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Preface

The improved understanding of the factors leading to the long term in-service
embrittlement of L.P. rotors which developed from basic research carried out in the
1970s enabled the late Bob Jaffee to formulate his ideas for the production of
superclean steels. A history of the progress from experimental studies to actual rotors
has been recorded in the proceedings of four previous workshops organised by the
Electric Power Research Institute of Palo Alto, California, U.S.A.

The proceedings of the Fifth Workshop are recorded in the present volume which
appears some three years after that of the Fourth Workshop.

The progress during the intervening period, as outlined in the twenty one papers
presented, has been extensive. Not only have the properties of superclean 3.5Ni-Cr-
Mo-V steels been thoroughly established, the economies of their production has been
assessed and the extent of their use in the power generation industry has been
recorded.

The concepts involved with the already developed superclean steels are applicable
to a wider range of steels than the conventional 3.5Ni-Cr-Mo-V varieties. Already
some progress is now being made with the development of single shaft HP-LP rotor
steels to a superclean specification and the same comment applies to the more highly
alloyed 9-12% Cr steel, where, once again, low residual contents are found to alleviate
the long-term embrittlement problems.

It is also clear that the superclean steels can be used for other than conventional
power generation equipment. The use of these improved materials for general
pressure vessels, nuclear components and the petro-chemical industry’s pressure
vessels is now becoming more widespread, where the requirement is to minimise in-
service embrittlement at elevated temperatures. But, superclean steels also have
excellent fracture toughness, at around ambient temperatures, with good stress
corrosion resistance and these characteristics have led to the application in off-shore
structures.

It is not surprising, therefore, that there is considerable interest in the future
development and applications of superclean steels. Many views were expressed on
these topics at a round table discussion, a summary of which is given in the
proceedings.

The Editors of the proceedings are grateful to the other members of the organising
committee for their unstinted help and to Miss Lisa Davies of The Institute of
Materials, for her assistance as General Organiser of the Conference. Many others
helped, but in particular, our thanks are due to Monsieur André Coulon, for his
continued interest and advice.

We hope that the present volume will be looked upon as a further fitting tribute to
the memory of the late Bob Jaffee.

J. Nutting and R. Viswanathan.

dmfhw R ‘Vawermal\iaRn
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Application of Clean Steel/Superclean

Steel Technology in the Electric Power

Industry — Overview of EPRI Research
and Products

R. VISWANATHAN

Electric Power Research Institute
3412 Hillview Avenue, Palo Alto, CA

1. INTRODUCTION

The adverse effects of impurity elements phosphorus (P), antimony (Sb), tin
(Sn), arsenic (As), sulphur (S), oxygen (O), and deoxidants aluminum (Al) and
silicon (Si) on the mechanical properties of steels have been known for many
decades. P, Sb, Sn and As interactively with Si and Mn cause temper
embrittlement and lead to reduction in the fracture toughness (Kjc) and
increase in the ductile-brittle transition temperature (FATT). Presence of
sulphide inclusions, and nonmetallic inclusions containing Al and Si can
facilitate cavity nucleation at the grain boundaries and in the grains, thus
facilitating creep fracture at high temperatures and ductile fractures in the
upper shelf region. These changes result in reduced creep ductility at high
temperatures and reduced fracture toughness at lower temperatures.
Advancements in the steel making technology during the last two decades
have enabled reduction of these impurities and deoxidants to levels as low as
20 ppm leading to what might be called ‘clean steels’. Further realisation that
in view of the low sulphur levels achievable, even Mn is no longer necessary
to ‘fix’ the sulphur and can, therefore, be reduced to levels as low as 0.01 to
0.02% has resulted in ‘superclean steels’.

The development that has made ‘clean” and ‘superclean’ steels possible was
secondary steel refining via ladle furnaces in conjunction with vacuum degass-
ing in the ladle and during casting. Ladle treatment of molten steel for the
purpose of desulphurisation and vacuum carbon deoxidation were developed
only in 1975. These techniques provided a production means of manufacturing
high purity steels that previously could only be made in the laboratory as a
control for temper embrittlement research studies. Thus, the practical solution
to the problem in alloy steels was to refine the steels from Mn, Si, P, Sn, As, and
Sb during steel making operations. Manganese, silicon, and phosphorus are
easily removed during the oxidising stage of steel making, because they oxi-

1



2 CLEAN STEEL: SUPERCLEAN STEEL

dise preferentially to iron, and enter the oxidising slag. This generally is done
in the electric arc furnace. Tin, arsenic, and antimony are controlled by scrap
selection, with basic oxygen furnace steel scrap used as the starting material for
electric arc furnace melting if possible. After separation of the oxidised steel
from the oxidising slag, it is transferred to a reducing slag in a ladle refining
furnace, which removes the sulphur. Vacuum treatment of the desulphurised
steel in the ladle furnace accompanied by argon bubbling provides a means for
deoxidation via the vacuum carbon deoxidation (VCD) process. This leaves no
oxide particles dispersed in the steel as would occur if deoxidation were done
with silicon. The alloying elements are added at this stage. Casting into molds
contained in a vacuum chamber, called vacuum stream degassing (VSD) com-
pletes the double degassing treatment. The extensive degassing combined
with argon bubbling removes nitrogen and hydrogen as well as oxygen. The
result is a superclean steel free to the maximum extent possible of grain
boundary segregates and of nonmetallic oxides and sulphides. Alternate
routes to produce clean/superclean steels also include use of Al deoxidation in
lieu of VCD and conventional pouring in air with argon shrouding.

The primary driver in cleaning up steels has been the desire to achieve
improved fracture toughness, although benefits in other properties such as
resistance to creep, stress corrosion, etc. have accrued incidentally and
serendipitously, making cleanliness even more desirable. In general, any
modifications to alloy content or heat treatment to improve toughness of the
steels have an opposite effect on the creep strength. Getting rid of the
impurities (tweaking) provides one of the few viable ways of achieving the
best results with respect to all the mechanical properties.

Good fracture toughness and freedom from impurity induced temper
embrittlement are crucial requirements for rotors and discs. Regardless of the
operating temperature, the final failure scenario for all catastrophic rotor/disc
bursts involves either failure due to peak thermal stresses during a start-up/
shut-down transient, during overspeed testing or during steady operation at
low temperatures. Hence FATT and fracture toughness considerations at
low/intermediate temperatures are important.!-2

Reduced fracture toughness of rotors and discs arising either inherently
due to sulphides and inclusions or due to impurity-induced embrittlement
results in a decrease of the component life under base load and cyclic
operation due to increased risk of brittle fracture, and is one of the major
causes of early component retirement. Embrittlement can also have a major
constraining effect on the operating procedure. To keep transient stresses low,
stringent controls have to be exercised with respect to the start—stop cycles.
For instance, during each cold start, the rotors may need to be pre-warmed to
a temperature above the ductile-to-brittle fracture appearance transition
temperature (FATT) over a period of several hours prior to imposition of full
load. These requirements lead to increased operational costs for the plant and
decreased flexibility and availability. Reduced toughness also increases
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inspection costs due to the more frequent inspections required. In the case of
low-pressure (LP) rotors, the LP cross-over temperature in fossil plant
turbines is kept below about 370°C (700°F) to avoid embrittlement, even at the
risk of reduced efficiency. Increase of the LP cross-over temperature to 400 to
427°C (750-800°F) would result in major efficiency gains. Improving the
toughness of LP rotor steels also means that the increasing of the strength
such as the tensile strength and the proof strength can be obtained along with
maintaining the conventional toughness level by the modification of the
tempering condition. Accordingly, the length of the last stage blading can be
increased to improve the turbine thermal efficiency. Toughness of steels thus
has a significant effect on the reliability, availability, cycling ability, efficiency
and operating and maintenance costs (O&M) of turbines.

Table 1 shows the principal ‘driver’ requiring advancements in the dlfferent
types of turbine rotors. For a more complete summary of rotor developments
the reader is referred to Ref. 3. In the case of HP/IP rotors operating at
elevated temperatures, improved creep strength permitting operating at
higher temperatures and providing greater efficiency and improved tough-
ness providing greater reliability, longevity and cycling ability have been the
drivers. For LP rotors, increasing the LP cross-over temperature from 370°C
(700°F) to 400°C (750°F) without the risk of temper embrittlement has been the
principal driver since such a change would increase the turbine efficiency
substantially. Increased longevity under stress corrosion conditions has also
been an incidental benefit. For HP/LP combined rotors, reduced installed
cost/kwh by housing the entire rotor inside a single casing has been the
driver. This becomes possible if the creep strength requirements in the high
temperature end and toughness requirements in the low temperature end can
both be satisfied in a single forging. In all cases, improved reliability of the
rotor leads to decreased inspection costs since the inspection intervals can be
extended. An order of magnitude estimate the cost impact of various
improvements is provided in Appendix 1, strictly for illustration purposes.

EPRI has been active in sponsoring and catalysing research pertaining to
improved HP, LP and HP/LP rotor steels primarily through improvements in
cleanliness since the mid 70s. Although the deleterious effects of impurities
were known prior to that, there were no systematic studies of the synergistic
effects of impurities. Although it was known that Mn contributed to embrit-
tlement, high Mn levels were routinely maintained although no longer
required in view of the steady decrease in the S content of steels.? In order to
make clean steels a reality, the steel makers, especially in the U.S. needed to be
convinced of three things:

1) That impurity elements do in fact adversely affect the toughness, creep
ductility, stress corrosion and key properties of steel.
2) That clean steel components in the sizes needed can be successfully made

with available technologies, without driving up the costs to unrealistic
levels.



SUPERCLEAN STEEL

CLEAN STEEL

‘sanrpqeded
amyeraduwa) Y31y
03 anp ured Ausbyzg

“Ayrqe SurpA)d
3800
pa[[eIsut ur uondNpay|

aouesIsal DS

‘syuerd

DSN U (1.052) Do00¥
03 aanjesaduwia} 1940
-$S0ID J] paseaoul
03 anp ure8 A>uapyyg

“Ayqrqe SurpAD
‘syuerd

DS Ut (.0SLT) De0Z9
03 dn Aypqesado

03 anp ured Aouayjy

Aymqe BurpAd
Ayaaduo
Amiqeray

JUSWID[NHIqUID
WO1j WOPIAL]
ssauy3noy pasordwy

d1

Ay 1' AOIDING'E

jo ssauy3no; ay3
Gururejurewr pue JH
Je AOWNID Jo yiSuans
dsaxo a3 Gurureyurew
ssauydnoy pasordury

Aympnp

/yiBuans deor

ut syuswascxdur
[e3uapOU]

“3dUR)SISAT

206 ur suswaaoxdur
[elapIOU]
‘(FJUSWB[RIqUID

W01y WOpPadiy)
ssauydnoy pasoadury

y33uans
dsaxo pasoxdug

Aymonp yiduans
daaxn ur juswasoxdur
[e3uRpIOU]

ssauy3noy pasoxduy

AOWINID% 1T
ueapiadng

AOIDINS'L
ues) e
AINS'T
UNZONTIDT
uea[d) e
MINAOWINIDT
ued[) e
AMINONIDC
uea)D e
AONIDING'C
ueapiadng e

AOWIDIN%S €€
ueapiIadng

NYSH o
SSaUTURa[D) e

BL ‘M ‘AN o

ym

SUOTIEdYIpOW ISYHN]

ASTOONW L D1
ues[)

AONINID%L
ASTOONTIDL

AMINOWIDC o

"PAIOq AOWNIDING '€

pue ASTOOWIIDL o
‘pajeany
yeay A[[eluaIRHIp
ASTOOWLIDL »

AOWIDINGS'€

NELAOWIDLL
NANAOWIDLT
AOWIDTL

ASTOONW 1 1O1

ssauy3noy ajenbape
am yiduans dear)

pua
J71 ur ssauy3noy pue pus
JH ur yiduans deard

ssauy3nog],

ssau[3noy ajenbape
ym yyduans daar)

ssau8noy ajenbape
ynm yiduans deard

$ISIp durqany
uonsnNquIo))

yeys ap3urs
d1/dH

(d.00£>) Do0LE>
d1

(1,0801>) Do595>
d1pue dH

(d50001>) Do8€5>
dI pue dH

s1aALx(] [edpurlg

safejueApy

[ELIdJRIA] PRDURADY

[eLISIEJA] JUBLIND)

juawarmbay Arewrtr g

10)0Y

S[9331g 1030y Jouea])) Jo JuawdoPAd(] 10§ SIALQ redoung 1 3[qeL



CLEAN STEEL/SUPERCLEAN STEEL TECHNOLOGY 5

3) That superclean steels with a very low Mn could be made and forged into
product shape.

All of these concerns were systematically addressed through a series of
research and development and demonstration projects. A summary of these
projects, the principal outcome of each project leading to the next step and the
EPRI product relating to each of these developments is provided in Table 2.
The objective of this paper is to review the various EPRI-sponsored develop-
ments relating to clean/superclean steel technology.

2. HP AND IP ROTORS

These rotors typically operate at a maximum temperature of either 540°C
(1000°F) or 565°C (1050°F) at the steam inlet end with temperature falling to
about 345°C (650°F) at the steam exit end of the high pressure (HP) or the
Intermediate Pressure (IP) turbines. For temperature up to 540°C (1000°F), a
1CriMo 1/4V steel is generally used and for temperatures up to 565°C
(1050°F) variations of a 12%Cr martensitic steel are used.

Figure 1 shows the reduction in the concentration of impurity elements in
1Cr1Mo 1/4V steels over the last few decades, due to advancements in steel
making and refining technologies.

Numerous improvements have been made since the late 1940s in terms of
rotor compositions, fabrication practices and cleanliness, as illustrated in Fig.
2 for high temperature forgings, based on the extrapolation of results cited in
Refs 4 and 5. The toughness and rupture ductility have seen corresponding
improvements as shown in Fig. 245 The key events in this evolution
include:

1) Switching to higher creep strength CrMoV rotors from the NiMoV rotors in
1948.
2) Introduction of D-grade rotors austenitised at 954°C (1750°F) in place of the
earlier C-grade rotors austenitised at 1010°C (1850°F) to eliminate notch
sensitivity and low ductility problems around 1953.
3) Use of electric furnace melting and vacuum pouring introduced around
1958 to reduce bore segregation of nonmetallic inclusions and sulphide
streaks.
4) Introduction of 12 percent Cr rotors for 1050°C service in 1960.
5) Application of vacuum arc remelting process in 1970.
6) Demonstration of clean steel CrMoV rotors about 1984.
7) Demonstration of higher creep strength in modified 12 percent Cr rotor
compositions about 1987.
The integrity of rotors has also been improved by advances in welding
procedures for the initial fabrication or repair incorporating smaller forgings
of higher quality.

The first EPRI project dealing with clean steels, RP1343 was started in the
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Fig. 1 Trends in impurity levels in Cr-Mo-V rotor steels
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wake of the catastrophic failure of the Gallatin HP/IP rotor, wherein presence
of sulphide stringers at the bore had been implicated in a major way.® To
reduce the sulphur level in HP/IP 1Cr1Mo 1/4V type (ASTM A470 - Class 8)
rotors, Swaminathan and Jaffee demonstrated the effectiveness of three
advanced steel making technologies.”® Three full-size 30 ton Cr-Mo-V rotor
forgings were produced from 100 ton ingots each by vacuum carbon deoxida-
tion (VCD), electroslag remelting and low sulphur vacuum silicon deoxida-
tion (low S) processes. Ladle refining was applied to the liquid metal in the
low S and VCD processes, whereas in the ESR process refining of the steel was
achieved during electroslag remelting. All the processes reduced sulphur to
very low levels in the range 10-20 ppm resulting in excellent bore quality and
cleanliness. In addition, the VCD process also resulted in low P (30 ppm) and
low Si levels. Table 3 provides a comparison of the composition of the
advanced rotors with the conventional rotors. The centreline cleanliness of the
rotors were appreciably better than conventional rotors.

Table 3. Chemical Compositions of Advanced Technology and Conventional
1CrMoV Forgings Evaluated by Jaffee and Swaminathan?-®

Element Low S VCD ESR? Conventional? ASTM A470,
Low S Class 8
Carbon 0.31 0.28 0.31 0.32 0.25-0.35
Manganese 0.78 0.76 0.78 0.83 1.0 max
Phosphorus 0.007 0.004 0.009 0.009 0.015 max
Sulphur <0.001 0.001 0.002 0.009 0.018 max
Silicon 0.23 0.05 0.19 0.27 0.15-0.35
Nickel 0.33 0.40 0.27 0.23 0.75 max
Chromium 1.13 1.18 1.18 1.07 09-15
Molybdenum 1.15 1.21 1.18 1.17 1.0-15
Vanadium 0.23 0.26 0.26 0.25 0.2-0.3
Tin 0.002 0.010 0.003 0.006 -
Antimony 0.0012 0.0015 0.001 0.001 -
Copper 0.04 0.04 0.04 0.09 -
Aluminum 0.004 0.005 0.009 0.003 -
Arsenic 0.003 0.006 0.011 0.010 -
Nitrogen* 84 96 105 - -
Hydrogen 15 0.37 1.6 - -
Oxygen 16 38 33 - -

1. Elements in wt%, gases in ppm. 2. Average of top and bottom analyses. 3. Mean value
of 29 Westinghouse conventional rotors (1971-77). 4. Gas analysis from hot top.

Compared with conventional forgings, the fracture toughness, creep-
rupture strength, rupture ductility, and LCF strength were found to be
superior, as shown in Fig. 3. Considering the fact that, in general, improve-
ments in rupture strength and ductility and in rupture strength and fracture



Fracture toughness (Kc), Ksi Vin

—
€@
~

Stress to rupture, ksi

Figs 3a and b Improved mechanical properties achieved by advanced melting
technologies and oil quenching compared with air-cooled conventional Cr-Mo-V
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toughness are mutually opposed, the simultaneous improvements achieved
with respect to all of these properties must be considered a major milestone in
rotor technology. The three trial rotors made in this project were installed at
three operating plants in the U.S. rated at 520 MW each. Rotors with low
levels of Si produced by the VCD process have been used in several
commercial plants recently.® In Germany, on the other hand, fracture tough-
nesses comparable to the low sulphur steels have been achieved since 1973
even in commercial cleanliness CrMoV steels by oil quenching, in contrast to
the practice of air quenching in the U.S.9 However, the extreme reduction of



