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FULL PAPER
On the Relationship between the Chromium
Concentration, the Z-Phase Formation and the Creep
Strength of Ferritic-Martensitic Steels
Hao Yu, Wei Xu,* and Sybrand van der Zwaag
In this study, the long term creep strength behavior of commercial heat
resistant martensitic/ferritic steels with Cr levels ranging from 1 to 15wt% is
analyzed by linking their computed equilibrium compositions to their creep
properties. At lower Cr levels, the calculated strength due to precipitation
hardening agrees well with the experimental results. At high chromium levels
and longer exposure times, an accelerated strength loss due to the formation
of Z-phase precipitates has been reported. The accelerated strength loss is
computationally analyzed and a correlation between accelerated strength loss
and Z-phase formation is confirmed. A study is made to explore the option
of adjusting the chemical composition of existing high-chromium steels to
reduce the driving force for Z-phase formation. However, no proper
composition ranges are found which combine a high Cr concentration with a
significantly lower driving force for Z-phase formation.
1. Introduction

Creep resistant steels that combine ahighcreepstrengthwithahigh
corrosion and oxidation resistance are a key requirement for the
construction of efficient and long-lasting power plants. Power plant
design has sought to increase the overall fuel efficiency by bringing
the operating conditions tohigher pressures and temperatures. The
increase in the severity of the operating conditions has led to
ongoing research into thedevelopmentof creep-resistant steelswith
even more outstanding mechanical properties and corrosion
resistance at elevated temperatures.[1] The development has also
led to a renewed interest in understanding the role of chromium
concentration in the time dependent creep strength.
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Low-alloy ferritic/bainitic steels with low
chromium and molybdenum levels
(1/2Cr1/2Mo, 1CrMo, 2CrMo etc.), which
were developed at the beginning of the
1920s, were commonly used for the compo-
nents of the first generation power station
boilers. It was general practice to use these
steels for installations with a service tem-
perature between 450 and 500 �C and a
pressure of 35 bar.[2] However the increase
in service temperature and service pressure
has necessitated the raise of the chromium
level in such steels. Progress in recent years
has led to the development of high-strength
9–12% Chromium martensitic steels.[3,4]

Their high creep strength at 600 �C is
guaranteed by the tempered martensitic
matrix, containing solid solution strength-
ening alloying elements and particle
strengthening with carbonitrides.[5–7] With
higher operating temperatures approaching 650 �C, even higher
Cr levels are required for better oxidation resistance. To ensure a
fullymartensiticmicrostructure, the increasedchromiumcontent
has to be balanced by the addition of elements that stabilize the
austenite phase without reducing the ferrite/austenite transfor-
mation temperature. Cobalt and copper have been the favored
additionsand thenewer12%chromiumsteelsusually containone
of these elements. However, attempts to apply 12% Cr steels at
650 �C have largely failed, since under this condition the fineMX
particles which provide a major strengthening contribution
transform into relatively coarse Z-phase particles.[8–10] The
development of Z-phase has been held responsible for the
decrease in long term creep properties as well as the decrease in
corrosion resistance, since the formation of Z-phase not only
causes the dissolution of desirable MX precipitates,[11] but it also
might consume some of the chromium in solid solution in the
matrix which is required for the formation of a corrosion resistant
surface layer. InHald’s research,[10] one possible solution to avoid
Z-phase in high Cr steels is to eliminate the Z-phase forming
elements suchasVandNband replace thembyTi, sinceTiN is the
only nitride in steels which cannot transform into Z-phase.
However, the TiN nitrides generally do not make a significant
contribute to the high temperature strength, hence, the problem
how to suppressing Z-phase formation in heat resistant
martensitic steels with high Cr levels (Cr wt% > 11) operating
under a prescribed service temperature of 600–650 �C still
remains unsolved.[12]
018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The development of creep resistant steels functioning at
higher temperatures required a new concept for high
chromium steel,[13] and led to the development of fully ferritic
steels with a chromium content of 14% or more, not
undergoing a martensitic transformation. Due to the extremely
low solubility of carbon and nitrogen in ferrite, it will not be
possible to produce a significant and stable dispersion of
strengthening carbides and nitrides. Instead, intermetallic
phases, such as the Laves phases, should be considered
provided that such precipitates are sufficiently fine and
resistant to coarsening at the applied temperatures. To validate
the feasibility of a ferritic matrix, Kimura et al.[14] have
investigated the effect of initial microstructure on the long-term
creep strength, assuming that fully annealed steels with a
ferritic matrix and a relatively low dislocation density would
perform better under long-term service conditions. Based on
this concept, novel ferritic steels with 15% Cr level have been
developed in which the precipitation strengthening is due to
intermetallic compounds.[15] However, as stated above the
formation of strengthening intermetallic particles consumes Cr
in solid solution. Also, a high level of Cr leads to a
microstructural instability and strongly promotes the formation
of a detrimental Z-phase during long time creep exposure.
Whether the remaining Cr content in the matrix can ensure the
long term oxidation resistance at elevated service temperature
appears doubtful.[16] As on the one hand a sufficiently high Cr
level is beneficial for high temperature corrosion and oxidation
stability, while on the other hand an increase in Cr level
promotes the formation of a detrimental phase, it is useful to
analyze the possibility to tailor the overall chemical composi-
tion of high Cr ferritic steels to reduce the tendency to Z-phase
formation.

The present study is a thermodynamic/computational
analysis of both the creep strength behavior as a function of
the Cr level over the range 1–15wt% and an exploration of
compositional modifications to reduce Z-phase formation in
15wt% Cr steels to be used at 650 �C or above.
2. Results and Discussion

2.1. Existing Martensitic/Ferritic Steel with Different Cr
Level

Table 1 shows the chemical composition of some existing heat
resistant steels listed in order of their Cr level,[2,15,17–19] and
decade in which the steel was introduced in the market is
reported.[1,2] For the commercial grades, the specification ranges
of their alloying elements are listed as well. As mentioned above,
these heat resistant steels can be roughly divided into three
groups: Low-alloy ferritic steels (1–4%Cr); 9–12Cr martensitic
steels and 15Cr ferritic steels. The chemical compositions of the
low-alloy ferritic steels are quite similar in their C, Si, Mn, and
Mo levels, yet have different Cr levels. Si is a ferrite former
whereas Mn is an austenite former. The Mn/Si balance controls
the high temperature stability of the ferritic matrix and also
contributes to a proper toughness. The addition of Mo provides
some solid solution strengthening, thereby effectively enhancing
the creep properties.[20]
steel research int. 2018, 89, 1800177 1800177 (
With respect to 9–12Cr steels, the 15Cr steels are more heavily
alloyed to achieve better high-temperature mechanical proper-
ties. All high Cr alloys contain a similar alloying level of V, Nb,
and N, which produces finely distributed MX carbonitrides and a
remarkable precipitation strengthening. In contrast, the alloying
levels of Mo and W vary with the different steel grades. These
elements not only act as solid solution strengtheners but also as
Laves phase formers, in order to provide particle strengthening.
The addition of austenite stabilizers such as Co, Ni, and Cu, to
high-Cr grades (Cr%> 11%), aims to maintain the Cr equivalent
while inhibiting the formation of δ-ferrite The Boron addition,
according to the literature,[21,22] helps to retard the coarsening of
the M23C6 carbides near the prior austenite grain boundaries,
which decreases the minimum creep rate and increases the time
to rupture. As shown in Table 1, the 15Cr ferritic steels are
relatively highly alloyed with Mo, W, and Co compared to 9–12Cr
grades, the effect of which on the mechanical properties will be
discussed in the next section.

The equilibrium phase fractions of the various strengthening
phases (in vol%) at a service temperature of 650 �C, as calculated
by Thermo-Calc are listed in Table 2. Here, the thermodynamic
calculation ignores the effects of applied stresses on their
equilibrium phase configuration, since the simulation of stress
field is beyond the ability of Thermo-Calc calculation. For low-
alloy steels with a ferritic matrix, only M23C6 carbides play a
significant role as strengthening particles, and the amount of
M23C6 particles increases slightly with the addition of Cr. Despite
the difference in chemical concentration, the 9–12%Cr steel
grades share an almost identical as-temperedmartensitic matrix.
The characteristics of the precipitates present, such as the M23C6

or the Laves phase, intrinsically determine the creep properties
during service, as the precipitates pin the movement of
dislocations, that is, reduce the creep rate, and retard the
recovery of martensitic lath boundaries. Compared to low-alloy
steels, the higher amount of precipitates in 9–12%Cr steels
provides a considerable contribution to the high-temperature
properties. According to the thermodynamic calculations the
undesirable coarse Z-phase particles can be present in 9–12Cr
and 15Cr steels, while noMNphases are identified. The reason is
that MN nitrides are thermodynamically less stable than the
Z-phase according to Danielsen’s research.[8,23] The precipitation
of Z-phase at the expense of MN nitrides has been confirmed as
the root cause of the observed premature failure during long-
time creep test. 15Cr steels contain a higher amount of Laves
phase particles which act as their major strength contributor.
2.2. Creep Properties of Existing Martensitic/Ferritic Steel

Figure 1 shows the reported creep strength values of existing
Cr-containing steels as a function of time at a fixed temperature
of 650 �C.[2,6,15,17,24] As intended, the low-alloying heat resistance
steels show a much lower creep rupture stress compared to high
Cr containing steels for a given rupture time, since low alloying
steels are designed to operate at the temperature below 500 �C.
Within the low-alloyed steel group, only minor differences in
creep properties can be found. The complex dependence of creep
properties on alloying conditions and service condition can
hardly be analyzed systematically, and the effect of Cr content on
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 8)
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creep properties is largely submerged in the other influencing
factors. The creep curves show that the 15Cr6W3Co, SAVE12,
NF12, and P122 commercial and pre-commercial grades
perform better than the other counterparts. A qualitative
analysis by combining Figure 1 with the results in Tables I
and II, the mentioned steels performing better generally contain
higher levels of WþMo, leading to higher amounts of Laves
phases present. The contributions of the W, Mo-enriched Laves
phase to the creep performances will be analyzed in the
following section. Finally, a remarkable drop in creep strength at
longer creep time can be found in 15Cr6W3Co, SAVE12, and
P122 steels. The reason for the reduction in strength will be
computationally analyzed.

As grain boundary strengthening does not play a major role
in creep resistant steels, the precipitation hardening and solid
solution strengthening are the most effective methods to raise
the creep strength. In our previous work, the precipitation
strengthening contribution in creep resistant steels has been
shown to be inversely proportional to the inter-particle spacing,
which in general is a function of the particle volume fraction,
the initial particle size and coarsening kinetics of the
precipitates.[25–27] The following expression is used to calculate
the time-dependent precipitate strengthening factor while
taking into account precipitate coarsening and its temperature
dependence:

σp/1
�
L ¼

ffiffiffiffi
f p

p .
r
¼

ffiffiffiffi
f p

p .
ffiffiffiffiffiffiffiffiffi
r3oþKt3

p ð1Þ

γ0 ¼ 2γ�
ΔGV

ð2Þ

K ¼ 8γVp
m
.Pn

i¼1

9 xpi � xmp
i

� �2
xmp
i D

i
�
RT

ð3Þ

where L is the average inter-particle spacing, fp is the
equilibrium volume fraction of the strengthening precipitates at
the service temperature, r0 is the critical precipitate nucleus size,
γ is matrix-precipitate interfacial energy, ΔGv is volume
thermodynamic driving force for the precipitation. Vp

m is
the molar volume of precipitate. K is the factor of coarsening
rate and t is the exposure time at the high temperature. x is
equilibrium interface mole fraction of the precipitation former
elements on both matrix (m) and precipitate (p) sides. T is the
service temperature and D is the corresponding diffusion
coefficient. In the calculations the interfacial energy is arbitrarily
set at a fixed value of 1 Jm�2 irrespective of the precipitate size or
type. This is a slight simplification but helps in illustrating the
effect of precipitate coarsening. All thermodynamic parameter
values including fp, ΔGv, x

p
i , x

mp
i , Di, and Vp

m required during the
calculations were calculated via Thermo-Calc using the TCFE6
and MOBFE1 databases. The equation shows that the highest
strengthening factors are obtained for high volume fractions and
small and constant precipitate sizes, that is, precipitates showing
a very low coarsening rate. The computational details of the
model and its application to MX precipitation strengthened
creep resistant steel design can be found elsewhere.[25–27] In the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 8)
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Table 2. The calculated microstructure of existing Cr-containing steels
at 650 �C (in vol%, F indicates Ferrite and M indicates Martensite,
with matrix to balance).

Precipitates

Grades Matrix M23C6 Laves Z-phase Others

P11/STB 22 F 2.84 - -

STBA23 F 2.82 - -

P22/STBA24 F 2.95 - -

STBA25 F 2.96 - -

P9/STBA26 F 3.00 - -

P91 M 1.99 - 0.60

P92 M 1.40 1.10 0.50

MARN M 1.56 1.71 0.25 0.02NbC

NF12 M 2.00 1.63 0.64 0.18M2N

SAVE12 M 1.85 1.99 0.37 0,07TaC

P122 M 2.20 1.35 0.67 0.08M2N

15Cr3W3Co F 2.00 3.10 0.59 0.31M2N

15Cr6W3Co F 1.00 6.70 0.50

Figure 1. Stress-rupture data for heat resistant steels at 650 �C.

www.advancedsciencenews.com www.steel-research.de
present calculations, the temperature and the creep time are
fixed at 650 �C and 104 h, respectively.

With respect to solid solution strengthening, the solid
solution strengthening factor was taken to be the weighted
contribution of atomic concentration of solutes, which can be
formulated as

Δσss ¼ α
P

i Six
mp
i ð4Þ

where α is a temperature dependent scalar, and Si is the (room
temperature) solid solution strengthening coefficient which
combines size misfit and modulus misfit effect. For the solid
solution elements in this work, the strengthening coefficients at
room temperature were determined from literature data on
binary Fe–Msystems and actual values are shown inTable 3.[28,29]

Although in the reliable ranking of the alloy the actual value of α
does not play a role, a value of α¼ 0.25 was used based on the
calibration study in literature.[30]

The precipitation strengthening factors after 104 h at 650 �C
due M23C6 and Laves phase contributions as well as the solid
solution strengthening factors for the selected Cr containing
steels are shown in Figure 2. It can be seen that the solid solution
strengthening factor of all steels, marked by blue dots, fluctuates
between 49 and 70 among all the grades. The much larger
differences in creep strength shown in Figure 1 are mainly due
to the difference in the contributions of precipitation strength-
ening. The black and red bars in Figure 2 shows that no great
difference in the strengthening effect of M23C6 carbides can be
found among the heat resistant steels, while the Laves phase
Table 3. Strengthening coefficient for alloying elements at room temperatu

Element C N Si Ni Ti

Si 1103.45 1103.45 25.80 19.20 17.90

steel research int. 2018, 89, 1800177 1800177 (
makes significantly different contributions to the creep
strengthening. The sum of the precipitation strengthening
factors matches the creep properties in Figure 1 with a
reasonable sequence, which shows that 15Cr6W3Co performs
best, followed by SAVE12 and NF12 alloys. The reason why only
M23C6 and Laves phase are considered as strengthening phases
in this calculation and theMX carbonitrides are ignored is due to
the selected service time (t¼ 104 h) which in high Cr steels (Cr%
� 12) is sufficiently long for completion of the Z-phase
formation depleting the MX carbonitrides population.[12] The
coarse Z-phase precipitates do not contribute to the creep
strength (i.e., at best do not introduce premature cracking) and
are therefore also left out in the summation of strengthening
factors. It should be mentioned that for the 9–11%Cr creep
resistant steels the formation of Z-phase will not be finished
completely in 104 h as a result of the lower thermodynamic
driving force at lower Cr concentrations.[12] The result indicates
that the calculated precipitation strengthening factors for P91,
P92, NF12, and SAVE12 steels are underestimates since the
contribution from retained MX carbonitrides is ignored.

In Figure 3, the experimental creep rupture stresses at 104 h
obtained from the curves in Figure 1 are compared with the
calculated precipitation strengthening factors from Figure 2. All
data are within a linear scatter band as indicated by the two
parallel dotted lines. As mentioned previously, the pre-set time
104 h is not sufficient long for complete Z-phase transformation
in relative low-Cr (Cr%< 12) steels. As a result, the precipitation
strengthening factors of P91, P92, NF12, and SAVE12 steels are
underestimates due to effects of retained MX not being taking
into account in the calculations. This is corresponding to the data
points for P91, P92, NF12, and SAVE12 steels on the lower limit
of the parallel dotted line. This suggest that a better linear
relationship can be expected if the as yet non-quantifiable
contributions of MX and Z-phase precipitates were taken into
account. Nevertheless, by employing the current precipitation
strengthening factor as the creep strength indicator and taking
re (MPa per at%).

Mn Mo W Al Cr Co V

16.90 15.90 31.8 9.00 2.60 2.10 2.00

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 8)
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Figure 2. The calculated precipitation strengthening factor of M23C6 and
Laves phase in existing Cr containing steels, at the temperature of 650 �C
and service time of 104 h; and the calculated solid solution strengthening
factor of existing Cr containing steels.

Figure 4. The calculated equilibrium precipitate populations (columns on
left) and the precipitate populations with Z-phase being computationally
suppressed (columns on right) for heat resistant steels.
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the contributions of solid solution strengthening as more or less
constant, the model predicts the relative ranking of the selected
commercial and pre-commercial steel grades rather well.
2.3. The Microstructural Changes as a Result of Z-Phase
Formation

The formation of Z-phase and its consequence for so-called
premature failure has been mentioned repeatedly in the
literature when the experimental creep data and the correspond-
ing changes in the microstructure were analyzed and correlated.
To have a better understanding of the effect ofZ-phase formation
on the precipitate population, the thermodynamically calculated
precipitate volume fractions in our selected heat resistant
steelsare plotted in Figure 4 with either the Z-phase computa-
tionally suppressed or allowed. The results show that for the
alloys P91, MARN, SAVE12, and 15Cr6W3Co, the Z-phase
Figure 3. The calculated precipitation strengthening factor versus the
experimental creep rupture for selected steels, both for exposure to 650 �C
for 104 h.

steel research int. 2018, 89, 1800177 1800177 (
develops solely at the expense of the strengthening MX particles.
For the P92, NF12, P122, and 15Cr3W3Co alloys, theZ-phase not
only originates from MX carbonitrides but also from
M2N particles. The predictions that M2N nitrides partially
transform into Z-phase particles agrees well with experimental
observations.[31,32] However, no clear relationship between the
maximum volume fraction of MX particles and the maximum
amount of final Z-phase particles is found. To get this
correlations clearer, a further investigation of the dislocation-
pinning characteristics of consumed MX and the Z-phase
particles formed would be required.
2.4. The Strength Loss Due to Z-Phase Formation

In the experimental creep curves shown in Figure 1, some steels
show an accelerated degradation of the creep strength at long
exposure times. To relate the accelerated strength loss to the
Z-phase formation, the total precipitation strengthening factor is
decomposed into its constituent terms using the results of the
calculated microstructural changes shown in Figure 4. The black
columns in Figure 5 present the “stable strength” which is
contributed by the equilibrium (i.e., surviving) Laves phase and
M23C6 carbides, while the gray columns marks the contribution
of the MX carbonitrides to the precipitation hardening before
they are transformed into non-strength-contributing Z-phase
particles. For the MARN and SAVE12 steels, only very small
amounts of stable MX strengthening carbides are present. In the
calculations, the (negative) contributions of both newly formed
Z-phase and M2N nitrides to the precipitation hardening factor
are neglected, thus the sum of two represents the “ideal”
precipitation hardening contribution. The results show that the
precipitation related strength component of commercial grades
P91 and P122 is almost halved after Z-phase formation, while
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 8)
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Figure 5. The calculated precipitation factor after 104 h due to the surviving precipitates (M23C6þ Laves phase) and the MX carbonitrides to be
consumed in the Z-phase formation.
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NF12, SAVE12, MARN, and 15Cr6W3Co steels only 1/3 of their
precipitation strength is lost due to the disappearance of MX
particles. The significant strength loss in precipitation strength-
ening factor as a result of the Z-phase formation encouraged us
to conduct a more detailed analysis of the driving force for
Z-phase formation.
2.5. The Driving Force for the Z-Phase Formation

Chromium has the most significant effect among all the
alloying elements on the kinetics of Z-phase formation.[8]

Experimental observations[12] show that in a 12%Cr steel the
Z-phase precipitated 20 to 50 times faster than in 9%Cr steel,
which is supported by a theoretical model indicating that an
increase in Cr level strongly accelerates the Z-phase forma-
tion.[23] Figure 6 shows the calculated driving force for Z-phase
formation in exiting heat resistant steels, as well as the
calculated upper and lower limit of Z-phase driving force with
specification permitted C concentration differences as a
function of Cr concentration in matrix as at 650 �C. From
the middle black dash line in Figure 6, a clear linear
relationship can be found between the calculated driving force
of Z-phase in the selected steels and the Cr concentration in the
matrix, which demonstrates that alloys with a high solid Cr
concentration in solid solution are more prone to have a rapid
Z-phase precipitation, while the transformation in low Cr steels
steel research int. 2018, 89, 1800177 1800177 (
should be more sluggish. Danielsen’s simulation results[23]

show that only Cr and C have a significant influence on the
kinetics of Z-phase formation, while the effect of other Z-phase
forming elements such as Nb, Mo, and V was found to be
minor. The changes in Z-phase driving force as a function of
the specification permitted C- content variations are shown in
Figure 6 for the selected heat resistant steels. The blue spots
mark the upper limit of Z-phase driving force for the minimum
concentration of C concentration allowed in the steel
specifications, while the red spots marks the Z-phase driving
force for highest permitted C concentration. The blue and red
dotted lines mark the variation range of the driving force in
Z-phase transformation for the existing steels. The results
indicate the possibility to reduce the driving force of Z-phase
through tuning their element concentration. However, the
adjustment in chemical concentration may cause complex
synergies in thermodynamic as well as microstructural
properties. The feasibility of element adjustment to lower
the driving force for Z-phase formation will be discussed in the
following paragraph.
2.6. Exploring the Option to Reduce the Z-Phase Formation
at High Cr Levels

While on the one hand a high Chromium level is desirable
because it leads to a better corrosion and oxidation resistance as
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6 of 8)
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Figure 6. The calculated driving force for Z-phase formation in exiting
heat resistant steels (in black dash line), as well as the calculated upper
and lower limit of Z-phase driving force with specification permitted
C concentration differences (in blue and red dot lines), as a function of
Cr concentration in matrix as at 650 �C.

Figure 7. The binary isopleths of C–Cr for the calculated driving force of
Z-phase in commercial grades a) P122 and b) 15Cr6W3Co steels. The
black star symbols show the nominal concentration values for the P122
and 15Cr6W3Co alloys, respectively.
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well as a higher initial strength, a high Cr level also leads to a
high driving force for Z-phase formation and hence a more
significant strength loss at long creep times. In Figure 7, the
calculated driving force for Z-phase formation at 650 �C as a
function of the two dominant alloying elements for Z-phase
formation Cr and C[23] has been plotted, for two high Cr steels
P122 and 15Cr6W3Co (see Table 1 for the concentration values
for the other alloying elements) which showed the steepest drop
in creep strength due to Z-phase formation. Using a graphical
presentationmode first presented in reference[33] in each Figure,
not only the driving force is presented via the background color
contour but for each composition the thermodynamically
predicted occurrence of other undesirable microstructural
phenomena which would have a very negative effect on the
creep performance, is indicated by different forms of shading.
The black horizontal, black vertical, and white vertical slash
patterns mark the domains where 1) the volume fraction of
austenite at the homogenization temperature is less than 99%
(i.e., δ ferrite or big primary carbides are present); 2) the Cr
concentration in the matrix below 12% after formation of all
equilibrium precipitates (i.e., the corrosion resistance would be
poor); and 3) the volume fraction of undesirable intermetallic
steel research int. 2018, 89, 1800177 1800177 (
phase (excluding matrix, Laves phase, and M23C6 particles) at
650 �C is higher than 1%. The white regions close to the Cr-axis
contain compositions where Thermo-Calc equilibrium calcula-
tion cannot be successfully performed. An unmarked areas
would mark a composition region which would lead to the
absence of undesirable microstructural phases and hence to
optimal creep strength properties.

In Figure 7a, the background color contours show that
Z-phase driving force rises with the increase of Cr concentration,
while decreases as the C content increases, in agreement with
the work by Danielsen. The Figure shows that (given the
temperature of 650 �C and the other alloying element concen-
trations being at the level of those of the base alloy P122) there
are no compositional domains which satisfy all constraints. The
nominal P122 composition is located in the place where Cr
concentration in solid solution in the matrix after formation of
all precipitates is below the set level of 12%. In the middle area,
the development of δ-ferrite consumes toomuch Cr in thematrix
which reduces the volume fraction of austenite at the
homogenisation temperature to unacceptably low levels, thereby,
preventing the formation of a uniform martensitic microstruc-
ture. In the upper part of the Figure, high amounts of Z-phase
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim7 of 8)
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and σ phase are responsible for unattractive properties. The
Figure clearly shows the P122 composition has some intrinsic
deficiencies and a high tendency to form Z-phase but these
characteristics cannot be resolved by adjustments in Cr or C level
(nor by modest adjustments in any of the other alloying
elements; results not shown but calculations performed).

In Figure 7b, a very narrow unmarked area can be found at the
top left corner of the whole area, close to the nominal
composition of 15Cr6W3Co steel, and this indicates that the
composition of this steel grade is very well selected, but also that
the steel has a high tendency to formZ-phases. This prediction is
in excellent agreement with the experimental creep data as
plotted in Figure 1, which shows the steel to have a the initial
strength but a tendency to show accelerated creep strength loss at
long testing times.
3. Conclusions
1)
stee
Heat resistant steels with different Cr levels have been
employed. Their precipitation hardening effects and solid
solution strengthening effects are calculated at 650 �C. The
calculated creep properties has been compared with the
experimental creep strength values and the results confirms
that precipitation strengthening factor can reproduce the
creep strength rather well.
2)
 The microstructural changes due to the long term exposure
at 650 �C as a result of the Z-phase formation are analyzed
using thermodynamics. The analysis indicates that acceler-
ated creep strength loss is related to the consumption of the
strengthening MX carbonitrides. At a service temperature of
650 �C, a high Cr level will unavoidably promote the
formation of Z-phase.
3)
 By exploring the binary effect of two dominant alloying
elements Cr and C on Z-phase formation, It was found not
possible to propose compositional adjustments which lead to
a combination of a high Cr level (12–15%Cr) and a reduced
tendency to form Z-phase precipitates, while meeting all
other requirements for a desirable starting microstructure.
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