The Computational Design of W and Co-Containing Creep-
Resistant Steels with Barely Coarsening Laves Phase and
M.3Cg as the Strengthening Precipitates
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Generally, Laves phase and M»;Cqy are regarded as undesirable phases in creep-resistant steels
due to their very high-coarsening rates and the resulting depletion of beneficial alloying elements
from the matrix. In this study, a computational alloy design approach is presented to develop
martensitic steels strengthened by Laves phase and/or M,3Cg, for which the coarsening rates are
tailored such that they are at least one order of magnitude lower than those in existing alloys.
Their volume fractions are optimized by tuning the chemical composition in parallel. The
composition domain covering 10 alloying elements at realistic levels is searched by a genetic
algorithm to explore the full potential of simultaneous maximization of the volume fraction and
minimization of the precipitates coarsening rate. The calculations show that Co and W can
drastically reduce the coarsening rate of Laves and M»;C¢ and yield high-volume fractions of
precipitates. Mo on the other hand was shown to have a minimal effect on coarsening. The
strengthening effects of Laves phase and M,3;Cg¢ in the newly designed alloys are compared to
existing counterparts, showing substantially higher precipitation-strengthening contributions
especially after a long service time. New alloys were designed in which both Laves phase and
M,3C¢ precipitates act as strengthening precipitates. Successfully combining MX and M»3;Cq

was found to be impossible.
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I. INTRODUCTION

MARTENSITIC creep-resistant steels have been
widely used in high-temperature components in power
plant applications. To increase the operation tempera-
ture so as to improve the efficiency, new high-strength
steels are required since existing martensitic steels are
not suitable for higher temperatures. Generally, alloy
designers are inclined to add desirable components to
the alloy system and to get rid of undesirable ones. MX
carbonitrides, mainly containing Ti, Nb, V, C, and N,
are examples of such desirable components. They
generally have very small initial sizes and are very
stable, and hence they are very good precipitation-
hardening sources even during very long time service.['
31 On the other hand, some precipitates have large initial
sizes and are unstable during service at elevated tem-
peratures, and hence are regarded as undesirable com-
ponents. Laves phase and M,3C¢ are two such examples.
They have a very high-coarsening rate, which is 10 to
100 times faster than that of MX carbonitrides.>*!
Their growth and coarsening not only lead to a loss of
strengthening but also lead to depletion of useful
elements, such as Mo and Cr, from the matrix. A
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common solution to prevent the formation of such
undesirable phases is to decrease the Mo and Cr levels,
to a level at which such precipitates do not form.
However, these two elements themselves are crucial for a
desired creep performance: Mo increases the solid
solution strengthening and stabilizes the microstructure,
while a high amount of Cr is necessary to obtain a
material with a good corrosion and oxidation resistance.
An alternative approach is to tailor the characteristics of
such potentially detrimental phases by adding some
other alloying eclements in order to slow down the
coarsening. In the literature, it has been reported that
the coarsening rate of M,3C¢ can be decreased moder-
ately by adding B, Co, or W.[* 1% Abel!!!2) reported that
the coarsening rate of Laves phase can also be effectively
reduced by substituting W for Mo. The shape of
W-enriched Laves phases is also near spherical, which
is more coherent and stable than needle-shaped precip-
itates.!'¥ In addition to the more stable feature of Laves
phase in W-containing alloys, a high Laves phase
volume fraction, which is beneficial in order to reach a
high-precipitation-strengthening level, can be achieved
by increasing the W level. As a consequence, several
researchers now use Laves phase as the principal
strengthening precipitate in the design of new creep-
resistant alloys.'*") Recently, a high W (6 wt pct)
ferritic creep-resistant steel has been designed which has
an extraordinary creep strength!'!'” well beyond that of
conventional alloys. This alloy is mainly strengthened by
W-enriched Laves phase (Fe,W), which is very stable
even after 10,000 hours service at 923 K (650 °C).
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However, the design of alloys cannot simply be done
by adding new alloying elements to the composition of
known steel grades since the addition of new alloying
elements will change the thermodynamic and kinetic
property of the alloy as a whole, and may also lead to
the formation of undesirable phases in addition to the
intended strengthening precipitates. Moreover, the full
potential of the newly selected alloying element is also
difficult (and costly) to be determined by the traditional
trial and error method. In order to reach the target and
to avoid the obstacles, a computational design approach
coupling thermodynamic and kinetic data is developed
in combination with a genetic algorithm to search the
multi-element search domain for optimal stability and
high-volume fraction of Laves phase and M,3Cy pre-
cipitates. In this work, the search space covers 10 regular
alloying elements given our intention to explore the full
potential of Laves phase and M,3C¢ for new creep and
corrosion-resistant martensitic steels with an intended
use time of 10° hours and a fixed operating temperature
of 923 K (650 °C).

II. MODEL DESCRIPTIONS

As mentioned in the introduction, either Laves phase
or M»3Cq precipitates are selected as the phase to be
optimized as the main, long time—high use tempera-
ture-strengthening phase in martensitic creep steels.
Martensite is chosen as the (initial) microstructure of
the matrix because of its good creep strength and its
high resistance to thermal and creep fatigue during
service in power plants."® Thus, the target microstruc-
ture is (1) a fully martensitic matrix, (2) a high-volume
fraction of Laves phase or M»3;Cy¢ with a tuned low-
coarsening rate throughout its intended life time, and (3)
a limited volume fraction of undesirable phases. In order
to achieve the microstructural features listed above, a
computational alloy design model involving a Genetic
Algorithm (GA) optimization routine has been devel-
oped." 21 More computational details of the genetic
algorithm can be found elsewhere.[*?

The main concept of the model is as follows: Firstly,
random compositions and heat treatment parameters
are generated by the GA from the predefined parameter
ranges listed in Table I. Eleven variables are taken into
account (10 alloying elements and the austenization
temperature) each uniformly spaced at 32 levels between
predefined minimal and maximal values. As mentioned
in the introduction, W and Mo are expected to have
similar effects on the strengthening phase, but may have
different overall effects. To illustrate this difference as
clearly as possible, the search domains were specified
either for Mo or for W. Alloy compositions involving

both W and Mo were evaluated but did not yield
interesting results and they are not presented here. The
intended service temperature in all simulations is fixed at
923 K (650 °C) and the intended service time for
continuous operation is set to a high value of 10° hours.

Then, to check if a candidate combination of com-
position and heat treatment conditions can lead to the
desirable microstructure, various go/nogo criteria are
defined and applied in the sequence of the thermal
treatments to which such steels intended for long life-
high load applications are subjected. In precipitation-
hardened martensitic creep-resistant steels, the typical
heat treatment includes an austenization/solution treat-
ment to dissolve undesirable primary precipitates and to
achieve compositional homogeneity, followed by
quenching and a tempering treatment to form desirable
precipitates in the martensitic matrix. The present study
deals with Laves phase or M,3C¢-strengthened steels for
very long-term applications and hence the final precip-
itate state after long-term service will be close to the
equilibrium condition at the service temperature rather
that at the tempering temperature. Therefore, in the
present study, the tempering temperature is set equal to
the service temperature [923 K (650 °C)]. In the order of
the actual heat treatment sequence, thermodynamic
calculations are performed at the (variable) austeniza-
tion temperature and three go/nogo criteria are defined:
(1) the equilibrium volume fraction of austenite should
be larger than 99 pct, (2) the amount of primary
carbides should be less than 0.5 pct in volume. (3)
liquid and delta phase should be absent. After austeni-
zation, such steels are quenched to room temperature,
and the austenite should completely transform to
martensite. Therefore, a fourth go/nogo criterion is
imposed: (4) the Martensite start (7T) temperature
should be higher than 523 K (250 °C). The Ty is
obtained by calculating the chemical composition using
the formula proposed by Ishida.”*! After quenching to
room temperature, the alloy is used at its service/aging
temperature. Hence a second set of themodynamic
calculations at the service temperature is performed.
Two additional go/nogo criteria at this use temperature
are enforced: (5) the amount of precipitates other than
Laves phase/M,3C¢ should be less than 1 vol pct as
Laves phase or M»;Cq are defined as the principal and
property determining strengthening phases. (6) The Cr
concentration in the matrix upon completion of the
precipitation reactions should at least be 11 wt pct to
assure adequate corrosion and oxidation resistance
(other residual Cr concentrations could have been
chose, but the current level is selected on the basis of
discussions with industrial experts. The appropriate
minimal Cr level obviously depends on the operating
conditions in the installation).

Table I. Search Ranges (in wt Percent) for 10 Chemical Elements and the Austenization Temperature 7,

C Cr Ni Ti

Mo/W Al

Co Nb N A% Fe Taus [K (°O)]

Min. 0.001 8.00 0.001 0.001 0.001 0.001
Max. 0.15 16.00  20.00 3.00 10.00 10.00

0.001 0.001 0.001 0.001 Bal.
10.00 5.00 0.15 1.00

1173 (900)
1523 (1250)

6068—VOLUME 45A, DECEMBER 2014

METALLURGICAL AND MATERIALS TRANSACTIONS A



Finally, the aim of this study is to tailor the
undesirable Laves phase or M,3C¢ to a desirable phase
by tuning the chemical composition, so as to drastically
reduce their coarsening rates. Therefore, the time-
dependent precipitation-hardening (PH) effect of Laves
phase or M,3Cg is considered to be the sole optimization
criteria to rank all qualified solutions fulfilling all above
6 go/nogo criteria. The PH is determined by the average
precipitate particle 51ze its volume fraction, and its
spatial distribution.”* The actual values for the three
parameters depend on their initial condition and evolu-
tion during service. Given the extremely long service
time, Laves phase and M,3Cq will grow and coarsen
considerably during the exposure at high temperatures,
and in doing so change the interparticle spacing. The
precipitation-hardening contribution ¢, is inverse pro-
portional to mterpartlcle spacing, which is estimated by
considering the coarsening kinetics only,*> %"

oy < /L= \/o/r=\R/\/ra+ Kt ]

in which
ro = 2y/AG, 2]

and

p xmp)Z

Z mp Di/RT B3]

where L is the average interparticle spacing, f, is the
equilibrium volume fraction of the strengthening precip-
itate at the service temperature, ry is the critical precip-
itate nucleus size, y is matrix-precipitate interfacial
energy, AG, is volume thermodynamic driving force for
the precipitation, K is the coarsening rate, ¢ is the
exposure time at the high temperature, x is the equilib-
rium interfacial concentrations (in mole fraction) of the
relevant chemical element on both the matrix (m) and the
precipitate (p) sides, FP is the molar volume of precip-
itate, T'is the service temperature, and D is corresponding
diffusion coefﬁcient The necessary thermodynamic val-
ues 1nclud1ng X, X" D; ,and VP are obtained via
Thermo-Calc® using the TCFE6 dl’ld Mob2 databases.
For lack of information on the actual change in surface
tension with chemical composition, the value of interfa-
cial energy 7y is kept constant and set to a value of 1 J/m?.

The coarsening rate of precg]]oltates is generally very
well described by Eq. [ and is used in the
simulations performed to Cdlculdte the coarsening rate
for the Laves phase and M,;Cq4 precipitates at a fixed
temperature of 923 K (650 °C). Prior to the design study
optimization it was verified for a number of existing 9 to
12 pct Cr steels that the coarsening rate of Laves phase
and M,;C as predicted by Eq. [3] indeed drops with
increasing W level. The result is shown in Figure 1. The
coarsening rate of Laves phase is much lower than that
of M»3Cg4. Moreover, the coarsening rate of Laves phase
or M»;Cs both decreases when the level of W is
increased. A similar shift, not shown, occurs with
increasing Co level. The calculated behavior agrees well
with the practical experience.
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Fig. 1—Calculated coarsening rates of M»3Cs and Laves phase at
923 K (650 °C) in existing 9 to 12 pct martensitic steels.

At very long times, the strengthening contributions of
the dislocations accompanying the formation of Laves
phases will have dropped to a low level due to recovery.
Furthermore, there are no indications that this final
dislocation level varies with type of Laves phase or
matrix composition. Moreover, the strengthening con-
tribution of lath boundaries is also negligible owing to
their significant growth after long-term service. Hence,
the dislocation and lath boundary contributions in the
strength model for the steels analyzed in the present
work were ignored. Precipitate hardening of Laves
phase and/or M,3Cg is taken as the principle strength-
ening source for long-term creep strength in this study.
Effectively, the time and temperature-dependent inter-
particle spacing of Laves phase or M,;Cg is taken as the
PH optlmlzatlon parameter In this study, the service
time is fixed at 10° hours. The factor 1/L (Eq. [1]) is
called the ‘PH factor’ and is to be maximized by tuning
the chemical composition and heat treatment parame-
ters.

III. MODEL PREDICTIONS

The GA-based search covering about 10° of unac-
ceptable or less well-performing variants finally led to
four alloys with the highest long-term precipitation-
strengthening effect. Their composition, austenization
temperatures, volume percent, coarsening rate, and
Laves phase or M»;Cq4 determined PH factor are listed
in Table II. The alloys strengthened by Laves phase with
either W or Mo as the modifying element, and those
strengthened by M,3;Cq with either W or Mo as the
modifying element are labeled as Alloy LavesW, Alloy
LavesMo, Alloy M,3CsW, and Alloy M»3CgMo, respec-
tively. These alloys have a high Cr level and a maximal
Co level. The high Co level is required so as to keep a
high Cr level in the matrix and hence stabilize the
austenite and suppress the ferrite. This is necessary to
obtain a fully austenitic matrix at a reasonable auste-
nization temperature within the search range. For the
LavesW alloy, the W level equals the imposed maximum
level. In contrast, for the LavesMo alloy, the Mo level is
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Table II. Composition of Four Designed Alloys (in wt pct), Austenization Temperature T, (in [K (°C)]), Volume Percent
(vol pct), Coarsening Rate PH Factors (PHF) of Laves Phase or M,3C¢ at 923 K (650 °C)
Volume
Percent of K (m®/S) PH Factor
C Cr Ni Ti Mo W Al Co Nb N VT [K (°C)] Laves/M»;C¢ Laves/M;Cq  at 10° h

LavesW  0.001 10.84 3.23 0.11 0.00 10.00 0.001 10.00 0.32 0.03 0.001 1512 (1239) 11.30 8.57E—31 4.98E + 06
M,;CsW  0.15 16.00 0.01 0.01 0.00 1.61 0.001 10.00 0.001 0.006 1.00 1342 (1069) 3.05 7.39E-30 1.26E+06
LavesMo 0.001 10.07 3.23 0.11 4.19 0.00 0.001 10.00 1.78 0.001 0.001 1523 (1250) 9.50 6.10E—29 1.11E+06
M,3C¢Mo 0.15 16.00 0.01 0.01 0.97 0.00 0.001 10.00 0.001 0.006 0.39 1455 (1182) 3.02 1.46E—29 1.00E + 06
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Fig. 2—The degradation behaviors of PH factor with service time
for the four designed alloys.

well below the maximum possible level. In both M,3Cg
alloys, the C and Cr levels are equal to the maximal
values, but the Mo and W levels are substantially lower
than the maximum allowed level. The lower recom-
mended concentration levels are the result of strict go/
nogo constraint boundaries being met in the optimiza-
tion cycles. The concentration of Ni in Laves phase-
strengthened alloys LavesW and LavesMo is much
higher (3 to 5 wt pct) than that in M>3Cg-hardened
steels to further stabilize austenite at the austenization
temperature, since the content of ferrite stabilizer
elements W in alloy LavesW or Mo, Al, and Nb in
alloy LavesMo is much higher than those in M»;Cq-
hardened steels.

It is interesting to note that the coarsening rate of
Laves phase or M,3C¢ in W-containing alloys is much
slower than that in Mo-containing alloys. Clearly, W
has a higher capacity to stabilize the precipitates. To
further visualize its effect on coarsening rates, the PH
factor evolution with time for the optimal alloys defined
is shown in Figure 2. The PH factor invariably decreases
with time but with different kinetics. In Laves phase-
strengthened alloy, the degradation kinetics of alloy
LavesW is much slower, leading to a much higher PH
factor at the long intended service time. The W effect is
also observed in M»;Cg-strengthened alloy but the effect
is less pronounced. Moreover, the coarsening rate of
Lave phases in alloy LavesW is close to that of the well
accepted very stable MX carbonitride,*** proving that
indeed undesirable Laves phase can be turned into
desirable precipitates. While being equally stable the
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volume percent of Laves phase (11.3 vol pct) is much
higher than the maximum volume percent of MX
carbonitride (0.5 to 1 vol pct) which increases the net
strengthening contribution of the Laves precipitates
significantly.

IV. DISCUSSION

A. Effects of Alloying Elements on the Precipitate
Configuration

As demonstrated in the previous section, the type of
alloying element can significantly influence the precip-
itate characteristics. To further explore this effect, the
alloy compositions of LavesW and LavesMo are taken
as baselines and the concentrations of Co, W/Mo in
each alloy are varied, while keeping the levels of all other
elements unchanged by adjusting the Fe level. The
results are shown in Figure 3. The two vertical dashed
lines represent the predefined ranges of alloying ele-
ments (as Table I). The green box defines the concen-
trations that meet all the go/nogo criteria. The black
arrows indicate the original composition of alloys
LavesW or LavesMo, which, as expected, always shows
the highest PH factor in the predefined ranges, confirm-
ing the robustness of the GA optimization model. As
demonstrated in Figures 3(a) and (c), the addition of Co
in both alloys can significantly decrease the coarsening
rate (by ~10 times in Alloy LavesW and by ~5 times in
Alloy LavesMo) as well as increase the volume fraction
of Laves phase, leading to a substantial increase in PH
factor (Eq. [1]). The difference between Figure 3(a) and
(c) is that the volume fraction of Laves phase in Alloy
LavesMo reaches a maximum value at 10 wt pct Co and
then decreases with further addition of Co. The effect of
W is similar to that of Co, as shown in Figure 3(b).
When the concentration of W is low (<0.3 wt pct), there
is no Laves phase since W is the principal Laves forming
element. At a further increase in W concentration, Laves
phase begins to form and its concentration increases
almost linearly and reaches maximum PH at the upper
limit of 10 wt pct. At the same time, the coarsening rate
of Laves phase is significantly decreased. On the
contrary, addition of Mo in alloy LavesMo increases
the coarsening rate when Mo content is lower than
5 wt pct as shown in Figure 3(d). A further increase in
Mo level will only decrease the coarsening rate slightly.
This trend explains why the Mo-containing alloy Lav-
esMo has a much higher coarsening rate than that of
W-added alloy LavesW. The effects of both Co and W
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Fig. 3—Effect of concentration variation of alloying element on the volume percent (VP), coarsening rate, and PH factor of Laves phase. (a) Co,
(h) W in alloy LavesW and (¢) Co and (d) Mo in alloy LavesMo. The two vertical dashed lines mark the predefined range of alloying elements.
The green box defines the concentration that meets all the go/nogo criteria, and the concentration in other areas do not fulfill one or multiple
go/nogo criteria. The black arrows indicate the original composition in alloy LavesW or LavesM.

on the coarsening rate of Laves phase agree qualitatively
very well with existing experimental results. By analyz-
ing the coarsening rate as defined in Eq. [3], it is found
that the coarsening rate mainly depends on the diffusion
coefficients and concentration gradients of alloying
elements at the interface. The diffusion coefficient of
W at the set temperature of 923 K (650 °C) is very low,
close to 1072° m%/s, while those of other elements
(including Mo) are higher than 10~'" m?/s. As shown
in Figure 3(b), the coarsening rate decreases rapidly
with the addition of W when its content is lower than
2.5 wt pct. The coarsening rate as calculated by Eq. [3]
depends on the sum of the contributions from each
element which is determined by the concentration
gradient at the interface and diffusion coefficient. The
small addition of W introduces a large concentration
gradient of W at the interface of Laves phase and
matrix. Considering the very small diffusion coefficient
of W, the coarsening rate is significantly reduced by the
addition of W (Eq. [3]). In addition, W atom is bigger
than Fe atom and can cause lattice misfit, which can
possible decrease the diffusion rate of other Laves phase
forming elements. Further addition of W only decreases
the coarsening rate slightly, suggesting there is no
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significant change in interface concentration gradient.
This phenomenon is not so pronounced in Co, since
increase the Co level also decreases the diffusion
coefficient of other alloying elements.!”!

B. Comparison of Designed Alloys and Existing Alloys

The coarsening rates, volume percent, and PH factors
after 10° hours exposure at 923 K (650 °C) for Laves
phase, M»3Cq, and MX carbonitride in existing alloys
are calculated using their compositions and compared to
those of designed alloys. The results are listed in
Table III. In the two designed Mo-enriched alloys,
LavesMo and M,;C¢Mo, the volume percent of Laves
phase and M»;Cg is slightly higher and their coarsening
rates are similar to those in existing alloys. Hence the
two newly designed alloys have a PH factor at 10° hours
similar to that of existing alloys (Eq. [2]). In contrast in
the two W-containing alloys LavesW and M»;C¢W, not
only the volume fraction of Laves phase and M,3C is
higher, but also their coarsening rates are much slower
than those in existing alloys, leading to a much higher
PH factor at 10° hours (Eq. [2]). The much reduced
coarsening rates in the two W-containing alloys are
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Table III. The Coarsening Rate K (in m3/s), Volume Percent (vol pct), PH Factor at 10° h of Laves Phase, M,3C¢ and MX Car-
bonitride of Existing Alloys and Designed Alloys at a Service Temperature of 923 K (650 °C). MXW is a New Alloy Based on the
Optimization of MX Carbonitride in W Concept Alloy Using the Model of This Study

Volume PH Factor PH

Volume Volume Percent at 10°h factor  PH factor
K of K of K of Percent  Percent of of at 10°h  at 10° h
Alloys M,3Cs Laves MX of M»3Cq of Laves MX M,;3Cs of Laves  of MX
P9 (9Cr1Mo) 1.23E-28 — — 2.38 0.45E+06 — —

991E-29 6.23E-30 7.46E-32 2.15 0.45 0.31
8.85E—29 5.05E—30 7.88E—32 1.39 0.99 0.32

P911 (9CrIMolWVNDb)
P92 (9Cr0.5Mol.8WVNb)

0.45E+06 0.51E+06 1.87E+06
0.37E+06 0.81E+06 1.85E+06

NF12 (11Cr2.6W2.5CoVNbBN) 5.78E—29 3.34E—30 9.52E—32 1.55 1.68 0.31 0.45E+06 1.22E+06 1.72E+06
SAVEI12 3.18E—-29 2.41E-30 1.40E-31 1.90 1.95 0.24 0.61E+06 1.46E+06 1.33E+06
(11Cr3W3CoVNbTaNdN)
LavesW — 8.57TE—31 — — 11.30 — — 498E+06 —
M,;CeW 7.39E-30 — — 3.05 — — 1.26E+06 — —
LavesMo — 6.1E-29 — — 9.50 — — 1.11E+06 —
M,3C¢Mo 1.46E—29 — — 3.02 — — 1.00E+06 — —
MXW — — 1.53E-32 — — 0.34 — — 3.29E+06

Table IV. Composition of the Designed Alloy MXW (in wt pct), Austenization Temperature 7,,s (in [K (°C)])

C Cr Ni Ti Mo W

Al Co Nb N \Y% Taus [K (°C)]

MXM 0.06

11.10 0.01 0.20 0.00 0.65

0.97 9.35 0.32 0.04 0.001 1523 (1250)

mainly attributed to the high levels of W and Co (see
Table II), which are much higher than those in existing
alloys. Although the coarsening rate of Laves phase is
still faster than that of MX carbonitride in existing and
previous designed alloys, the volume percent of Laves
phase (11.3 vol pct) can be much higher than that of
MX carbonitride (~0.3 vol pct). As a consequence, the
PH factor of Laves phase at 10° hours in alloy LavesW
is even greater than the predicted PH of existing stable
MX carbonitride reinforced (1.3 to 1.8E+06) alloys.

Similar to the optimization of M»;Cy or Laves in
W-contained system, the composition using MX carbo-
nitride as the main strengthening precipitate is optimized
and labeled as MXW. The composition of alloy MXW is
listed in Table IV, and the coarsening rate and volume
percent of MX carbonitride are listed in Table I1I. The
coarsening rate of MX carbonitride in alloy MXW is
slower than that of MX carbonitrides in known alloys,
which is in agreement with the prediction. However, the
volume fraction of MX carbonitride in alloy MXW is still
similar to that of existing alloys. Combining the effects of
coarsening rate and volume fraction, the PH factor of
alloy LavesW based on conventionally undesirable Laves
phase remains higher than that of alloy MXW which is
based on optimizing the conventionally precipitate MX
carbonitride. Therefore, in the newly designed alloy
LavesW, the Laves phase has become a truly desirable
component.

C. Combining M»;Cs and Laves Phase in One Alloy

Generally, M,3C¢ precipitates are located at lath
boundaries and have a positive effect by pinning the
lath boundaries during creep,'*” while the W-enriched
Laves phase can be found both in the grain interior and
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boundaries!">'*3% and restricts the movement of dislo-

cations. Both effects decrease the creep rate, especially if
the coarsening rates of both types of precipitates can be
kept at a low value during the service. It will be very
interesting to combine both types of precipitates in one
alloy to further optimize the creep resistance. However,
the optimization procedure as sketched above can only
deal with one PH factor per optimization cycle. In order
to optimize both PH factors simultaneously in one alloy,
two optimizations are performed respectively: either
only for Laves, or only for of M»3Cg at 10° hours, while
the PH factors of both precipitates are recorded for all
eligible solutions that fulfill all the go/nogo criteria in
both optimizations. Such a dual precipitate optimization
search was only performed for the search space con-
taining W. Putting all the qualified solutions together,
the property map Figure 4 can be constructed. The best
combination of two precipitates can be found as
indicated by the circle on the upper right corner. The
new alloy, which has only slightly lower PH factors than
either maximum from dedicated single optimization, is
labeled as Alloy LavM. Its composition, austenization
temperature, and PH factor are listed in Table V.

To benchmark the newly designed alloy against
existing alloys, the PH factor after 10° hours of expo-
sure to 923 K (650 °C) was calculated for a number of
commercial 9 to 12Cr pct martensitic creep-resistant
steels (other precipitates than Laves phase and M,;Cq
were not considered in their analysis). Their results are
shown in Figure 4, and are indicated by stars. The PH
values for all existing alloys are located in the lower left
corner, indicating that in existing alloys Laves phase and
M,;Cq indeed have no significant strengthening effects
for long time exposure due to the high-coarsening rate.
By the simultaneous optimization of the volume fraction
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and the coarsening rate, not only alloy LavM itself but
also many other solutions with different combinations of
PH factors of Laves phase and M,3Cq, as shown in
Figure 4, are identified which are predicted to signifi-
cantly outperform existing alloys. This clearly demon-
strates that the undesirable phase can be tailored to
desirable phases by tuning the composition and auste-
nization temperature. While the current analysis and
optimization route only take into account the precipita-
tion-strengthening factor and present the idealized
solution, the procedure employed here can be extended
to take into account other criteria such as cost,
weldability, processibility, ezc..®! provided the new
design parameters can be captured in quantitative
parameter values. Such additional considerations are
likely to eliminate some solutions included in the figure,
but even then it is clear that there is a substantial
potential to improve the long-term creep strength of
current martensitic creep-resistant stainless steels by
employing this new alloy design concept.

Finally, a similar analysis of the possibility to
combine the contributions of two different sets of
precipitates in a single alloy has been performed for
the W-containing steel grades. As shown in Figure 5, a
significant difference can be found between on the one
hand the MX/M»;C¢ and on the other hand the Laves/
M,3C¢ systems. Most notably, there is no best combi-
nation point in MX/M,3Cg system. The main reason for
this phenomenon is that these two precipitates are
competing for the same alloying elements. For MX and
M,;Cg strengthening, a high amount of C (~0.15 wt pct)
ensures a high-volume fraction of MX and M»;Cq4. For

* Optimise M,,C_ soley

...E6 4 Optimise Laves phase soley

< * Exsiting 9-12Cr Martensitic steels

0 54

w - @/AlloyLavM
- 1 W

T 4

o R

4

£ 34 L R

o

2 .

> 24 .a

3 .

s 14 . » o

o .

‘g . * . : :":!_- .

s 0- Yook owoek w7 "

Y= ~ e ="

I T T T 1

o 0.0 0.5 1.0 1.5 ..E6
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Fig. 4—Simultaneous optimization of PH factors of Laves phase
and M,;Cq. The values of existing alloys, as indicated by star sym-
bols, are also put on the plot to compare to the designed solutions.

M,3Cg, the coarsening rate does not change significantly
with the C level, and thus a high initial PH factor is
obtained if the C level is high. However, a high level of C
(>0.08 wt pct) will dramatically increase the coarsening
rate of MX carbonitride since the C gradient at the
interface of MX and Matrix (Eq. [3]) will be changed,
which decrease the PH factor. Therefore, if the PH
factor of M»3Cq is high (a high C level), that of MX will
be low, and vice versa. There is no such competing effect
in the Laves/M»;Cqy system. Moreover, the highest PH
factor for MX is still lower than that of the best
combination alloy LavM. Therefore, the Laves/M»3Cg
system offers a higher probability of success in obtaining
new martensitic steel grades with very long life times at
very high temperatures.

V. CONCLUSIONS

A computational alloy design approach has been
developed to design W or Mo-containing martensitic
creep-resistant steels strengthened by Laves phase and/
or M;Cq precipitates by tuning the coarsening rate of
the strengthening phase to a minimum value and by
simultaneously tuning their volume fraction to a max-
imum level. The coarsening kinetics of both precipitates
can be significantly lowered by changes in the overall
alloy composition and the precipitation-hardening con-
tributions are hence substantially increased by tuning
the composition. Addition of Co can significantly reduce
the coarsening rate of laves phase. The main Laves
phase forming elements W and Mo have different effects

L
o ..E6
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: 1 s+ Optimise MX carbonitride solely
o 3.0 = Optimise M,,C, solely
= ]
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Fig. 5—Simultaneous optimization of PH factors of MX carbonit-
rides and M»;Cg.

Table V. Composition of the Designed Alloy LavW (in wt pct), Austenization Temperature 7, (in [K (°C)]), PH Factors of
Laves and M»3C¢ at 923 K (650 °C)

Taus PH Factor of Laves PH Factor of

C Cr Ni Ti Mo W Al

Co Nb N V [K(C)]

at 10° h My;,Ce at 10° h

LavM 0.15 12.39 1.30 0.01 0.00 10.00 0.001

10.00 0.001 0.07 1.00 1489 (1216)

4.59E + 06 1.32E+06
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on the coarsening rate of Laves phase. Addition of W
significantly decreases the coarsening rate and the effect
increases with W level. In contrast, Mo shows an
optimum low-coarsening level at 4 to 5 wt pct Mo. For
W-based creep steels, the combination of Laves phase
and M,;Cg-strengthening precipitates shows great po-
tential for creating new alloys outperforming existing
martensitic creep-resistant steel grades. Successfully
combining MX and M»;Cg as strengthening precipitates
was found to be impossible.
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