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Abstract

Modern power plant steels and welding al-
loys, designed to resist creep deformation at high
temperatures, contain a myriad of alloying el-
ements and a microstructure which has six or
more phases. It has not therefore been possible
to identify the precise role of each chemical and
microstructural component in determining the
ultimate creep properties.

In this work, we have used a combination of
models and a knowledge of the mechanical prop-
erties and microstructure, to factorise the long—
term creep rupture strength into individual con-
tributions, for example due to solution strength-
ening, precipitate strengthening etc. The fac-
torisation is non-linear and relies on thermo-
dynamic and mechanical property models. The
work is general in the sense that it covers all ¢
ommon ferritic steels and welding alloys of the
type used in the construction of power plant.

An assessment is included of some of the
most modern alloys with interesting conclusions
on the factors making major contributions to the
long—term creep rupture strength.

Introduction

Ferritic steels are used extensively in the con-
struction of power plant for electricity genera-
tion [1-7]. Intrinsic properties like low thermal
expansion coefficient and a high thermal conduc-
tivity of ferrite makes them suitable for high—
temperature applications. Nickel alloys do have
a sufficiently low expansion coefficient, but are
expensive.

The main design requirement is that the fer-
ritic steel should resist creep and oxidation, but
should at the same time be easy to fabricate into
very large components. This in turn means that
they should be weldable and that any welds must
be sufficiently robust to meet the creep require-
ments. There are in this context, major inter-
national research programmes with the aim of

designing novel steels and welding alloys [1-7].
The design procedure is based on scientific and
engineering experience and the use of a variety
of models, for example, phase stability calcula-
tions, the assessment of diffusion coefficients, ki-
netic theory associated with precipitation reac-
tions, elementary creep theory and complex neu-
ral network models to express the creep strength
as a function of a very large number of variables.

Elementary creep theory, such as that used in
the construction of Ashby diagrams, is useful in
gaining insight into the creep mechanisms, but
is unable to predict the creep behavior of mul-
ticomponent steels as a function of the chemical
composition, heat treatment and service condi-
tions. Neural network models based on vast ex-
perimental datasets are able to cope with such
complexity and help visualise the nature of the
interactions between variables in a way that is
impossible with any other method of pattern
recognition. They are, nevertheless, empirical
making it difficult to extract physical mecha-
nisms.

The creep resistance of ferritic steels, over
long periods of time at elevated temperatures,
relies on the presence of stable precipitates
which interfere with the climb and glide of dislo-
cations, and which retard the coarsening rate of
the microstructure as a whole, for example, the
size and shape of martensite or bainite plates.
The nature of the precipitate clearly depends
on the detailed composition and heat treatment,
but the variety is impressive, including Fe3C
(cementite), MQgCG, M7C3, MGC, MQX, Mgc,
Laves, M5C, and Z-phase. There may typically
be five or more of these precipitate phases in a
creep—resistant steel.

Precipitation also affects the solute left in so-
lution in the ferrite; solution strengthening is
believed to be an important component of the
long-term creep life. It would be incredibly
useful to know quantitatively, the contribution
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made by each of the precipitate phases, and by
solution strengthening due to each solute, to the
long—term creep strength. There are currently
no models capable either of extracting this in-
formation from experimental data or of mak-
ing quantitative predictions. The purpose of the
present work was to attempt precisely this task,
using a neural network model but with inputs
chosen to represent precipitates and solutes.

The work described here is based on steel
plates rather than weld deposits. It has been
demonstrated in previous work that as far as the
creep—rupture life is concerned, there is no essen-
tial difference between weld metal and wrought
metal [8].

Inputs to the model

Artificial neural network models used in this
work were constructed based on rupture time
and temperature, composition, heat treatment,
precipitate fraction and wt% dissolved solutes.
Detailed description about the database and
construction of the neural network model can be
found elsewhere [8,9]. The models were previ-
ously used to factorise the strength of Q%CrlMo
steel and NF616 [9].

The same models in combination with ther-
modynamics were used here for factorisation of
creep—rupture strength of HCM12A at 600 °C
after 10° h.

HCM12A

HCM12A is a high—chromium creep-
resistant martensitic steel intended for use in the
temperature range of 600 °C as a power plant
material. Its chemical composition is given in ta-
ble 1. This is categorised under tungsten alloyed
heat-resisting steels with a notably low molyb-
denum content than its predecessor HCM12 [2].
Alloying with tungsten could result in formation
of Laves phases which hinder the coarsening of
M3 Cg [10,11].

Published calculations of the phase diagram
of HCM12A [12] indicate the presence of M2X
(identified in CALPHAD notation as HCP _A3)
as an equilibrium phase at the temperature of
interest. We have investigated this and found
that the prediction of M2X is an artifact since
FCC (face—centered cubic) or copper as a phase
is excluded when conducting calculations below
Ae; temperature. This is acceptable for most
steels, but not for HCM12A that contains cop-
per, which precipitates as an FCC phase. Ex-
cluding FCC in the the computation results in-
correctly in HCP A3 copper.

The analysis here is presented for an alloy
normalised at 1070 °C for 1 h and tempered at
770 °C for 1 h. In both cases the cooling to
room temperature is assumed to be in air. After
10% h it is expected to have a creep strength of
120-140 MPa at 600 °C [2]. Our calculations
using artificial neural network predicted a 10° h
rupture strength of 123410 MPa at 600 °C .

Calculations show that vanadium in some-
way influences the strengthening contribution of
tungsten. At zero concentration of vanadium,
the contribution to strength by tungsten reduces
(fig. 1). This influence need not be just due
to the presence of vanadium in solid solution or
its carbide. Studies have shown that the pres-
ence of carbide forming elements like vanadium
can interact with interstitial elements like car-
bon and nitrogen to cause exaggerated solid so-
lution strengthening [13]. The absence of vana-
dium neither affects Laves phase fractions, wt%
of dissolved tungsten or dissolved molybdenum,
but only eliminates vanadium nitride and dis-
solved vanadium (table 2) and the exaggerated
solid solution strengthening. However, M,X rich
in chromium and nitrogen appears on removal of
vanadium (table 2). But, calculations show that
amount of MyX is constant at 99.6 moles even
with variation of tungsten concentration, thus
having no effect on tungsten’s strength contri-
bution. Hence it would be appropriate to calcu-
late the strength contribution due to tungsten in
the absence of vanadium, which clearly removes
the synergic strengthening effect due to vana-
dium that is added implicitly to that of tungsten.
Thus, tungsten contributes 7.96 MPa in total at
zero concentration of vanadium. Since dissolved
tungsten is the only component varying in the
shaded region of fig. 2, 4.3 MPa of the 7.96 MPa
can be attributed to solution strengthening from
tungsten. Hence, the remaining 3.66 MPa comes
from Laves phases and dissolved molybdenum.

Similarly, vanadium and tungsten influence
the strength contribution of niobium and molyb-
denum (fig. 1). Thus, the contribution to
strength due to niobium should be:

ONb = ONb|V,W — ONb|V=0,W — ONb|V,W=0
=14.68 —6.17— 6 = 2.51 MPa (1)
where onyv,w, Onpjv=o,w and onpjv,w=0 are
the strength contributions due to niobium at
0.2V-1.92W wt%, 0V-1.92W wt% and 0.2V-0W
wt% respectively. Calculations for molybdenum
after removing the effect of vanadium and tung-
sten give 2.29 MPa.
The presence of dissolved vanadium and
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its nitride contributes 78.8 MPa to the total
strength. It should be noted that the total
strength of HCM12A is a synergic effect of both
tungsten and vanadium, whereas the individual
contributions of W, Nb and Mo are always small.
The individual contributions of dissolved vana-
dium or vanadium nitride could not be separated
because other factors did not remain constant.

It has long been known that chromium
hardly contributes to any strengthening at
600 °C (fig. 4). Chromium is added to the steel
mainly for corrosion resistance and hardenabil-
ity [14].

Having calculated the contributions due to
all the alloying elements, the remaining contri-
bution to strength of HCM12A comes from Fe
and microstructure (123-91.56=31.55 MPa).

The pie chart in fig. 5 summarises the
strength contributions from individual compo-
nents in the alloy.

Conclusions

The creep—rupture strength of a material is
not a simple linear function of composition, tem-
perature and time. Hence, this non-linearity
which is captured by the neural networks was
used in combination with thermodynamics to

find the strength contribution from components
of the alloy.

High chromium heat-resisting steel like
HCM12A have vanadium as one of the main
alloying elements that contributes to more
than half of its high temperature strength.
Chromium is added in large concentrations since
a minimum of 11 wt% is required for resisting
corrosion and high temperature oxidation. Cop-
per is added for improving the toughness of the
alloy.

Finally, this alloy relies heavily on vanadium
and its nitride for its long term strength at
600 °C. All the other precipitates must play a
significant role during the early stages of creep
life but we are not able to address this, since our
calculations rely on equilibrium.
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C Si Mn P S Cr
0.12 0.04 0.63 0.013 0.001 10.75
Mo w Ni Cu \" Nb
0.39 1.92 0.28 0.9 0.21 0.04

N B
0.062 0.001

Table 1: Composition of HCM12A
| 02 wth V | 0wt% V
Mole fraction of precipitates
Ma3Cg | 3.14 x 102 | 3.147 x 102
Laves | 1.087 x 1072 | 1.023 x 102
NbN | 4.80 x 10°% | 4.81 x 10°*
M->X 5.64 x 1073 0
VN 4.46 x 1073 0
Dissolved Solutes / wt%
W, 0.596 0.653
Vs 0.0064 0

Table 2: Phase fractions in absence and pres-
ence of vanadium in HCM12A base composi-

tion.

and vanadium concentrations respectively.
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Figure 2: Effect of tungsten and its precipitates
on creep strength at zero vanadium concentra-

tion.
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Figure 3: Phase fractions of VN and MyX and

wt% of dissolved vanadium.
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Figure 1: Influence of vanadium and tungsten on Figure 4: Sold—solution hardening and softening
strength contribution of other alloying elements
in HCM12A

in iron-base alloys, adapted from Leslie [15].
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Figure 5: Pie-chart showing strength contribution from various components of HCM12A. The total
strength of HCM12A is 123 MPa at 600 °C after 10° h.
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