and 1350 ◦C. In the preceding analysis, the alloying elements of the
black dot at 1050 ◦C identified as austenite were as follows: C: 0.6–1.0%; W: 3–4%; Cr: 7–12%. Further,
the alloying elements of the black band at 1350 ◦C identified as BCC were as follows: C: 0.2–0.3%;
W: 2–3%; Cr: 2–3%. It can be observed that the black dot region at the peak temperature of 1050 ◦C
had a higher alloying element of C, W, and Cr than the black band region at the peak temperature of
1350 ◦C. This is because, as illustrated in Figure 10, the dissolution of M23C6 was further accelerated
and the diffusion of the alloying elements was higher at 1050 ◦C than at 1350 ◦C.
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The stabilization region of the phase depending on the alloy composition is shown in Figure 13 in
the Schaeffler diagram modified according to H. Schneider [35]. In the Schaeffler diagram modified
according to H. Schneider, the alloy component (C: 0.6–1.0%; W: 3–4%; Cr: 7–12%) of the black dot
at the peak temperature of 1050 ◦C was either the austenite or the austenite + martensite region.
Moreover, the alloy component (C: 0.12–0.29%; Cr: 2.3–3.2%; W: 1.8–2.9%) of the black band at the
peak temperature of 1350 ◦C was the martensite region.
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Therefore, austenite appeared in the black dot region at the peak temperature of 1050 ◦C because
the concentration of C, W, and Cr was high owing to the low diffusion of the M23C6 alloying element.
However, the black band region at the peak temperature of 1350 ◦C had a lower concentration of C, W,
and Cr than the black dot region at the peak temperature of 1050 ◦C owing to the high diffusion of
the M23C6 alloying element in the former as compared to the latter. Consequently, the black band at
the peak temperature of 1350 ◦C had a greater concentration of C, W, and Cr compared to the matrix,
but C, W, and Cr were not sufficiently concentrated for austenite to appear.

The reason for the decrease of M23C6 and the formation of austenite and its subsequent decrease
with the increase in the peak temperature is shown in Figure 14 with a schematic diagram. The
alloying elements of M23C6 were C, W, and Cr, and the dissolution of M23C6 increased as the peak
temperature increased. In the equilibrium diagram, M23C6 should be completely dissolved at over
800 ◦C, but it was almost dissolved in the peak temperature range of 1250–1350 ◦C by the thermal
cycle of rapid heating and quenching. Subsequently, the C, W, and Cr alloying elements of M23C6
did not completely diffuse to the matrix and created concentrated regions. As the peak temperature
increased, the diffusion of C, W, and Cr increased and the concentration of C, W, and Cr decreased.
Therefore, when the concentrations of C, W, and Cr were high, austenite was stable. However, as the
peak temperature increased, the alloying component region where the austenite was stable moved to
the alloy component region where the martensite was stable.
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5. Conclusions

The microstructural features and precipitate behaviors of CGHAZ (before PWHT) in SA213-T23
(2.25Cr-1.6W) material were analyzed. The findings are summarized as follows:

(1) When the base metal of T23 was etched with alkaline sodium picrate, the ivory color obtained
could be identified as tempered martensite and the brown color obtained was identified as bainite.
In the case of Murakami etching, carbide was observed, and the grain boundary precipitate was
M23C6 and the transgranular precipitate was MC.

(2) In order to investigate the microstructure formation process of CGHAZ, the microstructure of the
simulated HAZ at various peak temperatures (950–1350 ◦C) was observed by etching separately
with alkaline sodium picrate and nital. Alkaline-sodium-picrate-etched microstructures exhibited
a black dot or band, which was not observed in the nital-etched microstructure. The black dot
or band had a transgranular distribution, regardless of the nature of the prior austenite grain
boundary. As the temperature increased from 950 to 1350 ◦C, the black dot became wider and
thicker and turned into black bands.

(3) Rectangular M23C6 precipitate was present at the center of the black dot with the size of a few
micrometers at the peak temperatures of 950 and 1050 ◦C, and austenite was present around
the precipitates. As the peak temperature increased (1150–1350 ◦C), the M23C6 and austenite
decreased, and the martensite phase, which is the same as the matrix, increased in the black
band region.

(4) In the EPMA analysis, the M23C6 (C-, W-, and Cr-rich phases) precipitate of the prior austenite
grain boundary in the base metal gradually dissolved with the increase in peak temperature
(950–1350 ◦C). Therefore, it was observed that C, W, and Cr, which are the main alloying elements
of M23C6, gradually diffused into the matrix. Therefore, the M23C6 with a size less than 1 µm
in the base metal changed to a black dot that was coarser than the M23C6 in the base material
when the peak temperature increased to 950 and 1050 ◦C. As the peak temperature increased
from 1050 to 1350 ◦C, the M23C6 carbide changed into a thick black band because M23C6 (C, W-,
and Cr-rich phases) gradually dissolved and diffused into the matrix. According to the amount
of M23C6 diffusion, the Schaeffler diagram showed that the alloying component of the black dot
(C: 0.6–1.0%; W: 3–4%; Cr: 7–12%) at the peak temperature of 1050 ◦C was the austenite region
and that the alloy component of the black band (C: 0.2–0.3%; W: 2–3%; Cr: 2–3%) at the peak
temperature of 1350 ◦C was the martensite region.

(5) In the calculation using Thermo-Calc, the M23C6 carbide (C-, W-, and Cr-rich phases) was stable
at 800 ◦C or less. M23C6 dissolved above 800 ◦C, and the size and volume fraction of the M23C6
carbide decreased rapidly as the peak temperature increased (950–1350 ◦C). Therefore, it was
concluded that the austenite grain size increased because the precipitates that interfered with
grain boundary migration decreased.

As a preliminary study of reheat cracking, the main purpose of this study is to show that C, W,
and Cr segregations exist in the CGHAZ due to the carbide of the base metal. The segregation zone of
CGHAZ was found to precipitate M7C3 and M23C6 during PWHT, which confirmed that it affected
reheat cracking. Therefore, while this first paper investigates the mechanism by which segregation
is generated in the CGHAZ, a second paper will present the effect of segregation of the CGHAZ on
reheat cracking.
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