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This study was conducted to understand the relationship between various critical temperatures and the
stability of the secondary phases inside the heat-affected-zone (HAZ) of welded Grade 91 (Gr.91) steel
parts. Type IV cracking has been observed in the HAZ, and it is widely accepted that the stabilities of
the secondary phases in Gr.91 steel are critical to the creep resistance, which is related to the crack failure
of this steel. In this work, the stabilities of the secondary phases, including those of the M23C6, MX, and Z
phases, were simulated by computational thermodynamics. Equilibrium cooling and Scheil simulations
were carried out in order to understand the phase stability in welded Gr.91 steel. The effect of four critical
temperatures—that is, Ac1 (the threshold temperature at which austenite begins to form), Ac3 (the
threshold temperature at which ferrite is fully transformed into austenite), and the M23C6 and Z phase
threshold temperatures—on the thickness of the HAZ and phase stability in the HAZ is discussed.
Overall, the simulations presented in this paper explain the mechanisms that can affect the creep resis-
tance of Gr.91 steel, and can offer a possible solution to the problem of how to increase creep resistance at
elevated temperatures by optimizing the steel composition, welding, and heat treatment process
parameters. The simulation results from this work provide guidance for future alloy development to
improve creep resistance in order to prevent type IV cracking.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Grade 91 (Gr.91) steel is a high-chromium (Cr) ferritic–marten-
sitic structural steel that was originally produced by Oak Ridge
National Laboratory in the 1970s, and that has been extensively
utilized by the power industries, most notably for thick-section
boiler components [1]. This alloy steel has high creep resistance,
due to the formation of fine secondary-phase M23C6 and MX parti-
cles in the matrix and grain boundaries. However, past studies
have established that there are two possible mechanisms of pre-
mature creep failure, which cause the formation of type IV cracks
along the heat-affected-zone (HAZ) that can be observed under
short-term or long-term creep tests. Short-term creep tests are
performed at higher temperatures and under high stresses, while
long-term creep tests are optimized for longer periods of time with
lower temperatures and low stresses. The first mechanism of
premature creep failure is the coarsening of M23C6 at high
temperature and high stress, which occurs during short-term creep
testing [2–4]. M23C6 is viewed as a beneficial phase in the initial
microstructure, due to its fine particle size. However, volume per-
centage increase and particle size coarsening of M23C6 are typically
observed during or after heat treatment, changing M23C6 into a
secondary phase that is detrimental for creep resistance. The
second mechanism is the precipitation of the detrimental Z phase;
this occurs under the low temperature and low stress of long-term
tests [3,5–7], and ‘‘eats” away the fine MX particles.

Decades of research on the issue of creep failure in Gr.91 steel
have involved extensive thermodynamic, kinetic, and crystallo-
graphic investigations, most of which have focused on direct
simulations of creep failure [3,8,9]. However, very few fundamental
investigations have been conducted on the stabilities of the critical
secondary phases, which are directly linked to the creep resistance
of this steel, even though computational thermodynamics is
widely accepted as an extremely useful means of providing predic-
tions and guidance for the design of new alloys—and especially of
steels. To address this issue, a thermodynamic investigation of
Gr.91 steel was carried out in order to examine the relationship
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between various critical temperatures and the stabilities of the
M23C6, MX, and Z phases within the HAZ, which can be used to pre-
dict and improve the creep resistance under both short-term and
long-term applications. This investigation paves the way for a
comprehensive understanding of how to optimize the alloy
composition to improve the creep resistance.

2. Literature review

2.1. Type IV cracks and creep resistance in Gr.91 steel

Creep resistance degradation is considered to be the main rea-
son for type IV cracks in welded Gr.91 steel, which occurs under
repeated cyclic loading. These cracks are mostly observed to occur
along the outer edge of the HAZ—more specifically, in the fine-
grain HAZ (FGHAZ) and intercritical HAZ (ICHAZ) (Fig. 1), which
are created by the welding process and will be explained in further
detail below. Various works have been carried out in order to
understand the formation mechanism of type IV cracks and to
propose a method to suppress these cracks. However, the exact
mechanism leading to critical failure along the HAZ is still
unknown, although many suggestions have been made [10–15].
From a thermodynamic viewpoint, it has been observed that
secondary phases, such as the M23C6, MX, and Z phases, not only
change the microstructure of the HAZ, but also directly affect the
alloys’ failure under long-term and short-term applications. The
formation and stability of secondary phases are determined by
the alloy composition, welding process parameters such as the
temperature gradient, and the alloy’s application conditions.
Therefore, thermodynamic simulations are an effective approach
to investigate the formation and stability of the secondary phases,
which could lead to the determination of the underlying
mechanism of type IV cracks.

2.2. Microstructure of the HAZ

The HAZ is considered to be the most likely place for premature
creep failure, since it has been widely observed to form type IV
cracks. Three main factors affect the microstructure evolution of the
HAZ and its subzones: ① the peak welding temperatures, ② the
Ac1 and Ac3 temperatures (defined below), and ③ the formation
and dissolution of M23C6 carbides [15,16]. The MX phase is not
considered during the formation of the HAZ because it does not
dissolve or destabilize duringwelding [17]. Studies have shown that
its changes aremuch smaller, due to its high thermal stability, small
coarsening, and fine distribution within the microstructure [17,18].
Therefore, the phase stability and coarsening of M23C6 are the
primary focus in most studies on the HAZ formation.

Fig. 1 shows the schematic microstructure of the HAZ and the
location of its three subzones in Gr.91 steel. After the welding
Fig. 1. Schematic microstructure of the HAZ and its three subzones formed during
the welding process: the coarse-grain HAZ (CGHAZ), FGHAZ, and ICHAZ.
process, Gr.91 steel has been observed to form three subzones
within the HAZ: the coarse-grain HAZ (CGHAZ), FGHAZ, and ICHAZ.
It is widely accepted that the microstructure of the HAZ is closely
related to the two Ac temperatures, Ac1 and Ac3. The Ac1 tempera-
ture is defined as the temperature at which austenite begins to
form, whereas the Ac3 temperature is the temperature at which
austenite transformation is completed. The first zone next to the
weld metal is the CGHAZ, which is located near the fusion line.
In this zone, the peak temperature during welding is above Ac3,
and is also higher than the M23C6 stability temperature region. In
the CGHAZ, M23C6 particles on the grain boundary dissolve into
the matrix, which reduces the pinning force, leading to coarsening
of the grains. In the FGHAZ, which is next to the CGHAZ, the peak
temperature is also above the Ac3, but lies within the M23C6

stability temperature region. Therefore, the M23C6 particles on
the grain boundary cannot dissolve into the matrix. Thus, very fine
grain size is observed in the FGHAZ due to the grain boundary
pinning effect from M23C6.

The ICHAZ, which is the smallest of the three zones, is located
furthest from the fusion line and has a peak temperature between
Ac1 and Ac3. This zone differs from the other two zones in that
upon cooling, a mixture of fresh martensite and ferrite forms,
whereas the CGHAZ and the FGHAZ contain mostly martensite
upon cooling. Hence, from a thermodynamic perspective, the
M23C6 stability region and the Ac temperatures are considered to
be the critical factors determining the microstructure of the HAZ
subzones. The Ac3 temperature determines the boundary location
between the CGHAZ and FGHAZ, and the Ac1 temperature
determines the boundary location between the ICHAZ and the
over-tempered region.
2.3. Long-term creep failure

Long-term creep tests of Gr.91 steel are defined as tests of a
material’s creep life expectancy that last for 100 000 h or more,
with the preferred stresses for testing being below 100 MPa
[5,7,18–20]. In these tests, the testing temperature will be as low
as 550 �C [5,7]. It has been observed that the Z phase will eventu-
ally form and reduce the creep resistance of the material [21]. The
Z phase has been particularly studied in the last few decades, and it
has been found that its formation can lead to a decrease of the fine
MX carbonitrides (M(C,N)) and to the disappearance of niobium
(Nb)-rich (NbX) MX phases [22,23], both of which are considered
to be beneficial to the material’s creep strength within the HAZ.
It is believed that the formation of the Z phase within the steel
determines the premature creep resistance damage during long-
term operations.
2.4. Short-term creep failure

To investigate the creep resistance mechanism over a short time
period, speed-up failure creep tests were designed. For example,
the total creep life resulting in short-term failure can vary from
100 to 1000 h at temperatures between 575 and 650 �C [24] and
under high stresses between 100 and 200 MPa, depending on the
heat-treatment conditions prior to testing [3,24]. The main obser-
vation is that the increase and coarsening of M23C6 particles influ-
ence the microstructure in the HAZ, and can lower the creep
resistance.

Many factors have been observed to affect the coarsening of
M23C6, including the presence of creep voids in the HAZ [25–27]
and neutron irradiation [28–31]. However, the mechanism of the
coarsening of M23C6 has been best described based on the Ostwald
ripening effect [20,32–35], which is considered to be the last
stage of precipitation and is mainly dependent on the working
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temperature of the material. Higher temperatures correspond to a
higher coarsening rate of M23C6.

2.5. Elements pertaining to Gr.91 secondary phases

Understanding the composition of the secondary phases and
the role of each element in contributing to the formation of
secondary phases such as the M23C6, MX, and Z phases is necessary
in order to study the different mechanisms of creep resistance
degradation in Gr.91 steel at various operation temperatures. The
typical concentration of each element and their tolerances under
the American Society of Mechanical Engineers (ASME) standards
[36] in the material are provided in Table 1. The ‘‘M” in M23C6

carbides represents the metals Cr, iron (Fe), or molybdenum (Mo),
while the ‘‘M” in MX represents vanadium (V) or Nb. The ‘‘X” in
MX represents carbon (C) or nitrogen (N), and has been observed
to vary throughout the material, making these phases carbides
(MC), nitrides (MN), or carbonitrides (M,(C,N)) [37]. The Z phase
forms at lower temperatures over the long-term usage of the mate-
rial [5]. Its crystal structure has three different sites—(Fe,Cr)(Mo,V,
Nb)(N,Va)—where Va stands for vacancies. This paper adapts the
notation of Cr(V,Nb)N for the Z phase for ease of comprehension,
since the Fe and Mo concentrations are extremely low.

In general, the elements in Gr.91 steel can be grouped into
two categories—ferrite (a-Fe) stabilizers and austenite (c-Fe)
stabilizers—which affect both the Ac temperatures and the stability
of the secondary phases. a-Fe stabilizers are elements added to the
steel alloy that have a large solubility in the a-Fe phase, thereby
increasing the alloy’s Ac temperatures; in contrast, c-Fe stabilizers
have a large solubility in the c-Fe phase, thereby decreasing the Ac
temperatures. C and N are both c-Fe stabilizers [38], and are both
essential to the stabilities of the MX and M23C6 precipitates that
form and coarsen during the normalization and tempering process
of the heat treatment. Cr, which is an a-Fe stabilizer [38], is the
most important element in the alloy. At sufficiently large concen-
trations, Cr can prevent oxidation and corrosion under aqueous
conditions. Cr is the essential element in the creation of the carbide
M23C6 that makes up most of the secondary phases that form
during the initial stages of heat treatment. Other precipitates also
form, such as the M7C3 (Cr7C3) and M2X (Cr2N) precipitates, if
changes are made to the composition [38,39]. Mo is an a-Fe stabi-
lizer that provides a solid solution for the M23C6 (Mo23C6) carbides
[38]. A limited amount needs to be added in order to prevent an
abundance of both Laves phase (Fe,Cr)2(Mo,W) and d-phase forma-
tion [37]. At low amounts of Cr, M2C (Mo2C) can form [39]. Lastly, V
and Nb (which are c-Fe stabilizers [38]) are strong suppliers to the
formation of MX, especially in Gr.91 steel. MX precipitates are
extremely stable even at temperatures higher than the normaliza-
tion process temperature, which makes them difficult to produce
but beneficial in improving the creep resistance.
3. Thermodynamic investigation

To determine the stability of the critical secondary phases in
Gr.91—that is, the M23C6, MX, and Z phases—the calculation of
phase diagrams (CALPHAD) approach based on computational
Table 1
Chemical composition from the ASME standard [36] and simulation of the Gr.91-based sy

Status Elements (wt%)

Cr C V Nb Mo N

ASME
standard

7.90–
9.60

0.06–
0.15

0.16–
0.27

0.05–
0.11

0.80–
1.10

0.025–
0.080

Simulation 8.75 0.10 0.215 0.08 0.95 0.05
thermodynamics was utilized by using Thermo-Calc and its
corresponding TCFE8 database. The CALPHAD approach was first
developed by Kaufman [40] to model complex multicomponent
materials and their corresponding equilibrium phases. The basic
concept of CALPHAD is to gather and analyze thermodynamic data
from individual phases and use this data to predict the properties
of materials under a wide range of temperatures, pressures, and
compositional conditions [41–48].

The chemical composition of the Gr.91-based system is shown
in Table 1. Here, the weight percentage of each element under
ASME standards [36] is compared with the composition chosen
for the current simulations. The alloy consists of more than 13
elements; however, only the most critical elements were selected
in the current thermodynamic simulations, especially for the
prediction of the stability of the secondary phases. Therefore, an
Fe–Cr–C–V–Nb–Mo–N (Gr.91-based system) alloy was chosen as
the base material for the investigation.
3.1. Isopleth diagrams of the Gr.91-based system

Fig. 2 shows the isopleth diagrams of the Gr.91-based system
with changes in the carbon concentration. More specifically,
Fig. 2(a) is the isopleth diagram for a C concentration ranging from
0 to 0.2 wt% at temperatures between 600 and 1600 �C, whereas
Fig. 2(b) is the diagram for 0–0.15 wt% of C at 700–1000 �C. The iso-
pleth diagrams show the phase stability region for the a and c
matrix phases along with the critical secondary phases, including
the MX phase, M23C6 phase, and Z phase.

It is worth noting that the MX phase has the same face-
centered cubic (fcc) crystal structure as the matrix c phase. How-
ever, the Gibbs energy of the MX has a miscibility gap, which
means that two fcc MX phases with different compositions can
be formed within a specific temperature region. This finding agrees
well with the experimental observations for this particular family
of alloys [49–53]. A more detailed discussion on the Gibbs energy
of the MX phases and the matrix c phase is provided in the subsec-
tion below. The MX phase can be described as a solid solution
phase with two sublattices: (V,Nb)(C,N). The first sublattice is
mainly occupied with V and Nb, while C and N occupy the second
sublattice. In the current work, MX1 is used to describe the MX
phase, which has a higher site fraction of N than C in the second
sublattice. MX2 is used to describe the phase in which the site frac-
tion of C is higher than that of N in the second sublattice.

Detailed simulations have been done to show that the composi-
tion of the M23C6 phase—that is, (Cr,Fe,Mo)23C6—does not change
much in this steel alloy; this phase has Cr as the dominant element
in the first sublattice, and forms in the lower temperature region
[38]. The Z phase—that is, (Fe,Cr)(Mo,V,Nb)(N,Va)—forms at even
lower temperatures; its composition does not change much, and
Cr and V are always the dominant elements in the first and the sec-
ond sublattices, respectively [23].

At 0.05 wt% of C, the first secondary phase that is precipitated
out during the temperature change from 1243 to 896 �C is the
MX1 phase. When the temperature drops to the Ac3 temperature
(896 �C), the c phase starts to transform into the a phase. As
the temperature decreases further, the other two secondary
stem.

Mn P S Si Al Ti Zr

0.25–
0.66

0.025
(max)

0.012
(max)

0.18–
0.56

0.02
(max)

0.01
(max)

0.01
(max)

— — — — — — —



Fig. 2. Phase diagrams of the Gr.91-based system, with the Ac1 (blue) and Ac3 (red) temperatures highlighted. (a) Overall phase diagram of the Gr.91-based system for
temperature ranges of 600–1600 �C at a range of 0–0.2 wt% of C; (b) close-up of the phase diagram at temperature ranges of 700–1000 �C and 0–0.15 wt% of C.
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phases—that is, the M23C6 phase and Z phase—become stable. It
should be noted that in regions with a carbon concentration higher
than 0.1 wt%, two types of MX phases—MX1 and MX2—become
stable due to the miscibility gap. For example, with an increase
in carbon concentration, the stable phases change from c + MX1
to c + MX1 + MX2 around 0.155 wt% of C at 1000 �C, as shown
in Fig. 2(a).

3.2. Gibbs energy of the fcc structure (c phase and MX phase)

In the CALPHAD approach, a single Gibbs energy description is
typically used to describe the phases that share the same crystal
structure [23]. As mentioned above, the c, MX1, and MX2 phases
all have the fcc structure. The MX phase is considered to be bene-
ficial for creep resistance because it is thermodynamically more
stable and has a very low coarsening rate in comparison with
M23C6 under short-term applications [38]. Therefore, it is worth-
while to take a closer look at this phase. Fig. 3 shows the Gibbs
energies of the c, MX1, and MX2 phases at 1000 �C. It can be seen
that the Gibbs energies of these three phases are very different,
even though the phases share the same crystal structure. In the
Fig. 3. Gibbs energy of the c, MX1, and MX2 phases in the Gr.91-based system at
1000 �C from 0 to 0.20 wt% of C.
region with less than 0.15 wt% of C, c and MX1 are the only stable
phases, while MX2 becomes stable in the region with a higher C
concentration. This result clearly explains the phase transforma-
tion shown at 1000 �C in Fig. 2(a).

3.3. Ac1 minimum austenite transformation temperature and Ac3
threshold ferrite temperature

The two Ac temperatures—Ac1 and Ac3—are critical in under-
standing the phase stabilities and the microstructure evolution
in the HAZ. In particular, the Ac3 temperature determines the
boundary between the FGHAZ and ICHAZ, and the Ac1 temperature
determines the boundary between the ICHAZ and the over-
tempered region, as discussed above (Fig. 1). Therefore, these
two Ac temperatures are closely linked with the formation of type
IV cracks, making it worthwhile to investigate the factors that
affect them. Fig. 4 shows the change of the Ac1 and Ac3 tempera-
tures in the Gr.91-based system (solid lines) in comparison with a
Fe–C binary system (dashed lines).

With an increase in the carbon concentration, as shown in
Fig. 4(a), the Ac1 temperature of the Gr.91-based system drops
from 890 to 830 �C, with the biggest difference happening in the
beginning, up to 0.01 wt% of C, and then gradually decreasing
afterwards. Similar behavior is seen for the Fe–C binary system;
however, the sudden change happens at a slightly higher carbon
concentration and drops from 910 to 738 �C. This sudden change
in both systems is due to the phase transformation. The Ac1
temperature from the Gr.91-based system is generally much
higher than that from the Fe–C system. This major difference
indicates that the alloying elements in Gr.91 greatly increase the
Ac1 temperature. Fig. 4(b) shows the Ac3 temperature vs. the
carbon concentration. The temperature drops from 954 �C for
0 wt% of C to 850 �C for 0.2 wt% of C for the Gr.91-based system,
whereas it drops from 910 to 837 �C for the Fe–C system. Similar
to Fig. 4(a), the slope change in the curve for the Gr.91-based
system at around 0.08 wt% of C represents a phase transformation
from a + c + MX1 + MX2 + M23C6 to a + c + MX1 + M23C6. A linear
relationship is observed for the Fe–C binary system, because there
is no phase transformation—that is, a and c are the only two stable
phases in this temperature range. Overall, these findings show that
Gr.91 shares similar Ac3 temperatures with the Fe–C binary
system in the typical C concentration range for Gr.91—that is, for
about 0.1 wt% of C.



Fig. 4. (a) Ac1 and (b) Ac3 temperatures (�C) vs. weight percentage of C for the Gr.91-based system simulation (solid line) in comparison with the Ac temperatures of the Fe–C
binary system (dashed line).
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3.4. Mole/site fraction of secondary phases under the equilibrium
condition

Fig. 5 shows the mole fraction of the secondary phases—that
is, the M23C6, MX, and Z phases—in the temperature range
between 600 and 1400 �C for the Gr.91-based steel. It can be seen
that the MX1 phase is stable between 770 and 1260 �C, while a
very limited amount of the fcc MX2 phase shows up briefly
between 847 and 890 �C. Fig. 6 shows the changes in the site
fraction in the first and second sublattices for the MX1 and
MX2 phases. For MX1, it shows that the dominant species in
the first sublattice changes from Nb to V with the decrease in
temperature, while N is always the dominant species in the sec-
ond sublattice. For the MX2 phase, Nb is always the dominant
species for the first sublattice, while C has a slightly higher site
fraction than N in the second sublattice. Therefore, V is an impor-
tant element in MX1 at lower temperatures.

M23C6 becomes stable when the temperature is lower than
870 �C, and quickly becomes the dominant secondary phase with
a decrease in temperature. Its dramatic concentration increase is
due to the c to a matrix phase transformation in that temperature
range, which corresponds to the sudden carbon solubility decrease
in the matrix.
Fig. 5. Mole fraction of the secondary phases in the Gr.91-based system.
Fig. 5 also shows that the Z phase is stable at temperatures
below 790 �C, when MX1 becomes unstable. The formation of the
Z phase takes V from the MX1 phase and causes the decomposition
of the MX1 phase. This likely to be the reason why it has been
experimentally observed that the Z phase ‘‘eats” away the MX
phase during low-temperature long-term creep tests [54].
3.5. Equilibrium cooling and Scheil simulations

The above equilibrium cooling simulation can be used to under-
stand the phase stability change during the ideal slow cooling.
However, a real sample does not always reach equilibrium at each
temperature under typical cooling conditions. Therefore, both
equilibrium cooling and Scheil simulations were carried out in
order to obtain a basic understanding of the phase stabilities under
real cooling conditions.

The equilibrium simulation, shown in Fig. 5, predicts the forma-
tion of secondary phases under equilibrium cooling conditions—
that is, the sample reaches global equilibrium at each temperature.
It is used to simulate the phase stabilities for an extremely slow
cooling rate. Meanwhile, the Scheil simulation predicts the forma-
tion of secondary phases under conditions similar to the quench
condition. There are three major assumptions for Scheil simula-
tions: ① No diffusion occurs in solid phases once they are formed;
② the liquid phase is homogeneous all the time; and ③ the local
equilibrium exists at the interface of the liquid and solid phases.
It has been widely accepted that the equilibrium cooling and Scheil
simulations can be adopted as the two boundary conditions. In
other words, equilibrium cooling corresponds to an extremely slow
cooling rate, while the Scheil simulation corresponds to a quench-
ing process. Therefore, the quantity of the solid phases under real
conditions should fall between what is predicted by the equilib-
rium cooling and Scheil simulations. In addition, using these two
simulations may provide guidance regarding phase stability
changes under various processing conditions, such as normaliza-
tion, tempering, welding, and post-welding heat treatment. Under
these conditions, the phase stability of the system will change
toward the equilibrium condition as the time increases.

Fig. 7 shows the formation of the secondary phases—the M23C6,
MX1, Z, and MX2 phases—during the solidification process of the
Gr.91-based steel from the equilibrium cooling (solid line) and
Scheil (dashed line) simulations. As shown in Fig. 7(a), the M23C6

phase precipitates out at 870 �C under equilibrium cooling



Fig. 6. Site fraction of Nb, V, C, and N (a,b) the MX1 and (c,d) the MX2 phases of the Gr.91-based system.
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conditions, but forms at 1225 �C during the Scheil simulation. In
addition, much less of the M23C6 phase will form during the Scheil
simulation than during equilibrium cooling. This result indicates
that the concentration of the M23C6 phase formed during the real
cooling processmay be less than that formedduring the equilibrium
simulations. Therefore, Gr.91 steel has a tendency to form much
more of the M23C6 phase under annealing/operation conditions at
elevated temperatures. This finding explains very well why much
more of the M23C6 phase has been observed in Gr.91 samples under
high-temperature short-term creep testing conditions [24].

On the other hand, the MX1 phase will form at 1260 �C during
equilibrium cooling, as shown in Fig. 7(b), but will disappear at
temperatures below 770 �C. Under fast cooling conditions, the
MX1 phase will form at 1410 �C; however, its maximum content
is much lower than that resulting from equilibrium cooling. This
finding indicates that the observed MX phase is a metastable phase
at typical operation temperatures, that its formation is due to the
fast cooling speed, and that it has a tendency to disappear under
high-temperature short-term creep testing conditions. The obser-
vations in Figs. 7(a) and (b) explain very well the increased molar
volume of the M23C6 phase and the disappearance of the MX phase
under high-temperature short-term creep test conditions [3].

Furthermore, Fig. 7(c) shows that the Z phase is a stable phase
under equilibrium cooling conditions, and its formation tempera-
ture is lower than those of the M23C6 and MX phases. However,
the Z phase does not form during the Scheil simulation, indicating
that formation of the Z phase is prohibited by the fast cooling rate.
This finding explains very well why the Z phase is not observed in
the initial microstructure, and why it gradually shows up and eats
away the MX phase under low-temperature long-term creep test
conditions [54]. For the MX2 phase, only a small fraction forms
during equilibrium simulations in a short temperature range, as
shown in Fig. 2(b) and Fig. 5, while the MX2 phase is not stable
at all during the Scheil simulations. Its stability will greatly depend
on the cooling rate and alloy compositions.

3.6. Alloy composition effects on creep resistance

Based on the systematic thermodynamic simulations, it was
found that the stabilities of various secondary phases are impera-
tive to the creep resistance of Gr.91 alloys. The simulation results
also show that the alloy composition affects the stabilities of the
secondary phases. To improve the creep resistance of Gr.91 alloys,
the alloy composition needs to be optimized in order to obtain the
desired microstructure in the HAZ after the welding process.

As shown in Fig. 8, there are four different critical temperatures
for Gr.91 alloys. Ac1 (the blue line) is the boundary between the
ICHAZ and the over-tempered region, while Ac3 (the red line) is
the boundary between the FGHAZ and the ICHAZ during welding.
The M23C6 threshold temperature (the black solid line) is defined
as the maximum temperature at which M23C6 is thermodynami-
cally stable. In welded alloys, this corresponds to the boundary
between the FGHAZ and the CGHAZ. As mentioned above, type
IV cracks only occur inside the FGHAZ and ICHAZ [55]. Many sug-
gestions have been made to explain why it is possible for type IV
cracks to be located within this region of the material [3,15];



Fig. 7. Results of the equilibrium cooling (solid line) and Scheil (dashed line) simulations for the Gr.91-based system. Molar fractions for (a) the M23C6 phase, (b) the MX1
phase, (c) the Z phase, and (d) the MX2 phase. The Z phase and MX2 phase were not stable during the Scheil simulations.

Fig. 8. Gr.91 M23C6 (black solid line) and Z phase (dashed line) threshold diagram,
along with the Ac1 (blue solid line) and Ac3 (red solid line) temperatures.
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however, from a thermodynamic point of view, two secondary
phases—M23C6 coarsening and Z phase formation—have been
observed and theorized to decrease the creep resistance between
the FGHAZ and the ICHAZ [20,23,56].

Assuming that the temperature gradient inside the HAZ dur-
ing the welding process is not changing, adjusting the Ac1,
Ac3, and M23C6 threshold temperature will have a large impact
on the thickness of the FGHAZ and ICHAZ. To reduce the whole
thickness of the FGHAZ and ICHAZ, it is necessary to reduce the
temperature difference between the Ac1 and M23C6 threshold
temperatures. As shown in Fig. 8, reducing the carbon concentra-
tion of Gr.91 should be helpful in reducing the chance of type IV
cracking.

High-temperature short-term creep resistance is related to the
coarsening of the M23C6 phase [20,32–35]. Therefore, the creep
resistance can be improved by reducing the thermodynamic
stability of M23C6. Based on Fig. 8, the M23C6 threshold temperature
will greatly decrease with a decrease in carbon concentration,
which will decrease the stability of the M23C6 at high temperatures
and thereby increase the high-temperature short-term creep
resistance.

Low-temperature long-term creep resistance is related to the
formation of the detrimental Z phase. Based on previous observa-
tions, the N-rich MX phase will eventually disappear through Cr
diffusion from the grain matrix into MX, eventually transforming
the MX phase into the Z phase [23]. From this observation, the
assumption is that by reducing the Z phase threshold temperature,
which is the maximum temperature at which the Z phase is ther-
modynamically stable, it should be possible to greatly improve the
long-term creep resistance. As illustrated in Fig. 8, a higher carbon
concentration will be helpful in improving the short-term creep
resistance.
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Similar thermodynamic simulations could be performed for the
alloying elements, in order to investigate the effects of alloy com-
position on creep resistance. The approach used in the current
work paves the way for the alloy composition optimization of
Gr.91 in order to improve the creep resistance of this alloy under
various applications.
4. Summary and future work

This work establishes a fundamental thermodynamic under-
standing using the CALPHAD approach by analyzing and simulating
the relationship among the Ac temperatures, M23C6, and Z phase
threshold temperatures, and stability and compositional change
of the M23C6, MX, and Z phases in the HAZ of Gr.91 steel.

Two different thermodynamic creep mechanisms under
different application conditions contributing to a decrease in creep
resistance and, eventually, type IV cracks in the HAZwere discussed:
① M23C6 coarsening under low stress and high temperatures for
short-term testing conditions through the Ostwald ripening effect
[20,32–35]; and ② Z phase formation under high stress and low
temperatures for long-term application conditions, which eventu-
ally decreases the overall MX phase stability within Gr.91 [22,23].

Equilibrium cooling and Scheil simulations were carried out to
show the phase stabilities under two extreme cooling condi-
tions—that is, extremely slow cooling and quench conditions. The
Scheil simulations showed the formation of a limited amount of
the M23C6 and MX1 phases under fast cooling conditions and above
1200 �C. In comparison, the equilibrium cooling simulations indi-
cated that much more of the M23C6 and Z phases form at low tem-
peratures. Meanwhile, the MX phase is thermodynamically
unstable and may disappear at operation temperatures. This find-
ing successfully explains the experimental observations of the for-
mation of more M23C6, the formation of the Z phase, and the
disappearance of the MX phase under creep test conditions.

In addition, effort was initiated to investigate the elements’
effects on creep resistance by using carbon as a case study. To be
specific, the effect of carbon on the four critical temperatures—that
is, Ac1, Ac3, the M23C6 threshold temperature, and the MX thresh-
old temperature—was investigated. The findings show that the
addition of carbon may have various effects on the microstructure
and phase stabilities. It may increase the overall thickness of the
FGHAZ and ICHAZ during the welding process, which in turn
may increase the likelihood of type IV cracking. Furthermore, the
addition of carbon may increase the stability of M23C6 and decrease
the stability of the Z phase, which may be detrimental to the short-
term creep resistance but beneficial to the long-term creep resis-
tance. However, based on the thermodynamic model of the sec-
ondary phases—that is, the M23C6 and Z phases—in Gr.91, it
cannot be concluded that there is a specific carbon concentration
that can change the overall stability of the secondary phases. The
model highlights the overall trend of the threshold phase stability,
while the mechanical properties can be altered depending on the
welding conditions, which can in turn affect the HAZ microstruc-
ture. Therefore, the alloy composition needs to be optimized
through both specific heat treatment conditions and creep experi-
ments. In addition, similar simulations can reveal the role of vari-
ous alloying elements in type IV cracking in the HAZ and in the
creep resistance of Gr.91 steel, and will be carried out in future
studies.
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