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1 his paper provides a U-J;P,G work for selecting heat
exchangers materials especially those used in nuclear
power plants. Typical examples of materials selection for
heat exchanger tubing of nuclear power plants and
condensers are presented. The paper brings out also,
the importance of continued intensive R & D in materials
in order to enhance the reliability and reduce cost by
improving upon the existing materials by minor additions
of alloying elements or new materials. The properties of
Cr - Mo - alloys with minor additions of W, V, Nb and N
are discussed in view of their use at elevated
temperatures in the power industry. These alloys were
found to provide considerable operation flexibility due to
their low expansion coefficient and high thermal
conductivity in comparison with the austenitic stainless
steels. Also, the Ni base alloy Inconel 617. could be
selected for his excellent combination of creep and hot
corrosion resistance up to a temperature of a50 °C.
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1.0 INTRODUCTION

Heat exchangers form a vital part of many processes viz. chemical, fertiliser, petrochemical, fossil and
nuclear power generation, refrigeration, desalination, and so on. They have always been of great
industrial importance, but in recent years, their significance has increased because of the ever growing
energy needs. It is imperative to make the best possible use of energy resources and the utilisation of
efficient and economical heat exchangers is crucial in this endeavour. Requirements for heat exchangers
such as improved efficiency, stringent environmental needs, and cost effectiveness demand reliable
materials specially for the heat exchanger tubing and consequently there has been a continuous search for
improved materials. A new thrust has been given to this search by the concept of Ultra Supercritical
Advanced Power Plants in which, improvements in power plant efficiency by an increase in operating
temperature and steam pressure and in flexibility of operation allowing frequent start-ups and shut-downs
(for example single or two shift operations) are aimed at.

Heat exchangers are a major source of problem in many applications resulting in poor plant availability
and efficiency. The reliability of heat exchangers is an area which deserves close attention. As an
example, the steam generators of nuclear power stations are discussed here. The magnitude of problems
in steam generators have been highlighted by a report that in the USA alone steam generators accounted
for 3.2 % of the lost capacity factor in 1988 [I]. This represents a considerable economic loss to the
utilities. It has necessitated repair at a high cost and in some cases has forced the premature replacement
of the steam generators themselves.

Although tube plugging is the most commonly used indicator of tube failure/degradation, it does not tell
the whole story since many tubes have been plugged as a precautionary measure and also tube sleeving
has been adopted in some cases. Tube sleeving differs from plugging in the sense that the tube is retained
in service and the steam generator capacity is not impaired. Nevertheless, a sleeved tube should also be
considered as a failed/degraded tube. For the steam generators of nuclear power stations (thermal
reactors), the average tube failure is 0.24 % per year based on plugging rate alone [2] and 0.4-0.5 % per
year based on plugging and sleeving [2]. Although 0.24 %/year may not appear significant, over a 30-40
year period which is the life of a steam generator this amounts to plugging 7.2-9.6 % of the tubes.
Utilities that have replaced steam generators were generally plugging tubes at a rate significantly greater
than this average rate [2]. Constant review of the operating record of steam generators worldwide has
identified a number of possible mechanisms for unsatisfactory steam generator performance. Through
intensive, and continuing, research and development, design of steam generators have evolved which
achieve an optimum approach to addressing all the issues. Good tube material selection with appropriate
heat treatment has been identified as one of the important design objectives. This optimised design is
being used in both current generation steam generators and replacement units. This paper discusses, in
general, the approach to selection of materials for heat exchangers and in particular heat exchanger tubing
material for the power sector, both nuclear and fossil fired.

2.0 GENERAL CRITERIA FOR MATERIALS SELECTION

The engineer making the materials selection must know all the aspects involved in the construction,
operation and maintenance of the heat exchanger. The importance of this is illustrated with the following
examples: an operator may isolate a heat exchanger with raw water for sufficient time to initiate a pitting
corrosion; partial blockage of tubes, specially of small diameter, would result in stagnant conditions that
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may cause pitting in alloys that are so prone; fouling may result in operating the heat exchangers in
throttled/part load condition.

A general procedure [3] that could be used for identifying the most appropriate material for a specific
heat exchanger application would consist of the following steps.

o Define the heat exchanger requirements
o Establish a strategy for evaluating candidate materials
o Identify candidate materials
o Evaluate materials in depth
o Select the optimum material

2.1 For the first step, the engineer must consider the normal operating parameters (eg: nature of the fluids
on both the tube and shell side, flow rate, temperature and pressure), startup and shutdown conditions,
upset conditions, special conditions like product purity requirements, hazardous effects of intermixing of
shell and tube side fluids, radioactivity and associated maintenance, etc. The applicable codes and safety
regulations must also be considered. The heat exchanger designer would also identify the tube
attachment method as this also affects the material selection. If the material selection is being done by
someone other than the heat exchanger designer, there must be close consultation between these
individuals.

2.2 While establishing the strategy for evaluating candidate materials, the main factors to be considered
are cost and reliability. The minimum cost strategy would mean use of less expensive materials and
rectifying the problems as they show up. Maximum reliability strategy would mean going for the most
reliable material regardless of its cost. Both strategies have to be weighed against initial cost, loss due to
possible shutdowns, repair cosis, indirect loss to other industries etc.

2.3 In identifying candidate materials, it is desirable to narrow the field to a comparatively small number
of materials for more extensive evaluation. There is no hard and fast rule as to how many candidate
materials should be selected for detailed study. The initial identification and selection procedure, if done
properly, will eliminate those materials which are unsuitable and those which are excessively expensive.
This calls for use of operating experience, use of handbook data and literature on advanced materials
under development, and judgement. Special considerations which affect materials selection include:

Physical Properties

- High heat transfer coefficient (requiring high thermal conductivity for tube material)
- Thermal expansion coefficient to be low and as compatible as possible with those of the materials

used for tubesheet, tube support and shell to provide resistance to thermal cycling.

Mechanical Properties

- Good tensile and creep properties (High creep rupture strength at the highest temperature of
operation and adequate creep ductility to accommodate localised strain at notches are important).

- Good fatigue, corrosion fatigue and creep-fatigue behaviour.
- High fracture toughness and impact strength to avoid fast fracture.

Corrosion Resistance

- Low corrosion rate to minimise the corrosion allowance (and also radioactivity control in heat
exchangers for nuclear industry)

- Resistance to corrosion from off normal chemistry resulting from leak in upstream heat exchanger or
failure in the chemistry control

- Tolerance to chemistry resulting from mix up of shell and tube fluids.
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Manufacture

Ease of fabrication is an important aspect for selection of materials. The usual manufacturing steps
involved for heat exchangers are bending of tubes, joining of tube to tubesheet by rolling, welding or
rolling and welding, forming of shell geometry and welding of shell plates and shell to nozzle and the
heat treatments associated with the welding steps.

Operating Experience

A great deal of knowledge is gained by the operating experience of similar units. Lessons learnt from the
failures of others is an important consideration in materials selection.

2.4 After narrowing down the list of candidate materials (for tube, tubesheet, shell), the next step is to
perform the design of heat exchanger with candidate materials so as to establish the initial cost. Also the
failure probability with each design needs to be established so as to establish the outage cost.

2.5 Criteria for making the final selection will include an assessment of each of the following:
- initial cost
- maintenance cost, including consideration of how frequently the equipment will need to be inspected

for corrosion
- cost of loss in production
- consequences of failure. Is failure likely to create unsafe conditions or cause discharge of an

undesirable chemical Into the environment or serious repurcussions to an emerging technology.

Generally materials selection is based on qualitative comparisons of the candidate materials. However, it
is worthwhile to make the assessment based on financial parameters.

3.0 MATERIALS SELECTION FOR NUCLEAR POWER PLANT HEAT
EXCHANGERS

A nuclear power plant has around 100 heat exchangers of different types. Among them, the steam
generators are undoubtedly the most important. They have been, so far a source of concern associated
with a long history of tube damage or failures and consequent forced outages. The approaches to and
evolution in the philosophy of selection of materials for heat exchangers will be exemplified in this paper
by discussing the steam generator tubing material for three types of nuclear plants viz PWR (Pressurised
Water Reactor), PHWR (Pressurised Heavy Water Reactor also known as CANDU and INDU) and
LMFBR (Liquid Metal Fast Breeder Reactor).

3.1 Steam Generator Tubing Material for PWR and PHWR

In terms of the diversity of types of damage, steam generator tubing poses problems on a scale rarely seen
in an industrial context.

Table 1 shows the materials of construction used by various vendors.

Table I: Chemical Composition of Currently used Materials for Steam Generator Tubing

Alloy 600

Alloy 800
Alloy 690

Single values

C

0.15

0.1
0.05

are maximum

Ni

Balance
>72
30-35
>58

values

Cr

14-17

19-23
27-31

Fe

6-10

Balance
7-11

Co

0.1

0.1
0.1
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Operating difficulties encountered have been categorised in Table II.

Table II: Assigned Causes of Tube Defects Resulting Plugging[4|

Cause
Tube Material Corrosion

- Primary side intergranular stress corrosion cracking
- Secondary side stress corrosion crack ing/intergranular attack
- Pitting
- Thinning

Tube Support and Tubesheet Corrosion
- Denting
- Thinning
- Pitting

Mechanical Damage
- Tube fretting and wear
- Fatigue cracking
- Erosion - corrosion

Table III shows the tube plugging statistics for the five year period 1987-91 [5].

Table III: Assigned Casue of Tube Defects Resulting In Plugging 1987-91

Cause

Primary side SCC
Secondary side SCC/IGA
Pitting
Phosphate wastage
Denting
Thinning
Erosion-Corrosion
Fretting
Fatigue
Mechanical damage
Metallurgical examination
Undetermined
Other

* actual number of plugged

1987

3 J . 8 [ 1 7 7 3 ]

30[1485]
7.l[353j
\3[63]
0.6[31]
1.1 [53]
2.3[116]
8.5[4I9]
0.8[419]
0.4[21]
0.4[21]
0.8[37]
11.3[561]

tubes in parentheses

Percentage of total tubes

1988

40[2595]
24.3[1641]
6.8[44I]
1.1 [70]
0.5[33]
0.14[9]
1.0[63]
7.0(446]
O.8[5O]
0.2[12]
0.2[9]
O.35[58]
16.8[112O]

1989

36.6[2079]
35.4[2191]
6.5[372]
1.1 [65]
1.7[77]
0.1[7]
1.2[64]
10.5[597]
0.2[9]
O.O5[3]
0.05[2]
0.09[5]
6.4[655]

plugged •

1990

43.2[3398]
28.9[2276]
1.6[122]
0.8[64]
2.3[181]
0.5[42]
0.6[50]
17.7[1400]
0.06[5]
0.85[67]
0.85[3]
0.06[54]
3.3[265]

1991

22.1 [2430]
60.9[6785]
2[279]
0.5[57]
0.7J77]
0.04[4]
O.5[5O]
5.2[776]
0.09[10]
0:8[76]
0.7[3]
0.07[8]
7.2[823]

Most of the tube failures are associated with mill annealed lnconel 600 material with stress corrosion and
intergranular cracking as major causes of failure. The steam generators being replaced in PWRs around
the world are almost exclusively those with annealed Alloy 600 tube material. The main weakness of mill
annealed Alloy 600 is susceptibility to stress corrosion and intergranular attacking. Candidate materials
for replacement units and new units are Alloy 600 with thermal treatment, Alloy-800 and Alloy 690
annealed or with thermal treatment with major trend in PWRs towards Alloy 690 TT [5,6]. Table IV
shows the relative comparison of the three materials [7]. Alloy 690 TT has excellent resistance to stress
corrosion cracking and intergranular attack.

Monel 400 has been used in PHWR steam generators in Pickering A and KNAUPP (Canada), and RAPS
& MAPS (India) [8]. The service performance of Monel 400 has been satisfactory. It is not used in later
PHWR designs where some boiling occurs in the heavy water and may cause higher oxygen



concentrations which leads to accelerated corrosion of this material [8]. In the Indian PHWRs, Alloy 800
has been selected for the units beyond MAPS.

Table IV Comparative Characteristics of S.G. Tube Materials

CHARACTERISTICS

CHEMISTRY

• Chromium %
. Nickel %

. Desirable Cobalt %

. Insensitivity of mechanical
corrosion properties to
variations in neat to heat
analyses or thermomccha-
nical fabrication parame-
ters

PHYSICAL PROPERTIES

. Thermal Conductivity

. Thermal Expansion Match
with Ferritic Steels (plate,
supports)

MECHANICAL PROPERTIES

. Elevated temp, tensile

CORROSION RESISTANCE

. Resistance to metal loss
to stream

. Resistance to primary side
IGSCC

• Resistance to high temp.
Phosphate wastage ,

. Resistance to CI" SCC

. Resitance to OH" SCC.
- low cone. <t g/l
- intermediate 100 g/l
- high cone. 300 g/l

. Resistance to sulfur
compounds pitting

ALLOY 800

• ;

£.10 OK

*
C

Ti/C
Ti*AI

t

• •

•

V
•*•

ALLOY 600

annealed specially
heat

treated

t

/.10 not always
sufficient - LO5

C
Cr

•

*

*

**

• •

• •

• *

# »

#

• *

•

* • *

• • •

ALLOY 690

annealed specially
heat

treated

*»«
• *

Z,io

c

a

•

««

•

OK

*

*

•

* • •

• i

* •

<M *

lower • • intermediate • • • higher relative level



3.2 Materials for Heat Exchangers of Fast Reactors
Material Selection for Sodium-sodium Heat Exchanger

The fast reactors in operation and currently planned have in common the choice of liquid sodium as a
coolant and two heat exchanger circuits (primary and secondary sodium circuit) separated by an
intermediate heat exchanger (sodium-sodium heat exchanger). The conditions under which the materials
are used in sodium systems are characterised by the following:

- the excellent heat transfer characteristics of sodium gives rise to thermal fatigue problems
- a maximum temperature of 830 K
- low primary stresses and high secondary stresses of thermal origin

Traditional austenitic stainless steels (304, 316, 316L, 316LN) are used in existing or planned reactors for
sodium-sodium heat exchangers and the operating experience is overall satisfactory.

Material Selection for Steals Generator

Operating experience on fast reactors has shown that steam generator hoids the key to successful
commercial exploitation of these reactors. This is because in a sodium cooled fast reactor the
consequences of a leak demand a high integrity steam generator. One of the fundamental starting point is
the choice of materials, in particular, for the heat exchanger tube, with two to four millimeters of highly
stressed tube wall which separates sodium from water.

Table V sums up the principal selection criteria for tube material [9]. When the various criteria are
reviewed, no material )s found to have the qualities that make it an obvious choice. This is confirmed by
the variety of materials chosen for steam generators in operation or under construction or in design stage
(Table VI). The principal materials used or considered are ferritic steels 2.25Cr-lMo, Niobium stabilised
2.25Cr-lMo, 9Cr- IMo and modified 9Cr-lMo (Grade 91), austenitic stainless steel (304/316/321) and
Alloy 800.

Table V: Principal Selection Criteria for Steam Generator Tube Material for LMFBRS

General criteria Criteria related to use in sodium

Mechanical properties Mechanical properties in sodium

- Yeild and tensile strength Susceptibility to decaburisation

- Creep data

- Low cycle fatigue,

High cycle fatigue

- Creep fatigue interaction

- Ductility

- Ageing effects

Workability

Weldability

Inclusion in pressure vessel codes or Corrosion under normal sodium chemistry
availability of adequate data condition, fretting and wear

Corrosion resistance under storage(pitting) Corrosion resistance in the case of sodium water
normal and off-normal chemistry reaction (stress corrosion cracking, self enlargement
conditions of leak and impingement wastage)

Availability

Economics



Table VI: LMFBR SG Materials

Reactor

Phenix

Status Superheater(temp.K) Tubing Material
Na Steam Evaporator . Superheater
inlet outlet

Operational 823

Superphenix Operational 798

PFBR

785 2.25Cr-lMo SS321
2.25Cr-lMo+Nb+Ni

763 Alloy 800
(once through integrated)

EFR

PFR

SNR-300

EBR-II

CRBRP

MONJU

DFBR

BN350

BN600

BN800

FBTR

Conceptual
design
completed

Operated for
20 years
(Closed)

Built (not
operated)

Operational

Designed
(not built)

Operational

Under design

Operational

Operational

Under
construction

Operational

798

813

793

739

767

778

723

793

778

783

763

786

773

711

755

760

768

708

778

763

753

Modified 9Cr-l Mo (91)
(once through integrated)

2.25Cr-lMo+Nb+Ni
Replacement unit
in2.25Cr-lMo

2.25Cr-lMo+Nb+Ni

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-lMo

Modified 9Cr-lMo(91)
(once through integrated)

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-IMo

SS316
Replacement tube
bundle in 9Cr-l Mo

2.25Cr-lMo+Nb+l

2.25Cr-lMo

2.25Cr-lMo

SS321

2.25Cr-lMo

SS304

2.25Cr-lMo

2.25Cr-lMo+Nb+Ni principal material

Under
design

798 763

(once through integrated)
modified 9Cr-lMo (91) for future
spare modules

Modified 9Cr-lMo(91)
(Once through integrated)



Corrosion resistance under tube leak accidental condition and decarburisation of ferritic steels - two
special aspects to be considered for selection of material for steam generator tubing are briefly discussed
below:

Corrosion resistance of the steam generator material when exposed to the environmental conditions
arising in the aftermath of a water/steam leak into the sodium is of great concern. The effects of such a
leak are to generate large quantities of hydrogen, sodium oxide, hydride and hydroxide. The sodium
hydroxide can be particularly aggressive and stress corrosion cracking can readily occur. Austenitic
stainless steels are sensitive to stress corrosion in a caustic environment. Subsequent to extensive damage
of tubesheet in the PFR reheater leading to removal of the unit, no design team has selected austenitic
stainless steel for superheater, (design of superheater/reheater are with austenitic steel for Phenix, PFR
and BN-600). Alloy 800, though it has been shown superior to 300 type stainless steel, is not immune
from a stress corrosion failure mode. Ferritic steels are also not immune from caustic stress corrosion
cracking, but if correctly heat treated exhibit increased protection.

Resistance to wastage from sodium water reaction is also an important issue Both self wastage and
resistance to impingement attack on the neighbouring tubes require evaluation. The resistance against
impingement wastage for Alloy 800 (best), SS 304/316, 9Cr-1 Mo/Modified 9Cr-lMo and 2.25Cr-lMo
are in the decreasing order.

Decarburisation of 2.25Cr-lMo in sodium leads to loss in mechanical strength and carbon transfer to
sodium-sodium heat exchanger tubes could cause appreciable loss of ductility. Subject to a suitable heat
treatment and carbon control, 2.25Cr- IMo could be used at a temperature close to that at which their use
is precluded due to their inadequate creep properties (say 783 K. max). However, the experience of
2.25Cr-lMo in sodium heated steam generator is limited to 748 K and has presented no problem.

Trends in Materials Choice in Future

Following an exhaustive survey of candidate materials, and a review of their strengths and weaknesses, it
is expected that future stear.i generators would use all ferritic steels, principally to give increased
resistance to the risk of stress corrosion cracking. 2.25Cr-lMo may still find favour in some countries,
accepting the decarburisation and providing allowance for this in design coupled with lowering of
sodium/steam temperature conditions. Modified 9Cr-lMo (91 Grade) is emerging as the hot favourite in
most of the current designs (EFR, DFBR, PFBR).

4.0 SELECTION OF TUBE MATERIAL FOR CONDENSERS

The steam surface condenser provides a barrier between the relatively impure cooling water and the high
grade condensate, which becomes feedwater for the nuclear or fossil steam generator. As the condenser
operates with a shell side vacuum, any leakage that occurs results in flow from the high pressure cooling
water to the condensate. The contamination of condensate by the cooling water leads to the possibility of
a number of corrosion mechanisms that can affect the nuclear steam generator or fossil plant boiler, the
turbine, and associated components. Though minimising cooling water inleakage is imperative for all
condenser applications, the need is especially critical for brackish or salt water application because of
greater potential for corrosion. Small amount of leakage can be sufficient to cause serious problems. The
majority of water leakage problems in condensers is caused by corrosion and erosion/corrosion. The
selection of the condenser tube material, therefore, is of critical importance in the design of a condenser
with high reliability.

There is no substitute for data on material corrosion behaviour specific in the actual environment. Table
VII provides a guide to choose tube materials based on the current knowledge of their resistance to the
most frequently encountered forms of corrosion. Any material that is rated 4 (poor) in any of the localised
corrosion categories for the intended environment should not be considered [10]. There is a trend to use
titanium tubes for sea- water cooled condensers especially for nuclear plants throughout the world and
performance is satisfactory. The condenser design needs to be modified to include close tube spacing



Table VII: Tube Materials and their Typical Corrosion Resistsnce

Condensate "Grooving" in
Uniform Pitting ft Crevice Inlet End Attack I Sulfide tamontated and Stre|s Implngemgnt

Material Hater Quality Corrosion Running/Stagnant Erosion-Corrosion Attack Corrosion Cracking _Attack

Admiralty Fresh ' c ' 2 1/2 2-3 4 4 4
Brass

304 t 316 Fresh ( C l d ) 1 2 / 2 1 1 1 1
Stainless
Steel

Fresh (c)
Aluminum Brackish water 2 1/3 2-3 * * *
Brass Seawater

Fresh (c)
33-10-Cu-NI Brackish water

Seawater

70-30-Cu-NI Brackish water
(f) seawater

Fresh (c)
Alloy 722 Brackish water

Seawater

Al M-4C Brackish jester
•"Seawa'ier"

2

2

2

1

1/2

1/2

1/2

1/1

2

1-2

1

1

4

4

4

1

2

2

2

1

3

2

2

1

Sea-Cure Brackish water 1 1/1
( e ) ( f ) 'Seawater

A L - 6 X B r a c k i s h w a t e r 1 1 / 1 1 1 1 1
( f ) [ g ) Seawater

Titanium Brackish water 1 1 / 1 1 1 1 1
( f ) Seawater

Note: 1 • excellent, 2 • good, 3 • average, 4 - poor

' * ' A rating of 4 eliminates material from being considered acceptable for the air removal section of
condenser or from the entire condenser I f the tube Internal surface deposits will remain on the
surface during shutdown.

I*) A rating of 4 eliminates the material from the peripheral tone of the condenser.
( c ) Sulfide -should not be present for copper alloys; I f i t is present, note sulflde attack rating

column. For 300 series stainless steel, the material should be tested for pitting and crevice
corrosion resistance in the actual cooling water I f sulfide exceeds 0.1 ppm. •>

Jd) Chloride ion • 70 ppm max for type 304 SS and 300 ppm max for type 316 SS and pH • S.5-8.0.
' ' Ratings for 29-4C and Ss« Cure are based on experimental data. There Is relatively l i t t l e operating

experience with these alloys and the selection decision should Include a review of the experience to
date.

( f ) These tube materials are suitable for fresh water,but are seldom cost effective for fresh water.
(g) The pitting and crevice rating given 1s tentative end may change based on the findings of tube failure

analyses that «tre not completed at the printing of this report.



when titanium has been used to replace failed copper alloy tubes because of lower modulus of elasticity
and usually much thinner wall.

5.0 ADVANCES IN MATERIALS FOR HEAT EXCHANGERS

Economic and environmental factors would call for improved thermal efficiency of the fossil fired
stations. There is scope for improving the reliability of the heat exchangers through utilisation of better
materials. Modified 9Cr-lMo (Grade 91) and Alloy 690TT (thermal treated) are two success stories of
the power sector. Grade 91 is the outcome of research for improved material for fast reactors in USA in
early 1970s and is the current favourite for steam generator tubing and piping in the power sector. As
discussed earlier, Alloy 690TT is the outcome of an improved material for steam generator tubing of
PWRs in France and now is the first choice for replacement steam generators and new units by many
utilities in many countries.

Two examples of materials under development are disussed for the fossil fired stations. Alloy
development concept for boiler application is shown in Fig 1 [11]. Though Grade 91 allows steam
conditions to be raised upto 590 deg C, a st»U more creep resistant material is needed for ultra
supercritical steam conditions (P > 300 b and T > 6>0 deg C). After Fujita's research on influence of
elements such as Cr, W, Mo, N, Nb on creep resistance of 9-12 % Cr ferritic steels, Japanese proposed a
new grade NF 616 with large W addition (1.8 %) [12,13] This grade is being studied in an EPRI project
and is simultaneously being introduced in the ASTM standard as A2I3 Grade T92 (tubes) and A 335
grade P92 (pipes) and in the ASME code [14]. Fig 2 shows the improved allowable stress of Grade 92 to
those of Grade 91, X20 CrMo 12-1 and Grade 22 (2.25Cr-lMo) and SS 304. The draft composition of
Grade 92/P92 is also indicated [14].

Much of the mechanical property information generated on new generation ferritic steels pertains to the
specimens from rolled bars while the thick sections (for example tubesheets of heat exchangers) are
generally forged. The heating and cooling rates and the soaking time at austenitizing temperature, all of
which vary between the surface and centre for a heavy forging, will influence the microstructure and
could have an effect on the high temperature creep and fatigue properties. At our Centre, detailed
investigations on 300 mm thick section forging of 9Cr-lMo have shown inferior creep and low cycle
fatigue resistance to that of thin section material [15-17].

Microstructure in the HAZ of ferritic steels are extremely complex and controlled by the interaction of
thermal fields produced by heat input from welding process and grain growth characteristics of the
material being welded. For longer duration at lower stresses, the creep rupture location moves to the fine
grained HAZ (Type IV cracking). Studies have also been carried out on weldability, development of
welding consumables and weld strength reduction factor assessment for introduction of the advanced
ferritic steels in the power sector.

Screening test data for advanced austenitic alloys for superheater/reheater tubing in advanced steam cycle
applicaitons for 650 deg C have indicated improved potential for SS grade based on 15Cr-15Ni with
addition of Mo, V, Ti, Nb and Cu (Typical composition 16Ni-14Cr-2Mo-2Cu-0.5V-0.3Ti-0.1Nb) [18].

6.0 CONCLUSION

To make a correct material selection, a working knowledge of the system, heat exchanger design,
corrosion engineering, metallurgy and plant maintenance must be incorporated. The paper provides a
framework for making material selection. Typical examples of material selection for heat exchanger
tubing of the nuclear power plants and condensers are brought out.

The paper brings out the importance of continued intensive R&D in materials to enhance the reliability
and to reduce cost by improving upon the existing materials by minor additions in alloying elements or
new materials. Alloy 690 TT and 9Cr-lMo-V- Nb-N (91 Grade) are two successful stories of R&D in



tubing material for PWR heat exchangers and power industry respectively. It is expected that further
modification of the later alloy by the addition of W as 9Cr-1.7W-0.5Mo-V-Nb-N would emerge as the
successful material at elevated tempeatures in the power sector in the near future. These Cr-Mo grades
provide considerable flexibility of operation of the power plant because of low expansion coefficient and
higher thermal conductivity compared to austenitic stainless steels. Solid solution hardened Nickel-base
alloy Inconel 617 has demonstrated excellent combination of creep strength and hot corrosion resistance
to be used as a tubing material for temperatures upto 950 deg C.
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