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Abstract

The development of power plant technology towards larger units and higher efficencies is
linked to the development of creep resgtant ferritic eds. Sarting with smple CMn gedls,
creep drength has improved successvely by introducing new dloying eements and new
microstructures. Niobium has been one of the most successful new dements. It is contained in
dl the latest high srength steds belonging to the group of 912%Cr- steds. The use of these
geds alows the design of power plants with steam temperatures up to 625°C. As a further step
ferritic deds are currently under development for maximum steam temperatures of 650°C,
which is believed to be the limit that can be achieved for this group of seds.



Introduction

Creep resigtant stees have been used in technica applications for many years. History shows
that there has been a fruitful interaction between advances in technology and advances in the
development of new steels. New steels had to be developed to put new concepts into practice,

and on the other hand new technological concepts were simulated by the avalability of new
Steels.

Creep ressant seds are mainly used in power generating and petrochemica plants.  All
product forms ae included. Large forgings and castings are used to build turbines, whereas
tubes, pipes, plates and fittings are the typicad products for application in pressure vessds,
boilers and piping systems. In addition to high creep strength other materia properties are aso
important, eg. hardendbility, corrodon resstance, and weldability. The importance of such
properties depends on the specific application. For example, good hardenability is very
important for a sted used for large turbine rotors, whereas good weldability is a prerequisite for
an goplication in power plant tubing and piping.  Although the differert requests from
goplication are reflected by differences in chemicd compostion, al product forms use the same
mechanisms to improve creep srength.  The large variety of creep ressant ferritic sed may
therefore be covered adequately by an overview of steds used for tubing and piping.

The mgor driving force behind the deveopment of power plant technology has been the
requirement for improved economic efficiency. Desgn improvements as wdl as the
goplication of new geds with better properties were used in the past to meet this requirement.
Figure 1 shows the efficiency increase for hard-coa-fired power plants from 1930 until the
present days.
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Figure 1: Increase of net efficienciesin hard-coal-fired power plants.

The fud consumption per kWh has decreased by a factor of 2.6 within that time period. This
implies an equivdent increase in plant efficiency and a decrease of CO, emisson per kWh,



which is becoming a more and more important issue. The increased efficiency is not described
by a smooth curve. It is interesting to note that the kinks in the curve reflect the introduction of
a new type of creep resstant sted. Currently we are in such a phase, where efficiency increases
due to the recent development of new stedls.

Overview on Creep Resistant Ferritic Steels

Table | gives an overview on creep resgtant feritic seds which are used in power plants for
tubing and piping. The lig of deds can be subdivided into CMn steels (No0.1&2), Mo- deds
(N0.3&4), low dloyed CrMo- stedls (N0.5-9), and 9-12%Cr- steels (N0.10-15). Because of the
large number of different sted grades, only a few typica representatives of each group could be
included in the table. In generd the new European (EN-) sted designations have been used.
Whenever it was possble, the comparable ASTM grade is dso given. Some of the newer sted
grades have only been included in ASTM and not yet in the European standards.

The sed grades have been listed according to increasing content of adloying dements. And the
chemica compostion becomes increasingly complex. As can be seen from Table |, niobium
has been an important ement. Niobium bearing steds are found in each group. It has been
added for different purposes, aswill be discussed later.

The complexity of chemicd compodtion is reflected by a complexity in microstructure.
Different hardening mechanisms have been used to achieve an optimised product. As a result
the creep rupture strength could have been raised by a factor of about 10 (Figure 2). A more
detailed characterization of strength properties of the various steelswill be given in following.
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Figure 2: Creep rupture strength of heet resistant steels for tubes and pipes.



Table | Chemical compositions of creep resistant ferritic steds for power plants

Chemical Composition (mass-%)

No. D%ig:;\tion fso;n,\;’agb;se cl s |mn| a ||l coa| N|[mo|lw]| | Vv ] nn B N
1 P235 A max. | max. | 040 | min. | max. | max. | max. | max.
016 | 035 |-080| 0020 | 030 | 030 | 030 | 008
2 P35 max. | 015 | 100 | max. 0015
022 |-035|-150| 0060 ~0.10
3 16Mo3 012| 015 040 | max 025
~020| -035 |-080 | 0040 —035
4| 9NiCuMoNb564 max. | 025 080 | max | 050 | max | 100 | 0.25 0015
017 | -050 |-1.20 | 0,050 |-0.80 | 0.30 | -1.30 |-050 _0045
5 13CrMo45 T/PI1 010| 010 | 040 | max 0.70 045
—017|-035 |-070 | 0040 ~110 _065
6 T1CrMo9-10 TIP22 008 | 015 030 | max 200 0.90
—015| -040 |-070 | 0,040 _250 ~120
7 | 8CrMoNiNDS-10 max. | 015 | 040 | max 200| 030 | 0.90 min.
010 | 050 |-080 | 0.050 —250| -0.80 |-1.10 10x%C
8 | 7CrMovTiB10-10 TIF2a 005| 015 | 030 | max 220 0.90 005 | 020 00015 | max.
~010| -045 |-070 | 0.020 —260 ~110 ~010 |-030 —0007 | 0010
9 TIP3 004 | max. | 010 | max 190 005 | 145 020 | 002 | 00005 | max
—010| 050 |-060| 0030 —260 ~030 | -1.75 _030 | -008 | —-0.006 | 0,030
10 X11CrMo9-1 /P9 008| 025 030 | max 80 0.90
—015| -1.00 |-060 | 0.040 ~100 ~1.00
11|  X20CrMoNiVIL1 017 | 015 | max | max 100| 030 | 080 025
—023|-050 | 1.00 | 0040 _125| -080 |-1.20 _035
12| X10CrMoVNbol T/Po1 008| 020 | 030 | max 800 | max | 085 0.18 | 006 0,030
—012| -050 |-060 | 0040 —050| 040 |-105 ~025 | 010 —0070
13 | X1ICrMOWVNDSL-1 | T/PO1l | 009| 010 | 030 | max. 850| 010 | 0.90 | 0.90 018 | 006 |00005| 0.050
~013| 050 |-060 | 0040 ~050 | —0.40 |-1.10 | -1.10 ~025|-010 |—-0.005 |-00%0
1 TIP92 007 | max | 030 | max 850 | max. | 030 | 150 015| 004 | 0001 | 0030
—013| 050 |-060| 0040 —050| 040 |-060 | -200 ~025 | -009 | —-0.006 | -0070
5 T/P122 | 007 | max | max | max. | 030 | 100 | max | 025 | 150 015| 004 | max | 0040
—013| 050 | 070 | 0040 |-1.70 | —125| 050 |-0.60 | —250 ~030|-010 | 0005 |-0100




CMn Seds

Sted grade P 235 can be regarded as typicd of a CMn ged having a ferite pelite
microstructure.  The carbon and manganese contents are the mgor factors influencing the
drength properties. Figure 3 shows a plot of the minimum 0.2%- proof strength values together
with the average 10°h creep rupture strength as function of temperature. The European design
codes are based on ninimum proof strength vaues a low and cregp rupture srength values at
high temperatures. Both regimes are separated by the intersection of the proof strength with the
creep rupture drength curve. In the case of P 235 the intersection point is around 420°C.
Above this temperature design becomes time dependent, because the lifetime of a component is
limited by the creep process.

An interesting modification of P 235 is the niobium bearing grade P 355. The proof strength
values could be raised considerably as a result of niobium addition due to grain refinement.
However, the increase of creep rupture srength is rather smdl. This increase can be attributed
mainly to the increase of manganese, which is a solution hardening eement. Since proof and
creep rupture strength have not increased by equa amounts, the intersection point between the
creep and proof strength regime is shifted to 400°C. The advantage of P 355 clearly lies in the
goplication below this temperature.
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Figure 3: Strength properties of CMn- and Mo- stedls.

Mo- Seds

A smilar effect can dso be seen for the Mo- seds, which are dso represented in Figure 3.
These deds ae badcdly of the same type with about 0.3% molybdenum, which is a strong
solution hardening dement.  The solution hardening effect is the main cause for the increase of
creep rupture strength, which is smilar for both steds. Grade 9NiCuMoNb5-6-4, dso wel
known as WB 36, shows a dramatic increase of proof strength, which again is partly caused by
the gran-refining effect of niobium. In addition hardening by copper precipitation incresses the
proof strength.



CrMo- Seds

It has been found that the strengthening effect of molybdenum cannot fully be used, since creep
ductility grongly decreases with increesng molybdenum content.  Ancther limitation in the
goplication of Mo- deds is the observed decomposition of iron carbides above 500°C
(graphitization). A solution to both problems was the use of chromium as an dloying dement
in combination with molybdenum. In fact CrMo- steds were the first ones that dlowed steam
temperaturesin power stations above 500°C.

The cdasscd CrMo- steels are 13CrMo4-5 (T/P11) and 11CrMo9-10 (T/P22). Their creep
rupture strengths are didtinctly higher than the smple Mo- geds (Figure 4), which is mainly a
reult of higher Mo- content. CrMo deds form chromium carbides which are stable above
500°C. Therefore graphitization is no longer a problem. Chromium aso promotes the use a
higher temperatures due to its positive influence on oxidation resstance.

The stedls 7CrMoVTiB10-10 (T/P24) and T/P23, dso represented in Figure 4, reved extremey
high strength properties.  These are newly developed steds on the bass of T/P22. Having a
gmilar microgructure as T/P22, their srengths properties have been raised congderably by
additiona dloying with titanium, vanadium and boron in the case of T/P24 as wdl as tunggen,
vanadium, niobium and boron in T/P23. More details on the use and properties of those steds
will be given later.
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Figure 4. Strength properties of CrMo- gtedls.

Another interesting stedl of this group is 8CrMoNiNb9-10. This is dso a niobium bearing sted
which reflects another facet of its use in creep resgant feritic deds. The ded has been
developed for nuclear gpplications in liquid sodium cooled fast breeder reactors. A problem
has arisen from the use of low chromium ferritic deds, like T/P22, in combination with high
chromium audenitic geds.  The higher carbon affinity of the high chromium audenitic ded
caused a massve diffuson of cabon from the feritic ded via the liquid sodium into the
audenitic sed. As a result a strong decrease of strength occurred in the ferritic sted and an



embrittlement in the audtenitic ded. The problem was solved by dloying T/P22 with niobium
leading to the formation of niobium carbides indead of chromium carbides The sronger
affinity of carbon to niobium prevents a carbon depletion of the ferritic sted and consequently a
decrease in grength.

9-12% Cr- Steds

The increase of chromium in CrMo- stedls above 7% leads to a group of stedls which have a
martendtic microdructure as common feature.  This microdructure introduces a new eement
of sructurd hardening. It is characterized by a high didocation dendty and a fine martensite
lah dructure which is dabilized by M23Cs precipitates. Thus dructurd hardening is
responsible for the large increase in srength of X11CrMo9-1, as compared to 11CrM09-10
(Figure 5). Further improvements of especidly the creep strength have been achieved by
dloying with vanadium, niobium, tungsten and boron. The introduction of X20CrMoNiV11-1
a the beginning of the sixties has been a mgor sep to increase power plant efficiency (1),
which can clearly be seen in Figure 1. Its creep rupture strength at a temperature of 540°C is
nearly twice that of the low-dloy feritic seds avalable a that time (eg. 10CrMa9-10 with a
10°h- creep rupture strength of 78 MPa compared to 147 MPa for X20CrMoNiV11-1).
Transformation behavior and microstructure is comparable to X11CrM09-1. The higher creep
rupture strength of X20CrMoNiV11-1 is manly caused by the higher amount of M23Cs
carbides as caused by the higher carbon content.
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Figure 5: Strength properties of 9-12% Cr- stedls.

After a period of standdtill, the materid development was reactivated by work carried out in the
USA and Jgpan in the mid seventies (2). The prototype of the new seds from this
development work is the modified 9% Cr sed T/PO1 (EN designation: X10CrMoVNDb9-1)
invented in the USA (34). Meanwhile this sted is well known and applied in power plants dl
over the world. It is used in new plants as wel as in refurbishment work of high pressure/high
temperature piping systems.  Although the carbon content is lower, the creep rupture strength of
T/PA1 is didinctly higher than that of X20CrMoNiV11-1. This has been achieved by dloying



with vanadium and niobium. T/PO1 uses the precipitation of findy dispersed Nb/V-
carbonitrides of type MX as additiona srengthening effect. It was essential to baance the
composition, because an optimum disperson and particle size of MX can only be achieved by
an optimized Nb/V- ratio and nitrogen content.

Subsequently new doed grades have been developed on the bass of T/P91, like
X11CrMoWVND9-1-1 (T/P911), T/P92 and T/P122 (2). These sted grades represent the
current state of development for creep resstant ferritic stedls.  Their properties and application
will be discussed in more detall in the following.

Current Developmentsfor Advanced Power Plants

As mentioned before, improved economic efficiency has dways been the mgor driving force
behind the development of power plant technology. Economic benefits can be achieved by cost
reductions due to operating larger unit sSizes or to raise the plant efficiency. Both has been done
in the pas. Nowadays the issue of rasng plant efficiency has gained increesing importance in
view of the world-wide efforts to reduce CO, emissons

Increesng plant efficiency is primaily a quesion of thermodynamics. Figure 6 shows how
plant efficiency can be increased by raisng the main steam pressure and temperature.  With
reference to the condition 535°C/185 bar, efficiency is increased by about 1.9% by increasng
the pressure to 300 bar and 5.7% by increasing the temperature to 650°C. A combined increase
of pressure and temperature leads to a rise in efficiency of more than 8%. As the example
shows, improvement in plant efficdency can manly be achieved through an increase in steam
temperature.
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Figure 6: Increase of plant efficiency with increasing seam parameters.



However, this theoretica increase of efficiency can only be achieved, if suitable materids with
aufficient creep drength are available to endure higher pressures and temperatures.  Figure 7
shows how the increase of steam parameters is related to the cregp rupture strength of the pipe
materid. The same initid conditions were chosen as in Figure 6. It is assumed that a unit
operating at a steam pressure of 185 bar and a steam temperature of 535°C can be constructed
by usng 11CrMo9-10 (P22), which is a reasonable assumption. If stress or temperature is
increased, a materid with a higher cregp rupture drength is needed. Congdering agan a
pressure increase to 300 bar, 11CrM09-10 has to be replaced by X20CrMoNiV11-1. A risein
seam temperature to 600°C requires the subdtitution by X10CrMoVNb9-1 (P91) for sted
11CrM09-10. In case pressure and temperature are both increased, a creep resistant austenitic
steel such as X3CrNiMoN17-13 (TP 316N) would be required. Audtenitic steels, however, can
only be used in power plant condruction when their unfavorable physica properties do not
impar the flexibility of operation of the unit. The imparment resulting from the use of an
audenitic gted, in turn, depends on the component in question. For thick section components,
such as headers and fittings in a main seam ling, the use of audenitic seds is not gppropriete,
because the poor themd conductivity and large coefficient of therma expanson of these
materids limit the startup and shutdown rates. Also the large expansons that occur with these
materias can, if a dl, only be managed by means of expensve desgn modifications. For such
thick wall components, martengtic seels would be an appropriate choice. The steds must have
not only adequate cregp rupture strength but also good fabricability (eg. hot workability,
weldability and hot bending) because of the large section Szesinvolved.
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Figure 7. Requirements for cregp rupture srength with incressing pressure and
temperature.

For thinrwal components, attention should be paid to the fact that the meta temperature will be
about 30K higher than the seam temperature. The sted sdected must have adequate creep
rupture strength at the increased metal temperaiure. In addition, the sted must have adequate
oxidation resstance.  This requirement makes the 9% Cr deds eg. X10CrMoVNb9-1,



unsuitable for use as flue gas heated boiler tubes a steam temperatures in excess of 580°C.
The thin wall of these components and the design of the equipment, however, endble augtenitic
gedsto be used for this gpplication without impairing the operationd flexibility of the unit.

Stedsfor Pipework Applications

As the steam parameters and unit Sze increase, the pipe Szes increase, too. However, there are
limitations in Sze due to production, fabricability, and flexibility of operation. Therefore each
materid has its limit of application. As for cod-fired power stations X20CrMoNiV11-1 has
reached its limit in the 509 MW German unit Staudinger 5 (net thermd efficiency: 43%). The
highest efficiencies of PO1 (X10CrMoVNDb9-1) have been reached with 47% in the Danish 425
MW units Nefo and Skeerbaek. A further increase in thermd efficiency through enhanced
geam parameters could only be posshble by the use of new, improved materias for pipework
goplication.

The mgor part of work directed to the development of such new steds has been carried out in
Japan and Europe. The most prominent Japanese steels NF 616 and HCM 12A have been
standardized in ASTM/ASME as P/IT92 and T/P122, respectively (see Table 1) (2,5). The basic
composition of those steels corresponds to that of T/P91. Ther specid feature is that they
contain about 2% tungsten, and they are aloyed with boron, too. In order to avoid the
formation of d-ferrite in the microgructure, the molybdenum content of these high-tungsten
steels has been reduced b about 0.5%. For T/P122 the chromium content has been raised to
about 12% in order to improve the oxidation resstance. The increased chromium content,
however, influences the phase dability so that 0.9% copper was added to get a nearly fully
martengtic microstructure. X11CrMoWVND9-1-1 (T/P911) has been developed by the work
carried out in Europe as part of the COST 501 WP11 project, entitled “Advanced Materials for
Power Engineering Components - High Efficdency, Low Emisson Sysgems’ (6). Its chemicd
compostion is essentidly the same as that of T/P91, except that it contans 1% tungsten
additiondly and aso some boron.

T/P911 and T/P92 are currently the foca point of interest in Europe. They are intended for use
in man geam lines On the other hand T/P122 is more preferred for use as boiler components
because of its higher oxidation resstance. It is not favored for use as thick section components.
The disadvantages of T/P122 are mainly found in the area of fabricability. Due to the high
copper content, its low Acip temperature entals longer tempering times at lower temperatures
when the sted has to be tempered after hot working and welding. The same applies to the find
heat treatment after pipe production. Moreover, it agppears that, under the conditions of creep,
the softening of the HAZ in such a copper-bearing sted tends to be more pronounced than it is
usudly known with 9-12% chromium stedls.

T/P11 and T/P92 differ only in ther molybdenum and tungsten contents, while the
molybdenum equivadent (Mo + 1/2W) of both geds is nearly the same. Tungsten has been
added as an additiond hardening dement. Firg it was bdieved that tunggen manly acts in
solution hardening due to its large a&omic Sze. However, it has been found out later that most
of the tungsten content will precipitate as Laves phase during service operation. The benefit of
boron is believed to decrease the coarsening rate of carbides.

The fina heat treatment for both T/PO11 and T/P92 consds of normdizing and tempering. An
augtenitiang temperature of about 1060°C is adopted for hardening. A fully martengtic
dructure is obtained upon cooling to room temperature over a wide range of cooling rates. The
Continous Cooling Transformation (CCT) diagram of T/P911, shown in Figure 8, is essentidly



the same as that of T/P91 and T/P92. The Ms and Acip temperatures as wel as martendte

hardness are more or less the same for the three seds. And dso the location of the ferite-
carbide transformation nose is comparable to that of T/P91.
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Figure 8: CCT diagram for X11CrMoWVNbB9-1 (T/P911).

After normdizing T/PO11 and T/P92 are tempered in the range 750 to 780°C which gives the
right combination of high yiedd and tendle drength with good notch impact toughness The
microdructure of T/P911 in the normaized and tempered condition is shown in Figure 9.

As can be seen from the optical micrographs on the top of the figure 9, the transformation
product is lath martendte. The audenite grain boundaries and lath boundaries are decorated
with M23Cg paticles. The numerous fine MX patides, rich in niobium and vanadium, cannot
be recognized in these optical micrographs. They can only be noticed in eectron micrographs
(extrection replicas) associated with higher magnifications.  The thin foil dectron micrograph
a the bottomright of the figure shows the high didocation densty, typicad of martenstic
gructure. In the as-heat trested condition, which is represented by the above micrographs, the
steel does not contain any Laves phase. The Laves phase will not precipitate until the materid
IS subjected to service conditions. Equilibrium phase diagrams caculated for T/P911 and
T/P92 usng the Thermo-Cac program show that both the steels have exactly the same phases
(7). The only difference between them consdts in the higher Laves phase content of T/P92,
which can be atributed to its higher tungsten content.



The mechanica properties of both steds are also comparable, as could be expected. For
indance, ther hot yidd drength vaues overlgp (Figure 10). The dightly higher minimum
vadues for T/P92 in the intermediate temperature range is merdy the result of higher yidd
drength values determined on thin wal tubes of this materid. However, those higher vaues
can be attributed to a higher augtenitizing temperature (1100°C) used for these components.
The fact that al the measured vaues for T/PO11 are above the mean curve for T/P92 dso
indicates that both steels have comparable strength properties.

The creep rupture strength had been a matter of controversy in the past. Figure 11 shows the
current status of creep rupture tests carried out at our own research ingtitute MFI (Mannesmann
Forschungsingtitut) on T/P911 at 550, 600 and 650°C. Some additional tests were carried out at
575 and 625°C. The longest test duration so far has been about 76,000 h. The mean curves
shown in the figure have been obtained by a grgphicd assessment method, widdy used in
Germany. All the daia obtained in the COST 501 program have been included in the
asessment.  The data have been obtained from a total of 12 materids originating from seven
cadts, the totd testing time being more than 1.4 million hours. All the experimenta data are
within a scatterband of + 20% from the mean stress. The 10°h creep rupture strength obtained
by extrapolation is 108 MPaat 600°C. This vaue is aout 20% higher than that for T/POL1.
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Figure 11: MFI creep tests on T/PO11.

Most of the experimentd data for P 92 originated from Japanese work. The longest test
duration reported is about 55,000h (15). The 10°h- creep rupture strength of 132 MPa a
600°C, which served as the bass for the ASME standardization, has been obtained by a Larson
Miller parametric assessment.  This vaue is congderably higher than that for T/P911, dthough



both steds have comparable chemistry and mechanicad propertiess.  The man reason for this
discrepancy is the fact that the T/P92 data were assessed by a method that is not applicable to
the type of steels under consderation (8). A recent assessment made at MFl using presently the
world's largest available database has determined the 10°h- creep rupture strength of T/P92 at
600°C to be 116 MPa. This vaue is an agreement with 115 MPa reported by Ennis (9), using a
completdy different method based on the analysis of minimum creep retes,

Both T/P911 and T/P92 are produced by V&M (Valourec& Mannesmann Tubes). Figure 12
shows the results of creep rupture tests of V&M on T/P92 carried out at 550, 600 and 650°C.
The figure contans not only data determined a8 MF but dso data from CEV (Centre de
Recherche Vallourec). Additiond datafor 575 and 625°C are available for this stedl.
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Figure 12: V&M creep tests on T/P92.

The data points at the longest test duration of more than 80,000 h belong to a pipe made by
Nippon Sted. All other data points have been determined on V&M products. The longest test
duration for these products is more than 30,000h. Mean curves have been obtained by the
above-mentioned grgphica assessment method.  The difference in creep rupture strength
between T/P911 and T/P92 is so small that their scatterbands widdly overlap each other.

As regards fabricability, such as wedability and response to bending, there is not much
difference between E 911 and P 92. Ther behaviour aso does not differ much from that of
T/PA1. MFI and V&M have gained consderable experience with T/P911 (10) and aso with
T/P92 (11). In addition much data for T/P911 is available from the COST 501 project (6,12).
Data on the fabricability of T/P 92 can dso be taken from the work published by Japanese
researchers (13,14).



As in the case of P91, induction bends made of P911 and P92 have to be completdy new
normaized and tempered after bending. This is necessary to obtain the same creep strength as
for unbent pipes. An example showing thisis given by Figure 13.
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Figure 13: Creep rupture strength of a P911 induction bend at 600°C.

A typical example for the cregp behavior of a P911 weld at 600 and 650°C is shown in Figure
14. Short time tests at 600°C and high stresses lead to ruptures in the base materiad close to
those for the mean line of the base materid. With increasing test duration, however, creep
rupture strength of the weld drops below the scetterband of the base materid. Pardld to this
drop the rupture location is shifted to the heat affected zone (HAZ). A dmilar behavior is
found a 650°C, but a this temperature the drop occurs earlier. A maximum drop of about
twice the sze of the scatterband is obsarved. Occasondly ruptures are found in the weld
metal. However, in al cases those ruptures were ingde the scatterband. This creep behavior
has to be taken into condderation in the desgn of piping sysems, especidly in cases where
high dresses from the sysem ae acting transverse to the weld seam.  Agan comparable
behavior is aso found for T/P92 and T/P91 welds.

To obtan prediminary information about the behaviour of the new deds in sarvice, a few
components made of these steds have been indaled in exiging Danish and German power
plants (Table 1I). The vdidation of the two steds has atained a level that enables them to be
used in the power plants on a large industrid scde. The components of the main steam lines in
the power plant Niederaussem in Germany are made of P911 and those in the Danish plant
Avedoere are made of P92. Both power plants are currently under construction.
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Figure 14: Creep rupture strength of a P911 weld at 600 and 650°C.

Table !l Application of new tungsten bearing steels in danish and german power sations

Power Station Material | Sze(mm) | Component Steam Installation
Grade Conditions
Vestkraft Unit 3 P92 ID 240x39 | draight pipe | 560°C/250bar 1992
(Denmark) (56) | man seam
Nordjyllands- P92 ID 160x45 header 582°C/290bar 1996
vaerket (Denmark) pP122
Schkopau Unit B PO11 ID 550x24 | induct. bend | 560°C/70bar 1996
(Germany) hot reheat
Staudinger Unit 1 PO11 ID 201x22 | induct. bend | 540°C/213bar 1996
(Germany) main seam
Skaerbaek Unit 3 PO11 ID 230x60 | induct. bend | 582°C/290bar 1996
(Germany) main seam
GK Kid P92 ID 480x28 header 545 C/53bar 1997
(Garmany)
VEW (Germany) PO11 | OD 31.8x4 | superhester 650 C 1998
Westfden PO11 ID 159x27 | steamloop | 650°C/180bar 1998
(Germany) P92 (tet fadility)

Stedsfor Waterwadls

The scope to enhance steam parameters will be limited, if the pressure and temperature in the
waterwadls cannot be increesed sSmultaneoudy. The necessary increase in the temperature
would entall a changeover from the time-independent to the time-dependent design dSiress.



Banitic-ferritic stedls, such as 10CrMo4-5 (T12) and 11CrM09-10 (T22), which have been
used so far, do not have adequate creep rupture srengths for use in waterwals under the
conditions of advanced power plants (Figure 15). Using 13CrMo4-5 an dlowable wal
temperature of about 500°C is obtained for the given tube dimensions 380D x 6.3mm WT and
a design pressure of 350 bar which corresponds to a live steam pressure of approximately
300 bar. However, wal temperatures around 525°C will be expected. The sSituation would not
change by the use of 11CrM09-10 materid. From the viewpoint of cregp drength T91l
(X10CrMoVNDb9-1) would seem to be a suitable solution. As a requirement of manufacturing
waterwalls cannot be subjected to a post-weld heat trestment after welding. However,
martengtic 9-12% Cr deds atan a maximum hardness between 450HV10 (eg. T91) and
650 HV10 (e.g. X20CrMoNiV11-1) in the asweded HAZ, depending mainly upon the carbon
content. A reduction of carbon content in those seds is only possble to a limited extent for
reesons of microdructurd dability.  Such high hardness levels are not acceptable, mainly

because of the risk of stress corroson cracking. Therefore the high strength 912% Cr dteels are
not suitable for use in waterwdlls.
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Figure 15: Allowable temperatures for different waterwa| materids.

The aspect of hardness had to be taken into account when developing new steels.  As shown in
Figure 15 the new dgeds T23 and 7CrMoVTiB10-10 (T24) dlow high enough wal
temperatures. The stedls have been developed in Japan (T23) and Germany (T24). They are
both based on 11CrM09-10. Thanks to their lower carbon content, the maximum hardness in
the HAZ lies & 350- 360 HV10. The seds are micro-dloyed with vanadium, niobium,
titanium and boron to achieve a high creep rupture strength (see Figure 4). T23 dso contans
tungsten, while its molybdenum content is consderably reduced (see Table I). The applied
hardening mechanisms are bascdly the same as have been used for the new 912% Cr steels.
Due to therr origin, however, most of the other properties of T23 and T24 are Smilar to T22
(11CrM09-10). They belong to the group of CrMo- deds with a predominantly bainitic
microstructure. As an example Figure 16 shows the transformation behavior of T24. The man



difference to the transformation behavior of T22 is the retardation of ferrite formation which is
caused by the micro-dloying additions. Due to their high cooling rate, thinrwal tubes used in
membrane wdls exhibit a banitic martengtic structure.  Both steds are used in a normdized
and tempered condition.

Chemical C|[Si|[Mn| P | S | A |Cu[Cr [N [Mo|]V | B |Nb|[Ti N
composition, mass %| 0.08 | 0.21 | 0.53 [0.004)0.0040.004] 0.09 | 2.44 | 0.18 | 0.95 | 0.26 |0.004]0.002(0.053|0.0073
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Figure 16: CCT diagram for 7CrMoVTiB10-10 (T/P24).

A user of T23 and T24 can find a compilation of the most important properties in Ref. (15).
Additiond data on T23 are given in Ref. (16), whereas an extendve review of the current status
of the German development 7CrMoVTiB10-10 (T24) is provided in Ref. (17).

Test waterwal panels have been manufactured with the new geds and are tested in a number
of Danish and German power plants (Table I11). Predominantely pands made of T23 and
7CrMoVTiB10-10 (T24) have been inddled. In addition X10CrMoVNb9-1 (T91) and the
Japanese stedd HCM12 have been used, too. While the T91 panels were heat treated after
welding, the martengtic ferritic sed HCM12 was used in the aswelded condition, like in the
case of T23 and 7CrMoVTiB10-10. However, the HCM12 panels had to be removed after only
ashort time of operation due to cracksin the tubes.



Table Il In-sarvice tests of new materias for waterwals

Power Station Material Dimensions (mm) Component Service Parameters Installation
Heyden X10CrMoVNb9-1 OD51x6.3 evaporator 440°C steam, 240 bar September 1993
(Germany) Divison 70.67
Lippendorf, Unit F | X10CrMoVNb9-1 OD 445x 5.0 evaporator 332°C steam,133 bar 9/1993
(Germany) HCM 12 divison 60 removal HCM 12 March1994
Weisweller, Unit G | X10CrMoVNb9-1 OD 26.9x5.0 evaporator 510°C steam, 160 bar April 1994
(Germany) HCM 12 divison 65 (2 x 12 tubes) pardld SH3 removal HCM 12 May 1996
7CrMoVTiB10-10
Asnaes, Unit 4 HCM 12 OD 38x 5.6 August 1995
(Danmark) divison 57 (10 tubes)
Y \';_2;;810 0 OD 38 x 6.3 evapoarator 460°C steam, 228 bar
VoV T division 57 (2 x 5 tubes) June 1995
Neckar 2 X10CrMoVNDb9-1 OD38x7.1 evaporator 440°C steam, 280 bar September 1996
(Germany) 7CrMoVTiB10-10 OD 38x 6.3
divison 100 (2 x 8 tubes)
Thierbach, UnitD | 7CrMoVTiB10-10 OD 26.9x5.0 pardld SH 480°C steam, 148 bar July 1996
(Germany) divison 65
meander (10 tubes)
Engted, Unit 3 HCM 12 OD 38x 6.3 SH - wadl 500°C inlet June 1997
(Danmark) divison 45 542°C outlet
42x2x10m 211 bar
Amager HCM 12 OD 31.8x5.6 indde boiler 1984 cycles, 50 K May 1994
(Danmark) meander (6 tubes) 575°C metal temp. remova July1995
723 OD 38x 6.3 280 bar August 1995




In view of the excdlent creep rupture strength, other gpplications were looked for. Outsde of
Europe T23 is used as tube material for reheaters and superheaters. Due to the low chromium
content, however, this application is limited by oxidation and flue gas corroson. But regarding
goplication as pipe materid in the man seam sysems, corroson will be of less importance.
Especidly 7CrMoVTiB10-10 could be an interesting dternative to POl for use in conventiond
plants with steam temperatures up to about 545°C. That could be replacements in old plants as
well as gpplications in new plants with conventional steam temperatures, eg. in combined cycle
plants. In order to dlow such applications, thick wall components had to be tested. Figure 17
shows the current status of creep testing at 550°C on thick wall pipes and forgings compared to
thin wal tubes and plates. While the thin wall products have dready reached more than
100,000h, the longest duration of thick wall products is currently about 40,000h. All rupture
points lie within the scatterband of the thin wall products.

It should be mentioned that a difference in heat trestment has proved to be necessary. Thick
wal products have to be used in a water quenched and tempered condition. Otherwise the
lower cooling rate leads to a microdtructure with lower strength and toughness.  The first
commercid application of thick wall 7CrMoVTiB10-10 (P24) is in preparation. It will be used
in the piping sysem of a smdl indudrid power plant. Pipes have been produced with a wal
thickness up to 45mm. The plant will go into operation in 2002.
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Figure 17: Creep tests on various product forms of Grade 24 (7CrMoVTiB10-10).

Outlook to the Future

With increesng steam temperature the lifetime of components will not only be limited by creep
drength but also by oxidation and high temperature corroson. In-service tests have shown that
the newly developed steels T/PO11 and T/P92 are not suitable for use as boiler tubes with a
geam temperature of 600°C (18). In genera 9% Chromium- deds have a didinctly lower
oxidation resgtance than 12% Chromium- stedls, like X20CrMoNiV11-1 (19). The difference
becomes most severe a temperatures above 600°C. As an example, Figure 18 gives results of



comparative tests on X20CrMoNiV11-1, X10CrMoVNDb9-1 (T/PO1) and T/P92 in steam. The
results of Figure 18 show that 9% Cr- steels can not be used in steam lines outside the boailer, if
the steam temperature is 650°C or over.

Currently world-wide research programs are heading for 650°C steam temperature as a next
dep to further improve plat efficiency. MH is involved in such a program organized in
Europe by COST 522. In the on-going fird phase laboratory heats were produced and tested
(TablelV).
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Figure 18: Steam oxidation of 9-12% Chromium- steels at 650°C.

Table |V Chemical composition of new 12% chromium- laboratory heats

Chemical Composition (mass-% )
Material
C Si Mn Cr Ni Co Mo \Y Nb B N
Heat A 0190 (010 |052 (1164 [020 |0O1L (148 |026 |0058 [0.0035 |0015
Heat B 0184 (010 |0O51 (1154 (025 |0O1 (148 |026 |0.058 [0.0039 |0047
Heat C 0158 (009 |053 (1125 (026 |09 [146 |025 |0.047 [0.0062 |0.063
Heat D 0160 (010 |050 (1142 [(026 |106 |[148 |025 |0.058 (00117 |0.063
Heat E 0129 (010 |049 (1129 (028 |306 (144 |025 |0057 [0.0068 |0051

As mentioned before in the discusson on T/P122, phase sability did not alow the use smply
of a 9% Chromium- sed and increase the chromium content. A sngle phase martenstic
microdructure can only be achieved by smultaneoudy increasng the proportion of audenite
forming elements, such as carbon, nitrogen, copper, nickel or cobadt. However, it has to be
taken into account that other materid properties, eg. Acip temperature, will be influenced by



adding those édements. Based on a compodtion sSmilar to T/P91, laboratory heats were
produced with a chromium content > 11% and 1.5% molybdenum as well as different contents
of carbon, nitrogen, cobat and boron.

Figure 19 shows the current status of creep tests on those laboratory hests at a temperature of
625°C. For comparison the mean curve and scatterband of T/PO11 is included in the figure.
All rupture points lie between the mean curve and the upper limit of the scatterband. The
highest creep srength values have been reached by heat E with 3% cobdt. Assuming that no
steep decrease occurs a longer times, an increase of creep rupture strength by about 20% can
be expected compared to T/P911. The disadvantage of this materid is its high price due to the
high cobdt content. Therefore a further optimization is planned with the am of reducing the
cobat content but maintaining the creep strength
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Figure 19: Creep tests on new 12% Cr- |aboratory hegts

Figure 20 gives an overview on creep rupture strength of various materias with respect to
temperaiure. This figure adso gives a good overview on the present status of development of
creep resgtant stedls for power plants. The newly developed steels T/P91, T/P911 and T/P92
have moved the gpplication of ferritic seds into the range of audenitic seds. T/PO11 and
T/P92 will enable live steam and hot reheat lines to be operated at 605°C and 625°C,

respectively.

The achievements which have been made can easly been demondrated by a line drawn a
100MPa.  The intersection of this line with the creep rupture drength curves gives an
goproximate vaue of the highest live steam gpplication temperature of the respective materid.
A further increese is anticipated by the new 129%Chromium- dseds which ae under
devdopment. This will probably mak the limit for feritc geds. There is only a andl
temperature range for a potentid application of augtenitic seds for live seam piping, which is



not reasonable to be used in view of the problems discussed before. However, the use of
nickd-base dloys, eg. Incond 617, would enable the Steam temperature to be raised
consderably. The European research project THERMIE ams a developing power plants for a
geam temperature of 700°C. Such a steam temperature will enable the plant efficiency to be
raised beyond 50%. If the development progresses as planned, a 700°C power plant could be a
reality by about 2015.
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Figure 20: Materias for main steam pipesin power plants.
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