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ABSTRACT

An experimental study has been made of the effect of heat treatment (hardening -

followed by x tempering) ‘on the mechanical properties of martensitic grade of stainless

steel X20Cr13 used in steam turbine applications.

The present investigation was carried out in the form of ‘material/product
appraisal. It was observed that hardness in the asﬂ quenched condition was a functiou of
the hardeniug tempera_ture ‘& ranged from 460 to 510 HV3,. Tempering lead to a decrease
in the as quenched hardness,‘ the magnitude of the decrease being small on varying both, |
the tempering temperature t660°C & ‘6850C) & period (90 min to 270 min). Microstructure
in the as tempered condition retained the accicularity observed in the quenched
condition.

The material behaviour, from the point of view of inclusion rating, was acceptable
except for the presence of chunky refractory/slag materlals

Tensile properties in the tempered condition were a function of the quenchtng
temperature as well as tempering temperature ‘& time. The inconsistencies observed in
the mechanical properties data could be satisfactory observed‘/res‘olved by plotting the
mechanicaI: preperties as a furiction of ‘deperident variables and through using the best
fit method. Overall the PS ranged from 710 732 MPa, UTS from 776-875 MPa %EL from 14
to 22 and %RA from 60-68. '

Impact toughness 1mpr0ved w1th tempermg temperatures & less clearly with -
tempering perrods However at the Tower of the two hardenmg temperatures the
toughness in the as tempered condmon showed a more dtstmctrve tendency towards
1mprovement both Wlth tempermg temperature & pertods

Through the above mentloned exercise a correlation is sought to be establish_edv
between structure and pr’operties."' This proved helpful in 'ar":ri"'vi'ng at understanding of .

the material’s behaviour for the specified application.
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HEAT TREATMENT DETAILS

Specimen Hardening Tempering Tempering Periods
(Block no.) Temperature(’C) | Temperature("C) (minutes)
1 1010 685 90
2 150
3 30
4 270
-5 660 90
6 150
7 210
8 270
9 980 . 685 90
10 150
11 o 210
12 | 270.
13 660 90
14 50
15 210
16 270

* Soaking »pefiod for hardening, prior to tempering is 90 min., foJlowed by oil *"* -’

quenching.

* Tempering treatment is followed by Air delihg.




~ CHAPTER - 1

. 'INTRODUCTION "

Stainless steels are ;iron alloys containing‘ a minimum of appro;timately 11%.
chromium. The most impc}rtan‘t among their properties is their corrosion resistance. But:
forr this, they wodlgi find- little‘commercial use, as the level of mechanical prop'er'tqies
and forming characferisfics “can be equalled or exceeded’ by other types of steels at a
much lower :cost. A -éhfo“miu_rp content above 12% also provides useful oxidation -
resistance. Thus the - stainless steels are used both for corrosion resisting and high
temperature  creep 'resisting or heat resisting applications. HereA lis their
versatility. A | |

There are ‘a large nummber of alloys belonging to the stainless steel group and each
year new ones/modificatioils of the existing ones ‘are being added to it. In some steels,
chromium content now approaches 30% -and many other elements: are added to provide
specific prope'rties or éésé_ of fabrication, e.g. Ni and Mo are added for corrésion' '
resistance. C, Mo, Ti,:-’Al,} Cu fof strength, S, Se for machinability and Ni for-
for:mability and toughn‘ess.. |

Different .grades . of . stainless- steels have - been devel'Oped, for specific end
applications. The gréde X20Cr13, with which W¢ are -dealing in the present work, is
particularly useful for’ steamr equipments particularly steam turbine blades, valve.
bodies, disks and seats and pumps in chemical and petroleum plants. These A400 series
stainless steels have a wide range of mechanical properties including high toughness, '
good resistance to abrasion and to medjum corrosive environment.

Looking to the rapid state of industrialization occurring within the country, the
power sector is regarded as a basic infrastructure industry. Evidently, the X20Cr13

grade of steel is regarded as a premium grade material of coustruction for power



generatlng equlpments Hence a large’ number of ! m1n1 steel plants are wanting to/engaged

"~ in manufacturrng it rndlgenously, meetlng mternatronal standards

The main objectlve of . the present study is (i) to assess whether the experrmental
material meets with the requirements as laid down in the standard, -specifications: to .
assessrts _,suit,aglzility,:fqr particular application area and (ii) to suggest Yaniy ,,changes‘.-
modifications that may be required to be carried ont in the manufacturing/processing
practlces to . 1mpr0ve .upon _ the expected level of performance The various tests
performed for  the apprarsal are mstrumental analysrs gas ana!ysrs,,_ . impact . testing,,
tensile testmg,‘ -hardenabrhtyi testing,. standar_dgpoptlcal ;metallography, SEM and . EPMA
etc. | E

The thesrs Wthh s belng presented in the form of an appralsal report comprlses _
six chapters.. The flrst one,. outllnes the relevance of . the thesrs whrle. ,the.;second --
~ chapter outlines a brief survey. of literature . on .stainless.,.steels. in-.general and
X20Cr13 grade in particular. The :problem has been formulated .in.,.chap:_ter;":"a'[; ,.which also
contai‘ns_v an ou,tline.',of the plan of work. The experimental techniques and procedures are.
discussed in chapter 4 Experimental results are summarized andlj-discussed in chapter 5.

Conclusions and suggestions for future work are given in ‘chapte'r 6.



CHA.PTER 2';".1‘2 S8 ;..l.é

LITERATURE REVIEW

2.1 INFRODUCTION | |
Stainless steels represent less than 4% of the total amount of steel fp'r'bduced-:}’é;if
over the world. However, because they are construction’ materials fbr;:klej"‘éorrds%in;rf
resistant equipment in most of the major  industries, particularly in ’thé_-chéniiéiiiil :
péiroieum, “process “and the power sector industries, they have a technological and
economic importarice’far greater than could be indicated by the above percentage. -

Stainless steels are iron alloys containing a minimum of approximately 1‘1%"‘Cr;;
This amount of Cr prevents _thé formation of rust in unpolluted'atmOSphereS [1].

- The"'h;igh'"corrosion“resistance is due to the formation of a thin film of hj‘/d‘rou‘éd_
chromlum oxide. The film formed under ox1d1z1ng condmons is passive, self healing’ in
: character and 1n1perv1ous ‘to furthier attack. The compos1t10n of the film varies from

alloy to alloy, and " with treatment of the alloy such as rolling, plcklmg and heatmg’_

, and therefore corrosion resrstance also varies [1]. -
-For attaining stainless property in gemeral type of enVironméntal conditions the
: minimum amount‘r)f chromium in the snlid solution should be greater than 13% [2]. When
Cr is added to steel, it first combines 'Wirh carbon-and forms complex chromium carbides
and the remaining chromium goes into solid sc')lutionv forrn. Since the amount of chromium
combining Wirll carbon is 17 times the amount of carbon [3], the chromium going in thé_
solid solution form will be as follows -
Cr in solid solution form = Total Cr - 17 x %C. (20D
‘Higher the chromium in the solid solution form and lesser the amount: of car'bidés',*'“

better is the corrosion resistance.



- 2. 2 COMPOSITION & MECHANICAL PROPERTIES OF STAINLESS STEELS: -
| 2.2.1 Austenitic Stainless Steels o " -
2.2.1.1 Nickel Stainless Steels
| The 300 series represents the largest category of “stainléss " steels pfqduéed. Their
‘coulp(')si»t'i(.)»n “and - mechanical properties are. shown ‘in Table 2.1 and Table' 2.2
_respectiyely. Impoftant compositional mod'ifica't!ions'l' in the 300 series to improve
corrosion resistancelcomprise“(a) ‘addition‘of_' molybdenum to improve pitting and creyice‘
. céx_‘p.os,ign resistance [4], (b)‘. lowering carbon. content -or Stabiliz‘ing' with eidler
-tit_auium. or columbium plus fantalum to reduce intergranular corrosion 'in’ welded
,m.aterials [4], (c) addition of nickel and chromium in higher amounts to improve high
temperature oxidation resistance and strength [4], (d) addition of nickel to imprlqy‘e'
-stre-ss.,corrosion'resistance [4]. | |

Type 304 is the general purpose grade widely used in ’appi'i-castions requiring a good"
combination of corrosion resistance and forniability. Type. 301'_e5(hil_')its- increased work -

hardening on deformation and is used for higher strength 'appl:i'c'atiens.;' Type 302 s

es'senﬁa_lly higher carbon version of type 304, yields. higher- strength on cold rollin_g‘.;i. ‘

Type 303 and 303 Se contain sulphur and selenium respectively and are free Imzichihiug:'

grades used in applicatibns, where ease of machining ~and‘ good surface finish are
important. Type 304L is a lower 'carbqna‘medification of type 304 used in u;').plic'atidus: ,
requiring welding. A further modification is type 304N, to which nitrogen is added to'
enhance strength. Type 305 and-384, which have higher nickel contents, exhlblt low work
hardemng rates and are used in applications where cold: formablllty is 1mportant Type "
309, 310, 314 and 330 have higher nickel and chromium contents to prov1de ox:datlon"
"resis'tance and creep 'strength at elevated temperatures. Types 316 and 317 cortain
molybdenum and have a greater resistance to pitting in marine and chemlcal industries. -
Types 321, 347 and 348 are grades that are used for appllcatlons requnrmg welded‘ :

structures for elevated temperature service [5].
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2.2.1.2 Nickel-Manganese-Nitrogen. Stainless Steels

Designa&ed by AISI as the 200 series, their compositions are shown in Table 2.1

and their mechamcal properties in Table 2.2. Out of these grades, only types 201 and

202 are produced in significant. quantltles [5].

- Types 201 and 202 have higher yield strengths than thelr correspondmg 300 serles .
counterparts, but their overall corrosion resmtance is. generally considered inferior,
to that of the 300 sefies of steels. A higher molybdenum grade, type 216, is also
available that contains upto 0.5 % nitrt_)_ger_l, and is claimed tb _have goo_d.'pitting and

crevice corrosion resistance [6].

2.2.1.3 Higher Alloys |

It is convenient to divide "thes_‘e: highly alloyed austenitic materials, which .
contain less than 50% iron, into two groups, namely, Ni-Cr-Fe alloys and Ni-Cr-Fe-(Mo,
Cu, Cb) allbys. Typical compagitidﬁs__of -Ni-Cr-Fe alloys are given in Table"2.3. Out of
these, inconel alloy 600 i; used as general purpose corrosion resistant material for
elevated temperatures. Iﬂcohcl all(r)y: 690 is a new material .currently being evaluated
for steam generation applicatibns [_6]; |

Table 2.4 gives the typicél 'compositions of Ni-Cr-Fe-(Mo, Cu, Cb) alléys. Ouf of
thesé, Incqnel alloy 625 and Has'felloy alloy C-276 are among the most resistant

austenitic alloys currently available for severe aqueous environment [7].

2.2.2 Ferritic Stainless Steels -
22.2.1 The AISI 400 Series
The vcompositionvs of the 400 series of AISI grades. considered to be ferritic are _.
shown in Table 2.5 and their mechanical properties are listed in Table 2.6. A .
predominantly ferritic structure shquld,' 'be obtaihed if the cthmium éontcnt exceeds,.

approximately 12%, particularly in the presence .of other ferrite stabilizers [2].
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‘Recent specifications indicate chromium range to lie,hetween'll6"to 18% '[6]; The most
popular ferritic grade has been type 430, which is the basic 7% chromium stainless
steel. Its free ‘machining modrfrcatrons types 430F and - 430FSe have also been popular
to some extent [5].~ .

In type 405, the addition of'approirimately 0:2%:f aluminium, a ferrite stabilizer:
and - maintenance of carbon, an austenite stabilizer, to. relatively low levels (about
0.05%) ensures a largely ferritic s'tructure”[S]."Types 409 and .‘439. are stabilized with"
titanium to improve corros.ion*resistance at welds in mild environments.'fReCcntlp,‘ type"" '_
409 has been proved useful for automobile emission control equipment. Type 446 is the
highest chromium - grade in the ferritic AISI ,40-0. series and has the highest corrosionr
and oxidation resistance of this series [6] B | |

Among the metallurgical problems encountered in ferrltlc stainless steels are the
ductlle to brittle - transition, 475°C embrlttlement srgma phase formatton hrgh ,

temperature embrittlement, low ductillty 1n the w_elded “condition, and sensitization

[21.

2.2.2.2 High Chromium Ferritic Stainless Stéels

The recent developments in ferritic stamless -steels s mtroductron of high .
chromium, low interstitial femtic stainléss steels These developments are linked
with new steel making techmques like electron beam meltmg and large volume vacuum
induction melting [8]. The essential feature of these materials - is, along with high-
, chromium content, %C + %N should not exceed 0. 025% whrch keeps the ductrle to- brrttle,'
transition temperature to below room temperature over a wide- range of thickness [8].
Herver, because of the low interstitial levels, extreme 'care. must be taken in‘ 'welding"
to avoid the pick up of contaminants from the atmosphere [9]. - Laboratory tests have
shown that the high chromium plus molybdenum imparts high resistance :to;‘pitting and~ '

crevice- corrosion [10].



‘2.2.3 Martensitic Stainless Steéls' o
2.2.3.1 The AISI 400 Series '

These steels contain mdre than 11.5% chromium and have an austenitic structureat
elevated temperatures, that ‘can’. be | trénsformed into martensite by suitable cooling to
room telnperatufe. Thué‘, martensitic stainless steels by. definition - lie- within the:
chromium range 11.5-18%, with the lower limit being governed by corrosion resistance .
and upper limit by the requirement :fqr thg .alloy ‘-to convert fully to austenite on
heating -[6]. For engineering app_liéétions, these 400 series grade steels are used in
hardened and tempered condition. | |

The martensitic stainless steels are generally selected for special applications
which in addition to moderate corrosion resistance, require some special combinations
of mechanical properties (e.g., high strength with adequate tdughness, corrosion - plus
abrasion resistance, good fatigue resistance after heat treatments, hardenability
through thick seétions etc.). Their composition and typical mechanical properties are
shown in Table 2.7 and 2.8 respectively. These martensitic grade steels are discussed

in more detail in the section 2.3 and their applications in section 2.6.

2.2.4 Precipitation Hardening Stainless .Steels

The AISI type nuxﬁbering exists for sOmé of these steels in the 600 series, but
these numbers have not been widely'_ﬁsed in the technical literature to describe them.

These steels are subdivided._»into, three type as follows.

Martensitic type precipita_ti_on: ﬁardening steels are ge-nerally supplied in the
martensitic conditionvand precipitét-ion hardening is achieved by simple aging treatment
of -the fabricated pért. AThe- precibitation hardening process is thought to involve -the
formation of very fine’ intermetallics. Prolonged agiﬁg causes these intermetallics, to
coarsen, enabling the d_i»slocaticl)ns‘, to bypass them during deformation a'nd. the strength

beginé to decline [9]. Generaliy the aging treatments are designed to optimize high

7



strength, acceptable ductility, and touglrrless.~: -lr’recipita_tion; _hardeniné ,‘ 'generally»
results in a slight reduction of corrosion resistancer} and an increase ini susceptibility
to hydrogen embrittiement [9]- | _ -A | |

The semi austenltrc type . precipitation hardenrng steels are supplred ‘in - the
austenitic condrtron and - this" austenite must be - transformed to martensrte by specml
heat treatments, before precipitation hardenlng =Th1s- can be achreved 1n two ways
either by subzero cooling, whrch is more popular way, ,or by tempermg at about. 750°C to .
reduce the carbon and chromium contents of. the austemte by the precrpltatron of )
carbides [9]. |

In the austenitic types, it is the austenite that -is .. precipitation hardened
directly. In this type, nickel content  is sufficiently. high to. _ensure~"a fully stable
austenite ‘at room temperature. For these steels precioitation hardening. is " achieved by
reheatihg the -austenite to' elevated temperatures at which the fin}e intermetallic :

compounds are precipitated [9].

2.2.5 Duplex_Stainless Steels

Steels containing about 28% chromium and 6% nickel contain both austenite and
ferrite and hence are known as duplex. The exact amount of each phase-can.' be'varied by
the introduction of other austenite and ferrite stabilizers. The compositions of some
of the currently available duplex stainless steels are shown in Table 2.9 and their
properties in Table 2.10. | |

The duplex structure renders the propagatlon of stress corrosion cracks more
difficult 14]. Therefore, in the annealed condltron duplex stamless steels are
regarded as more stress corrosion resistant than some of the lower' alloy austenitic
grades. The duplex structure . is also more vres-istant to: zsensitization, but less
resistant to crevice corrosion and pitting [10]. -:‘The-_' liot ,WOrking difficulties have

retarded the development of duplex stainless steels [4]
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2 3 MARTENSITIC STAINLESS. STEELS

Martensmc stamless steels can be d1v1ded 1nto four groups [11] :

Group No.| - Carbon content (%)| Chromium content (%)
"Group 1 ~ below 0.15 - | - 12-14

Group 11 0.20-0.40 , o 13-15 .

Group III 0.60-1.00 . 14-16

Group IV 0.1 o 16-18 (Ni 2 to 4%)

2.3.1 Group I [Carbbn'COntent < 0.15% ]

~ The basic plfysical properties' of these steels are recorded as follows [6]

Physical properties of martensitic steels with 12-16 % Cr

Specrfrc gravity : 7.75
Coefficient of expansion (0- IOOOC) 11 x 106 per deg C
Thermal conductivity (1000C) 0.06 - 0.07 Cal/cm 5 deg.

Electrical resistivity (200C) - - |50-60 micro-ohm-cm
Electrical resistivity (7000C) 110 micro-ohm-cm
Specific Heat (200C) ~ 10.11 Cal/g deg C
Specific Heat (700°C) 0.17 Cal/g deg C
Young’s Modulus . 12900 tsi

The members of this group are ferro magnetrc and remains so whatever heat' -
treatment is applied to them. o |

The transformation point on heating varies appreciably with the contents of carbon
and secondary element such as silicon‘and' nick'e'l' it lies around 900°C with AVCl close.
to 850°C and AC3 at about 920°C Thus austemtrzmg temperatures in excess of 9200C
must be used [11]. The inverse transformation on cooling has been investigated under
both isothermal and continuous cooling condmons. The results of continuous coolrng
experiments confirm the extrerne ”s'tability of the austenire; the critical -cooling rate

is low and the steel hardens on cooling in air. Maximum hardness only reached after



quencllrrlg from 1100°C the hardness falls off above 1200°C undoubtedly because a-small
proportlon of & ferrit€ is- present in 13% C steels At w1ll in fact be seen that the
duplex a(a) + 7 phase field is’ reached at-around 12000C [ll] Steels of tlus type are
highly sensitive: to minor varratlons 1n alloy content part1cularly_ vyrthv;respect to

'carbon and chromium [2].

-232 Group II [ C-02t004 % ; ; Cr-13 to 15%]

The physical properties drffer very llttle from those of the Group I steels [6].

It is worthwhile making special mention of one -particular physical }_property of
steels. in _.this group, namely their ability- to take on a fine polish. Steels can differ
one from another in this respect. The differences are associated with the presence or
absence of certain non metallic inclusions in the structure [11].

The transformation "points on heating’ are agaln quite variabl‘e.»_ The:‘_AC1 point is
around 820°C and the AC, point around‘ 860 to 830°C. The austenite is rendered more
stable by the higher carbon content. The M, point is lowered to as the carbon_ content
is increased, the rapid transformation of austenite is depressed to lower temperatures
‘No intermediate transformatlon products are formed. Thrs effect of carbon corresponds '
to an 1ncreased hardening capacity. [11] The steels will harden by stralght coolrng in -
air; even in large sections and are truly self hardenlng [11]. These steels are
~ normally orl quenched or air- cooled from 10000C. It should be ralsed to as high as
1100°C if maximum possible hardness is requlred [12]

The selection of the quenchlng temperature to precede the high" -temperature
tempermg treatment, depends on the result requrred To obtam maxrmum softenmg
comblned with maximum toughness, the steel can be quenched from the lowest possible
temperature, say 9000C, However if the alm is to obtam optlmum toughness at a glven

hardness value, one may have to resort to- h1gher quenching temperatures [12]
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- The tempering érocess and its effect on corrosion resistance have formed - the
subjects of il]tellsiife'reseafciy, involving in particular the - extraction and analysis of‘
carbide precipitates. Thé_' éarbide (CrFe)3C which is formed at the onset of temperiqg
becomes riéher "'in' Chromium and _eventually transfprm progressively to (CrFe),/,C3 first -
and then to- (CfF§)13C6. At this stage , the carbide particles sta.rt'to coalesce. “The
low corrosion resistance c’)bserved{ at certain stages has been .ascribed to impoverishment
of the matrix With respect to the chromium in the .immed.iat'e vicinity of the carbide
grainsb and 'the- cionsequeint format_ion of local galvanic cells. The' effect is said to be

at its worst when the carbide present is (CrFe),]C3 [11].

2.3.3 Group III [ C-0.6 to 1.0 % s Cr 14 to 15 % ]

| This group, 'characterized by high carbon contents and an increased chromium
content is used when high hardness is essential irrespective of ductility & hardness is
the prime consideration, even at some cost of corrosion resistance [6]. |

In physical properties, these- steels differ little from those in group I, apart
from a furthcr _ ireduc_tion in - thermal conductivity  resulting - from the simultaneous
increases in carbon and chromium contents [6].

The transformation point on heating is lowered by the increased carbon co'ntent.
Despite this, high temperatures mﬁét still be used for hardening, principally with the
aim of taking the chromium-rich carbides into solution and ensuring maximum matrix
hardness after the quench [11].

Chromium hasj‘a si‘g'ni.ficant influence on the as queﬁéhed hardness. For steels
quenched from lOO(_V)OC;\the hardness falls off substantially as the chromium content is
increased from 13 to. 17 % [11]. Since a high chromium. content is unavoidable to ensure
good corrosion resistance in spite of carbide formation from part of the chromium, a

compromise must be made between the two properties; hardness can only be increased at
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the expeiise of corrosion resistance [12] Provided no significant loss::.in herdness is
.1nvolved at the hlgher tempermg temperatures, longer tempermg times. brmg about a
useful nnprovement in ductility [11]. ‘

Mechanical properties, as. indicated by the tensile and 1mpact tests are ‘not
usually determined on these‘ steels. ..In .,,fact they have: 50 - llttle ductillty that any
resnlts obtained _"in this wdy are ‘subjeet to error and are qu1te mean_tngless. Reliance
is ftlierefore plao‘ed on hardness testing, -and select’ing a suitehle tempering tenrp'ereture‘
in- the range 150-300°C and a tlme of 1 to- 3 hours depending’ on the relative 1mportance

',attached to the complementary factors of ductility and hardness

2.3.4 Group IV[ C = 0.1 %_; Cr-16 t0 20 % , N1-2 to 4% ]~

The aim of these steels .is to combine the: good mechanrcal properties of the
martensitic class with an improvement " in corrosion resistance brought about by
.increasing‘ the chromium'conten't.- As the"'chrominm content is increased the steel tends
to become ’ferritic’ and no longer hdrdenable‘. The additional of ‘nickel restores its
7ha’rdéni_ng czipacity and transforms- it-to a ’m:artensiticf’ steel [6].?

Apart from the possibility- of obtaining very favourable 'mechanic‘al _properties by
heat ,‘treatm'ent, the steel has. the further advantag'e.aof resisting eleCtroohemical attack
in contact. with cop'per' ,alloys, bronzes in oarticular' in the presence of electrolytes
such as sea weter [11]..

The physical properties do-not differ notablyr,f_rom those of the other martensitic
steels [11]. | 7

The transformation points on hea_ting are not known iiery_ pre_c'isely, and can vary
significantly with minor _changes in composition: Tran’sform;‘t’tio"n' generally starts at
around 650°C and is complete between 800 and 900°C. The _'rnir_:r_o structnr'e“‘o?f steel is
quite COmplex. 4They lie very close to -the boundary between thelvmartensite;ferrite and

the austenite-martensite-ferrite phase fields. Minor variations- ‘in heat treatment
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temperature, cooling rates or bomposition can give rise'_tq major changes in structure.
The metal should be mostly martensitic after .quenching’,’bﬁt the martensite may also
contain islands of &-ferrite, residual austenite ih' Varying amounts or even both
constituents together [11]. - |

~ These group of steels, behave very similariy t_o"the non-stainless-air-hardening -
constructional steels. Since they have the addéd_' _édvanta__gg of high corrosion resistance
and are better in this respect than the 13% Cr s.teels;;h They have found many uses in
connection with exposure to sea ‘water and saliné atmosphere, especially in marine and
naval engineering. ‘

- Group I steels and the lower carbon members of Grdup II are used essentially on
account of the combination of good mechanical pfoperties and relatively high corrosion
resistance. The high carbon members of Group II constitute the cutlery stainless
steels, which whilst possessing adequate hardness have a useful degree of ductility. -

Group III steels are primarily used for the very high hardnesses they can attain
at some cost in ductility. As the carbon ‘content is ihcreased from group to group, the
chromium Conteht is also raised to maintain high corrosion resistance despite the
possible combination of some of the chromium in carbide form. High chromium content)
together with a low carbon content greatly improves the corrosion resistance of the
‘group IV steels over that of the previous steels, nickel is added- to retain good

hardenability and mechanical properties.

2.4EFFECT OFALLOYINGELEMENTS ON THEPROPERTIES OF STAINLESSSTEELS
Presence of alloying elements help in strengthehihg one or more of the attributes
already stated in Sec 2.2 and Sec 2.3. The effect of prominent elements is discussed

below :
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2.4.1 Effect of Chromium ('.Cr)‘ '

As already stated, Cr pr_ov'ides stainless characteristic. Other alloying elements,
however enhance the effect of Cr in many environments and impart many of the special
properties [6]. |

Chromium. has been observed to incfease resistance to tempering by decreasing the
kinetics of the preciplitation 'and growth of carbides in the matrix. Accordingly it is
expected that the presence of stronger carbide formers will prove more effective in
this regard.[4] |

Chromium. is reported. 't(-)- increase the wear resistance of martensitic stainless
steels. In addition a slight beneficial effect in ferritic and austenitic stainless
steels can be expected due to solid solution hardening [13]. chromium is thought to
have no effect on fatigue strength of steel [13]. Reportedly additions of chromium have
little effect on creep strength [13]. In general; the ferritic stainless steels have
low impact strength and are relatively notch-sensitive at ambient - temperatures,
especially when chromium is about 20 to 21% [4]-. Hardness & tensile strength increases,
while % elongation decreases, with increasing chromium content. [12]

The increased resistance to tempering imparted by chromium. acts to enhance the
elevated temperature strength of the martensitic ~stainless steels [4]. In the non
hardenable grades, liowever_ chromium contributes little to strengthh at the higher
elevated temperéture. In high temperature service the primary effect of chromium is to
maintain the integrity of the 'steel by imparting resistance to oxidation [4].

The increase in hardenability due to addition of chromium, to carbon steel
increases the susceptibility of hydrogen induced cold cracking in the heat affected

zone (HAZ) of martensitic stainless steels [9].-
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2.4.2. Effect of Nickel (Ni)
Nickel is the -most important metal d_eliberately added to 'high chromium. steels to .
improve properties. The addition of Ni restores the ability of the steel t0'transfpr1n
to martensite on quenching or air lcooling dhe‘ to its being a.y stabilizer. This gives
beneficial effect on the mechanical properties of steels. | .

Nickel 1is. generally added to . inartgnsitic sta_inless s_teél_ castings to improve
- strength, ductiiity and corrqsion resistgncé. For example; Souresny and Saver developed .
a nickel containing 13% Cr cast steel for highly stressed compohehts of hydraulic power.
| plants. They found that .ihcfeasing Ni from 1.25 to 4% improves cavitation.resistanée,
sand erosion resistance and alternating bend fatique strength in the wet and dry étate

when tested using notched and smooth bar specimens [4].

2.4.3 Effect of Molybdenum (Mo)
The principal function of Mo as alloying element in stainless steels are :-
(1) Improvem_eht of thé COrrosioh -resistance of austenitic and ferritic stainless
steels. | | |
(ii) Improvenient of the 'él;vated température mechanical properties of austenitick
stainless steels.
(iii)lmprovement of the strength and resistance  of tempering of martensitic
stainless steels. |
The martensitic stainless are employed in application requiring a combination of
high strength plus a limited degree of corrosion resistance. Molybdenum additions (0.5
to 4%) increase the tempering resistance and intensify the secondary ha[dening. reaction
of the 12% Cr mariénsitic stainless steels. Mo also improves room temperature, Ultimate
Tensile Strength and Yield Strength and resistance to deformation at elevated

temperatures [2].
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"'The martensitic stainless steels are widely'used in steamjpower plants‘.'.For such
.compone'nts such as turbine blades. Molybdenum addrtrons 'increases - the maxrmum :

permissible operating temperatures for such parts [2].

2.4.4. Effect of Vanadrum (V) |

Vanadrum improves the 'pitting resrstance of starnless steels partlcularly in the
concentration range of 2. 5% [4]. An addrtronal advantage of mcreasrng amount of
Vanadrurn in ferritic starnless steels is ‘the 1mprovement it confers on ‘the impact
propertres an aspect in whr_ch these  steels are very ~def1c1e_nt [4]». The combination of 'V
with Mo also had a beneficial effect on the- pitting. potential in the cast aUSteni‘trc
~ alloys [8]. | S

The effect of vanadium in the cast austenitic alloys was to increase the. critical
current density and to contract the potential range of - the passrve regron and to. move
it to hrgher current values [8]. - ‘ |

An important difference between Mo and V as;allo'ying. elements is tlte' Mo occurs
largely in solid solution where as Vanadium occursr b_t)th in solid solutilcnand as a

precipitate [4].

2.5 FACTORS IN SELECTION OF STAINLESS STEELS

The first and most important step in the selection process -is “the selection
appropriate to the application, A number of standard grades exists that differ from one -
another in composition, corro'sion resistance, physical properties and mechanical
properties. Selection of the particular grade with optimizatien of properties for a

specific application is the key to satisfactory performance-at a minimum total cost:

A checklist of characteristics to be considered is given below [9]. The important

characteristics are discussed in brief.
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- Corrosion resistanée ‘

- Resistance to oxidation and sulphidation |

- -Strengﬂ1 and ductility -at ambient and service tel'npefratruresT
- Suitability for intended fabrication techniques.

- Stability of pr’éperties ih éervices. |

- Toughness - | |

- Resistance to abrasion and erosion.

- Surface finish obtainable

- Magnetic properties

- Thermal Conductivity

- Electrical conductivity

2.5.1 Corrosion Resistance
It is the most important characteristics 61’ a stainléss steel, but often is also
‘most difficult - to assess. for a specific application. General" corrosion resistance to
natural conditions @d to pure chemical solutions is comparatively easy to determine
and is determine by the standard weight loss method [7]. |
General corrosion is often much less serious than localized forms such as stress
corrosion cracking, crevice corrosion in tight spaces or under deposits, pitting attack
and intergranular attack in sensitized material such as various - heat affected zones
(HAZ) in fabricated parts. Such localized cOrrosioﬁ can cause unexpected amd sometimes
catastrophic failure, while most of the structure remains unaffected and thérefore must
be considered carefully in design and selection of the proper grade of stainless steel.
Corrosive . media may Qiffer substantially due to slight variation' in some of the
corrosion factors listed below [9].
- Chemical composition of the corrosion medium including impurities.

- Physical state of the medium-liquid, gaseous, solid or combinations thereof.
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- Temperature 'va‘riation

--Oxygen content of the medium .

- Cbntinﬁi(y:of exposure-of: thé fnetal-t’o‘the medium etc. " .-

Even slight variation in 'oni: -of the above -factor,'i may - lead to substantial
variaﬁon in the ﬁefformance of the I'nateri;il' for. particular application and- i.e. why
corrosion resistance - s considered to the most difficult proper,ty to assess  for

particular application:

252 Mve’ch‘a.nical AlfropertieAs

. .Mechanical ‘bro’per_ties at SetviCé temperature obvibﬁsly are »important, but
satisfactory performance at other temper_?tures must be considered also. Thus 2 product
for arctic service must have suitable properties at -subzero temperature even though
steady state temperatures -may be much higher. Room temperature properties after
extended service at elevgte“d temperature can be importént for applications such as

boiler and jet engines, whlch are intermittently shut down [13].

2.6 APPLICATION AREAS OF STAINLESS STEEL
Application of stainless steels in general and martensitic grade stainless steels

in particular are discussed below [4].

- Application in marine syStems [4]

Austenitic and martensitic stainless steels have been used in marine power plants
as super heater tubing and turbine blading respectively. Most grades of stainless steel
.perform satisfactory in the mar_ille atmosphere, except that certain grades discussed
below may be susceptible to stress corrosion cracking. The martensitic steels, type 410
may rust on few months in the marine atmosphere. General fusting of the stainless

steels in seawater is of little or ‘no practical - concern. Functional application in
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marine system involve, propellers (CF-8, A410), pumps (CF-8M, AISI 316), bulk tankages
(AISI 304L and 316L), heat exchangers (AISI 316), O ring seals (AISI 304 and AISI 316).

Application in the chemical and process industry [4]

All of the various grades of stainless steels are used at various places in the
chemical industry. However, the major tonnages are in the austenitic grades (type AISI
304, 304L, 316 &A 316L) the ferritic grades of type 430 and for casting ACI grades CF-8,
CF-8M-CN-7M.

Type A430 is widely used for all types of equipment in the ammonia oxidation
process for nitric acid manufacture and may other components in nitric acid medium.
Type A403 grades were employed for a long time in industry but now it has béen largely

replaced by less costly cast austenitic grades.

Application in transportation system [4] 7

The 11% Cr or type A409 is being used increasingly to replacé M.S. in specialized
applications. One such application is for self contained tanks for fire fighting
apparatus. Because such equipments must be ready for used at any instant, the storage
tanks are always filled with water. A409 grade steel provides adequate corrosion
resistance and is fabricated readily. Other applications includes the joints used in
exhaust system i.e. where temperature and corrosion condition are modest which allows

use of type A410 and A409 grade steels.

Applications in the food Industry [4]

Various grades of stainless steels are being widely used in the food industry for
its cleanability. Hardenable grades such as type A420, A409 through A316 are used in
plows and planters as they provides long measurably corrosion and abrasion resistance

in adverse conditions, as soil may prove very abrasive and, at time corrosive.
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Appllcatlons in petroleum mdustry [15]

In preventron of hydrogen sulfrde attack 4()0 series stainless steels and

precrprtatron hardenable stamless steels are used.

The 12% . Cr stalnless steel- spec1flcally types A410 A4IOS and - A405 fmd
applications .as :cladding, .-e.xch(anger ‘tubing, ballast" trays, .pump components etc. In
recent years type 430 has found significant usage as Welded heat exchartger tubing,
'replacin'g_,‘ lower chromium alloys because of lower  cost and superior ~corrosion

resistance.

2.7 PERFORM'ANCE OF THE MATERIALS USED FORA_’I"U‘RBINE BLADES.

- -Heat resistant, low _a'll'oy, chroinium‘ “:containi:ug- structural steelsl,- containing less .
than 12% Cr and ferritic. stainless 4steelsl:{co'nta"i'ning more than 12% Cr, are: the
materials potentially used in steam generatlon plants The temperature lrmlts in
conventlonal steam power statlons 1s restrrcted to about 813K ‘to 823K or- to tube wall‘ '
temperatures upto 843K (564 C) Above that temperature modrfled chromlum steels (app
12% Cr) are requrred At temperature from about 863K and over only austemtlc chromrum

nickel steels or nickel base alloys are ellglble [14].

2.7.1 Probabte;caUSes of. faillure [15] . “

Severe damage to turbine blades of material, US standard X15c£13_ was observed as
a result of pitting -and. blade rupture in the zone of the one rotar series of a
condensation turbine. The damage occurred after about 5 operatmg years was caused by ,
chlorides from msufflclently demmerahsed feed water. ‘ '

Stress corrosion cracking (SCC) of low alloy ‘steels and the crack formation in
high purity steam is ascribed on the basis of recentt studies, to non metallic  inclusion
in the 'steel which act as ‘a starting site for 'pitting, the resulting pits becoming

starting sites for crack initiation.
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Apart from chlorides, SiO, deposits can also cause severe turbine damage, complete
write-off damage occurred after eighteen months operation on rotor blades made of steel
X20CrMo13 (Cr-12 to 14 % & Mo- 1 to 1.3 %) owing to inadequate silicate removal in the

feed water treatment.

Erosion is relatively frequent in the high pressure section of saturated steam
turbines, within the range'of high steam densities, in external water separators, super
heaters and in the final turbine stages. The erosion risk is reduced by using 13% Cr
steel for complete blading. Moreover, treatment of critical parts by superheated steam
| prior to starting operation has been recommended as a remedy against erosive damage.
This treatment produces a homogeneous protective magnitite layer which is resistant to
erosion. A further measure aimed at preventing erosive damage in wet steam turbines,
particularly on the turbine blades, is the use of film forming amines, for e.g.
Octadeéylamine in combination with a volatile steam alkalinizing agent preferably
morpholine. "

The collective experience gained from years and years together on the performance
of materials used for turbine blades, a few standard grades are recommended for - the
use. These are as follows [15].

1. U.S. standard X7CrAll3 (DIN Mat. No. 1.4002)

U.S. standard X8Cr13 (DIN Maf. No. 1.4016)

U.S. standard X8Cr(Ti))Nb 17 (DIN Mat. No. 1.4511)
U.S. standard X15Cr13 (DIN Mat. No. 1.4024)

U.S. standard X20Cr13 (DIN Mat. No. 1.4021)

U.S. standard X22Cr Mo V121 (DIN Mat. No. 1.4136)
U.S. standard X40Cr13 (DIN Mat. No. 1.4034)

‘U.S. standard X110Cr Mo 17 (DIN Mat. No. 1.4126)

®© N A W

However, and argument against the use of heat treatable and martensitic grade,

chromium steels in boiling water reactors is their suspectibility to Stress Corrosio
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Cracking (SCC) in steam. A further point is the- susceptibility to inter crystaline

corrosion following welding.

2.8 CONCLUDING REMARKS

In this chapter, after a brief introduction to stainless steels in Sec 2.1, are
classified and described in the Sec 2.2. Martensitic  grade stainless steels are
discussed in more defails in the Sec.2.3. Sec. 2.4 comprises the effect of alloying
elements (Cr, Ni, Mo, V) on the properties of the steels Sec. 2.5 outlines the factors -
used for selgction of - stainless steels, while Sec. 2.6 discusses the application area
of stainless steels and martensitic grade stainless steels in particular. The last i.e.
sec. ‘2.7 -outlines the observations_ made on the performance of the materials used for

turbine blading. The abovementioned information is useful in formulating the problem.
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CHAPTER - 3

FORMULATION OF THE PROBLEM

3.1 GENERAL '
This chapter- comprises an interplay between the basis of matgrials Scledtion and
the need for product/materials appraisal = culminating into "the -formula{tién of the

problem.

3.2 MATERIALS SELECTION

Factor affecting materials selection are, corrosion resistance, resistance to
oxidation and sulphidation, suitability for intended fabrication 'technique‘, stability
of properties in service, adequate mechanical properties and surface finish obtainable
etc. [9].

In principle, one could write a mathematical expression describing the merit of an
engineering design as a function of all these vé_riables, differentiate it with respect
to each of the criteria for evaluation and - solve the resulting differential equation to
obtain an ideal solution. In practice, while dealing with real life problems such an
easy method is not possible. In some instances, a standard readily available component
may be much less'costlier than, and yet as effective as an 6ptimized component.

In brief material selection is carried out in three steps. First, ithe designer
must make a systematic study of the intended purpose of the product under design. The
principal result of this study is characterization of the functional reqUirerhents of
the product, inCIuding the relative priorities of potentially conflicting requirements:

In the second step, these characteristics should not be considered merely as

numbers in published data related to properties. They are better described as the
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respoxise of the material i'n_'the fOI‘lI-l‘ of ~5pecific componenf to the impdséd “service
conditiafls. The effects of mahufacturing procésses .oh material properties aré
implic'itly canside;ed when the materiél is evaluated és a specific éomponent.

The -tliirid vs‘tep _in" the design prOcéss is to consider various combination of
configliration ' ,materia'f ,;and fabrication process, evaluating each against previoﬁsiy_

established criteria and making changes accordingly [16].

3.3 Iil\/IPO,—I;l’I"AN‘(SE OF THE PRODUCT APPRAISAL -

Two_ mostly found reasons for‘-selec-:ting a certain Iﬁaterial for a particular
application are

a) the material has always has been used in that application and:

b) the material has the right pfopertieé.

Neither .is evidence of original thinking or even careful analysis of the
application. The time has passed ‘when each -application had its preferred material and a
particular material s having it’s secured market. In this context, the term property
is something that a material inherently possesses. On the contrary, a property should
be regarded as the response of the material to a given set of imposed cAonditi,onsz. It
also beA rec'ognized that this property ‘should be that of the material in its final
available and processed form [16].

The ‘_cblléctive usage of a- material__ in. a particulaf application is useful
infdrrﬁatiéﬁ, : but not justification in itself for selecting a mater‘ial.v» Tabulated
‘ propertiesf?datav, such as those available from the sources like American. Society for
Metals, Ameri_can«_.lrbn and Steel Institute, American Society for Testing and Materials,
Society of Automotive Engineers, API standards etc.; is helpful, but such information

must be used judiciously and must be relevant to a particular application [9].

24



3.4 WORK PLAN
3.4.1. ObJectlve '

Having thus laid down the modalities of materlals selection & it’s inter relatlon'
with product appraisal, it is necessary to formulate the problem. The revtew of -
literature has highlighted the importance of the higher Vchromlum stee}s in hlghtegh
applicatiohs. _

The main objective of this 'product appra_isél was to assess whether the
experimental material i.e. X20Cri3 which is in a developing stage in some of the mini
- steelv plahts, is meeting the specifications as descfibed in the standards i.e.namély
~ AISI 420 (DIN 17440) [17]. Appraisal has been carried out mainly in the heat treated -

condition and related to a particular application area i.e. steam turbine blades. -

3.4.2 Phase Wise Plan
| - The phase wise planning relating to the investigation has been given below B
PHASE-L |

\';,alidation of chemical composition and effect of heat treatment on Athe ,h'ar(_iyness',.
microsfructure and grain size along with inclusion count, in the hardened & tempered
condition. | |
PHASE-II _

Effect of heat treatment on the mechanical properties like U.T.S., Y.S., %
Elongation, % feduction in area and impact strength. a
PHASE-III

Fractbgraphic study of selected impact and tensile tested specimens ; other
miscellaneous  studies such as EPMA for analysing the nature of inclusions in

quantitative manner and gas analysis.
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CHAPTER - 4

EXPERIMENTAL TECHNIQUES AND PROCEDURES

4.1 MATERIAL

" The material used for this studyA was 13 chromium mziﬁénsitic stainless ‘stecl
- confbrming to the specification AISI 420, DIN '17440 [17]. It was made available by M/s
 Star Wire (India) Limited, Ballabhgarh in the form of slabs, size (40 x 22 x 1100 mm).
.The allowable compositional variation for this grade of steel is as shown in the"’Ifz{t‘i‘lé |

given below :

Alloying elements Cr Ni C " Mn Si S P

% 12.5-14]0.30.80.17-0.22|0.30.8/0.1-0.5[0.02| 0. 03
,_ max -|max -

4.2 HEAT TREATMENT
Mainly two tjlpes of heat treatnienf were carried out comprising harderiin'g ;ind
tempering. They Awere- carried out in muffle :furhaces whose tempefatUre was ébntrolled t(')i
+50C., | | N
The temperétures suggested in the sténdards are 9800C to 10300C for hardening and
~ >6500C for tempering.AHardVehi;lg was carried out fr(ﬁn 980°C and IOlOdC after soakiﬁg fof |
one and half hour and followed by oil quenching.. Tempering was éarried out at 685°C and
6600C for 1.5, 2.5, 3.5, 4.5 hours respectively, followed by air cooling. Thus §~ total
of 1‘6 “heat treatments were carried out ie. for each hardening texﬁperature, two
tempe’ring temperatures and for each tempering temperature, four holding pefiodé were

used.
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4.3 PREPARATION OF TEST SPECIMENS

From 16 heat treated blocks of size (40 x-22 x 60), 32 round tensﬂe test

specimens, 16 Charpy- 1mpact spemmens and 16 specimens for optlcal metallography (10 X

.20 x 12 mm) were cut, i.e. 2 tensile test spe01mens, lﬂcharpy 1mpact test -speciment
specimen and one speciment for optical metallbgtaphy v:ttere 'obtairied fromv each' heat
treated block. | | | |

Round tensile specimens4 were used to deterinine the .effect‘ of heat treatment on the
tensile behaviour.. Fig. 4 1 gives details of spe01mens -

Charpy V-notch impact test was used to measure the- fracture toughness in terms of
Charpy, V-notch energy. The spemmen details are given A,.-1n Fig. 4.2 and are as per
specification AWS B70-77 [18]. |

Optical microscopy was extensively employed to assess the-effect of heat treatntent
on the microstructure, grain size and for the study of inelusions present in the
material. The specimens were polished adopting standard technique/procedure, upto 4/0
grade of emery paper and then cloth. polished. |

The spe01mens used for evaluatmg the effect of heat treatment on the hardness
were cut from the heat treated blocks and polished, using standard techniques, upto 2/0

grade of emery paper.

4.4 INSTRUMENTAL ANALYSIS
Instrumental analysis was carried out, for validation of chemical composition, on the

- vacuum quantometer from B.H.E.L., HEEP, Hardwar.

4.5 METALLOGRAPHIC STUDIES . . ’
Optical microscope MeF-3  was empt,oYed - for ‘the metallographic ~studies.
Microphotographs were taken at 2 magnifications, 100X and'4OOX in unetched condition on

selected specimens for detailed study. of inclusions and their rating. For the study of
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microstructure and grain size, _specimens were. etched with freshly prepared etchant,
ferric chloride of the cornposition (FeCl3-5 gm + HCI-50 ml, H,0-100 ml + 2 to 3 drops
~ of HNG;) [19].‘Subsequently_ and then microphotographs were taken at two magnifieations,

100X and 400X for grain size and ‘microstructure respectively.

4.6 MECHANICAL TESTING
Mechanical testing mvolved assessment of hardness, 1mpact and tensile properties

in the heat treated COHdlthHS Test specnnens were made from longltudmal orientation.

only.

Hardness Measurements -
-Hardness measurement was done on Vickers hardness testing machine using a load of
30 kg. A minimum of erght 1mpressrons were taken .on each specimen at various locatlons

and average of these values, along with, standard deviation recorded

Impact Testing- .

—Impact tests were conducted at room temperature on standard Charpy V notch
specimens as per ASTM E-23 standard [20]. Pendulum type impact testing machine with a

capacity of upto 2 tons was used to carry- out the impact test.

Tensile Properties -

Tensile tests were conducted on cylindrical samples made as per the details shown
m fig. 4.1, on an Instron testing machine, model 1342 at two strain rates , lmm/min
'_an_d 50 mm/mim respectively“ and values of the Ultimate Tensile Strength (UTS), Proof
’ | Strength (PS), Elongation I(%‘EL) and _%.'Reduction in Area (%RA) were -calculated and

recorded.
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4.7 FRACTOGRAPHIC STUDIES

Fractographid studies were conducted on selected tensile and impact te
specimens. These studies are necessary to evaluate the nature of fracture and
relation to the manufacture and properties. Subsquently microphotography were take:
various magnifications. Phillips Scanning Electron Microscope (SEM-501) operating -

an accelerating voltage éf 15 kV was employed for this purpose.

4.8 EPMA
Electron probe Micro Analysis was carried out on the JEO_L, JXA-8600M, Elec
Probe Analyser. These studies are helpful in finding out the trace elements in

inclusions. One spééimen, prepared for Metallographic study was ued in Electron Pi

Micro Analysis.

4.9 GAS ANALYSIS
Gas Analysis was carried out for O, and N, from B.H.E.L., HEEP, Hardwar. -

speciments were used for each analysis to check the reliability of the results.
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CHAPTER -5

RESULTS AND DISCUSSIONS

5.1 GENERAL T

In this chapter, results/data relating to '.in'_s‘frumeht‘al lanalysis- and effect of heat
treatment on the hardness, microstructure and gram size, alon’gWith inclusion 'count are
reported and subsequently discussed. The "ef'-fec_if of heat treatment on the tensile
properties and impact toughness is reported mostly in tabular and graphical forms.l‘
Mechanical properties thus obtained are co-related with the microstructure in the
subsequent discussion. Finally, gas content (O, andN,_) is repo'rted; An overview in the

form of product appraisal is then put forward.

5.2 RESULTS
5.2.1 Chemical Analysis
Instrumental analysis of the experimental material is reported in Table 5.1. It

, was observed thal_ the analysis conforms with that as specified in the AISI 420 [17].

5.2.2 Effect of Heat Treatment on Hardness & Microstructure
Data obtamed in this regard is summansed in Table 5 2 and Flgures 5 1to05. 5 A

: perusal of -the relevant figures and table revealed as follows :

1. The as quenched hardness was a functlon_‘ of the hardening temperature, it being
higher at higher temperature. - |

2. The as‘quenched hardness was lower,'tlra}jl Awhat_‘is hormally attained in higher
carbon steels and that attained in l_ov'v.j' carboﬁ,' medium  alloyed and liighly

alloyed steels.
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3. Tempering lead to”a decrease. ‘in the as quenched hardness at both the tempering
temperatures, 685°C and 6600C The hardness decreased marginally with an
increase in tempermg perlod | |

4. The above mentioned ch@ngés in hardness were consistent with the
microstructure observed (‘Figs;, 53 io 5.5).

5. The microstructure in the as,-;qnénched condition was accicular in nature. That

| it has been formed by shear:’..t:‘an be adjudged on the basis of surface relief
(Fig. 5.3).

6. ’fempering temperature and soaking period had little effect on the accicular
nature of the as quenched microstructure (Figs. 5.4 and 5.5 A-D).

7.. On increasing, the soaking period at given tempering temperature, the only
discerning chnnge was perhaps a slight coérsening nf the microstructure (Figs.

5.4 and 5.5). |

8. Representative high magnification microstructures (Figs. 5.4 E & F, Figs. 5.5

E & F) proved helpful in ascertaining that the basic nature of the as quenched

accicular microstructure had remained more or less unaltered.

5.2.3 Nature of Inclusions

Representative microphotographs in thxs regard are summarized in Fig. 5.6. It was
- revealed that, inclusions mostly cnmp{_iséd;» oxides (Fig. 5.6 A). Occasionally, MnS
stringers . were also present. They »yappe»ared as lignt grey, thin thread like 'features
(Fig 5.6 B)[21]. The nature 'nf 'certnin bead like features seen in ¢Fig. 5v64 Cy could
not be ascertained [22] The chunky mclusnons shown in Fig §. 6 D compnsed entrapped
refractory/slag materials [21] N

Electron probe micro analysis of rain’dbmly Selected regions delineating'th’e type of
inclusions shown in Fig 5.6 A & B revealed that they comprised mostly FeO and Cr203
(Table 5.3- A & B). Where as in one of the instances, presence of K5O, Na03, MnO and
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CaO was revealed (Table 5.3-A), in the other instance the inclusions mostly comprised

fFeO and CrpO3 along with SiOp and MnO (Table 5.3-B).

5.2.4 Et‘fect of Tempering on the Tensile Behaviour
The effect of tempering temperature and time on the tensile behaviour is-
summarized in table 5.4, and in the Fig 5.7 to 5.14. A perusal of the data contained in
~table 5.4 revealed that an increase in tempering .period at a given tempering
temperature had little effect on the UTS & 0.2% PS. If any, there was at best a
marginal decrease in both of these parameters. Any impros/ement» in % RA & % EL was not
-much in evidence. |
Quenching temperature had an effect on the mechanical properties in the as
tempered condition, for e.g. on hardening from temperature 1010°C, the.'UTS & PS values
in the as tempered condition, overall, were higher than those obtained on hardening
from 980°C. However, as had been observed earlier, the corresponding variation in % RA
& % EL values didn’t reveal a consistent trend. |
It further emerged that the % EL & % RA values 1mproved with tempering perrod on
tempermg at Jower of the two tempering temperatures. This observation was valid for
_both the quenehing temperatures. | ,
_ The effect of increasing - the stram _rate by a factor of -50, on ‘the tensile
propertles dldnt reveal a consistent trend. Whereas ‘in some instances, an increase in
the UTS ‘& PS-values was observed, in most other situations, a small decrease in both

these parameters"'Was observed A similar situation also existed for % EL & % RA values.

The aforementroned changes in propertles brought about by varylng the tempering '

parameters have been graphically represented in the Fig 5.7 to-5.14. The basic purpose
behind -such an exercise was to assess in what way the experlmentally observed

varlatlons differed .in comparison to the expected/rdeahzed ones. This aspect has been'

crmcally analysed in Sec. 5. 3
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5.2.5 Effect of Heat Treatment on Impact Toughness
The data pertalmng to this aspect has been summarized in the table 5.5 and in the
Figs. 5.15 & 5.16. An analysis of the data contained in the table 5.5 revealed that :
1. For the 1010°C OQ + tempered state,
(i) The toughness values on tempering at 6850C, (aver'age around 33 J) were better
~ than those attained on tempering at 6600C (average around 30 J).
(i) On tempering at}685°C and on excluding the toughness attained on tempering at
three and half hours, the other values are more or less comparable. |
(iii)A - similar situation was observed to exist on tempering at 660°C,. efter ‘

“excluding the toughness value for one and half hour.

2. For the 980°C OQ + tempered state,

()  On tempering at 685°C, a continuous improvement in toughness with tempering
period was observed. |
(i) On tempering at 660°C, inconsistencies as observed in the 10109C OQ + :

tempered condition were once agam in evidence.

3. On comparing the toughness values as influenced by the quenchlog temp
‘emerged that the specimens hardened from 980°C attamed better overall toughness than
those hardened from 1010°C. This observatlon was valid for both the " tempenng
temperatures. o

Plotting the impact toughness -data as a function of hardening)temoering
temperatures as influenced by tempering period, proved helpful in rationalising'x the

impact behaviour of the experimental material. This aspect has been discussed in detail

- in the Sec. 5.3.
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5.2.6 Fractographic Studies

Such studies were carried out on selected impact tested as well as tensile tested

specimens. Representative fractographs are summarized in the figs 5.17 & 5.18, (impact

tested) and figs. 5.19 & 5.20 (tensile tested).

Considering first the fractographic. observations on impact tested specimens, it

emerged that

(M)

(i)

The fracture appearance was brittle within the toughness range 23 to 35 J
(Fig 5.17 A to D, Fig 5.18 A). |

A careful perusal of these fractographs revealed the existence not only of
transgranular  brittle fracture, but more importantly of faceting indicative

of intergranular brittle fracture (Fig. 5.17-A to D, Fig. 5.18-A&B). .

(iii)On approaching an impact toughness value of around 42J , the fracture

appearance, although still brittle (Fig. 5.18-B), revealed features

indicative of gross deformation.

(iv) The fracture appearance corresponding to the highest toughness value revealed

W)

the existence of gross defdfmatioh, in the form of shailow ductile dimples
(Fig. 5.18-C). Additionally the existence of secondary cracking was till in

evidence.

Gross deformation was observed to persist even at a toughness level of around

44] (Figs. 5.18-D).

Commenting now on the fractographs of tensile tested specimens, it emerged that

although considerable micro cracking was.observed (Fi"g‘.-5.19 & 5.20A to D), most of the

fractographs did reveal the existence of gross deformation in varying amounts. The

extent of gross deformation was found to be a function of the ductility/toughness of

the material, for e.g. specimen corresponding to Fig. 5.19-B; exhibiting toughness

higher than the othér~specimens (Fig. 5.19 A,C,D), revealed a comparatively large

degree of gross deformation. Similarly amongst the fractographs, summarised in Fig.
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5.20, the one at Fig. 5.20-B révejaling gross - deformation higher thén the others,
exhibited a toughnéss of 52J. Thus in a way, the fractography carried out on tensile

tested specimens gave a good account of ductility/toughness of the experimental

material.

5.2.7 Gas Analysis
The results of gas analysis carried out are summarised in Table 5.6. From the

data, it emerged .that, whereas the oxygen levels are within the acceptable limits, the

nitrogen content was found to be substantially higher [23].

5.3 DISCUSSIONS

The results outlined in Sec. 5.2 can be appropriately discussed in the light of
the structural changes that take place during hardening & tempering treatments. The
starting point for such an analysis is the composition of the material. The compositioh .
summarised in Table 5.1 is consistent with that stipulated in relevant spe-cificatior.ls.»
This provides reaffirmation that the expcrimenfal ‘material is a martensitic grade of
stainless steel and hence will respond to the h,ard'ening and tempering treatment.

The hardening and temperiﬁg tgrﬁpeia’tures used are as provided in - the
specifications. The range of hardening: témperat-\ifes is stipulated to be 980°C" to 1030°C
and the preferred tempering temperatures are = 650°C [17]. The second hardening
temperature was chosen as 1010°C to avoid .grain coarsening. Similafly, the 'tempering
temperatures selected are 660°C and 685C. ~While deciding these temperatures, due
consideration was paid to the thumb rule that. gfowth rate doublés with every 500C riSe
in the heat treating/processing temperatures. - =

Hardness in the as quenched. cbndition, although lower than what is attaipe’d in
higher carbon and higher alloyed. steels, is _consistent'.with the carbon contént [4]. The

presence of chromium has ensured that the- material has the requisite hardenability to
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transform to accicular/shear tranformation structure ( Table 52 and Fig. 5 1) Higher
the harciening texﬁperature, higher will be the. hardness. aue to an’ increase in
hardenability. This is evhat has been observed.

Tempering from 6850C and 660°C has lead to a decrease in hardness .qee to partial
- decomposition of the hardened accicular structure thrqpéh' the expected -carbide
transformatlon sequence, namely : |

Shear structure —- Fe2 4C — Fe3C —P‘g (FeCr)ny —:-J; V" Coarsened (FeCr)ny or

| its variants

Soakiﬁg period 'had a very small effect on as tempered hardness, because the
overall level of hardness has apparently reached the ‘level off’ st;age (Table 5.2 and
Figs. 5.1 and 5.2) and also because the soaking temperatures/periods used are not large
enough to affect substantial changes iﬁ microetructure/hardness. Besides tﬁe carbide
transformation, the other factor that promotes retention of a higher hardness is the
stability of accicular structure even in the as tempered condition (i.e. it is not
transforming to a combination of polygonal ferrite and dispersed carbides). This
analysis explains the reasons for a similarity between the as quenched and as tempered
microstructures (Figs. 5.3 to 5.5). ‘ | | |

The presence of surface relief in the as quenched condition is a confirmation that
the as quenched nucrostructure is formed by shear (Flg 5.3). The slight dlscerneable
coarsening on mcreasmg the tempermg per10d is due to, 1q1t1gt1on of the tendency of
accicular structure to transfom mto a polygonal strucfilr'e. Representative high
magnification niicrophotOgraphs (Figs. 5.4 and 5.5 - E and F) have been ~:ix;cmded, Just
to show that the structure obtained under the exist_ing térppering conditions is not
polygonal in nature. | o

Considering now the nature of inclusions, (Figs. 5.6 A .tQ' D, se'ctien 5.2.3), the
inclusion rating for the experimental material comprised; |

(i) Oxide type - Heavy Series - C
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(i) Sulphide type - Thin Series - B

Thus, the (.)\"crall"' inclusion disftbution in the experimental material may -be
: regardéd as _satisfactory. |

Electron i’rébe Micro Analysis of»randomly selected regions gave a further insight
into the constitution _bf th;:. oxide inclusions (Table 5.3 A& B). Interestingly, the
constitution 6f the ‘oxides in the two situations differ significantly. It would be
worth examining whcthér_‘ this is a satisfactory 'situatio'n from steel making point of
view or not, eépecially so, since the cracks are known to originate from regions
containing non metallic inclusions [15]. There are instances to suggest that ‘such
cracks can eventually lead to premature failure [15]. That being so,» inclusidn’s shape,
size, nature and distribution become important parameters in counterabting such
tendencies. In this regard the entrapment of largé sized refractory/slag materials
(Fig. 5.6 D) is not a desirable feature.

Having thus far discussed the changes in hardness and microstructure, it woﬁld‘ now
be pertinant to consider the effect of tempering parameters (;n the tensile properties.
A marginal decrease in UTS and PS on increasing the soaking period, at a given
tempering tempefature would be on account of slight coarsening of dispersed second
phase particles. No evidence can be pfovided to this effect as TEM studies havé not
been carried out. Howéver, microstruciural studies have indicated that _£he accicularity
" of the hardened struciixre is maintained even in the tempered state. As no other
structural - change is occurihg, it would not be incorrect to infer that thé marginal
decrease in tensile proﬁérties could be on account of partiéle coarsehing. Perhaps the
decrease in U’i‘S or PS -_i_s small enough, not to have an appreciable effect on either % EL
or % RA, as the preriin_ental data suggests (Table 5.4).

Quenching'from a higher temperature, i.e. 10109C has lead to the éttainment of
higher UTS and PS values than those obtained on hardeniné from 9800C primarily because

a higher hardness was obtained on hardening from 1010°C. The absence of a consistent
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_trend in % EL and % RA values could be on account of one of the following reasons :

() The microstructure being non homogeneous due to particle coarsening.

(ii) Lesser number of samples having been used per test performed.

The % EL and % RA values improved with tempering period at the lower of the two
tempering temperatures, since | tempering at 660°C ensured a greater uniformity' in the
microstruct@re vis a vis dispersed carbide particle size, shape and distribution. Such
a microstructure is more useful in regulating the deformation, leading to the
attainment of better ductility.

In order to-arrive at a rationalised behaviour of the experimental material in
the quenched and- tempered - condition, ‘the mechanical properties; summarised in table
5.4, have been graphically represented in figs. 5.7 to 5.14, as a functiodi of hardening
temperature and tempering variables. Both, the actual variations aI{d the bes‘t‘ fit

variations have been indicated. As mentloned in Sec 5.2.4, such representatxons are
| useful as they reveal the deviations from the 1deahsed/expected behav1our The best :
fit plots, in fact are useful in projecting the likely/expected mechamcal propertles
for a given heat treatmg/processmg conditions. The likely reasons for the deviations
from 1deallsed/expected behav1our are as follows : __ .

(i) The material composition being not uni‘form -whicﬁ is often tl'lefc:ase "urnder

practical heat treating conditions. -

“(ii) The possibility of. there- ‘being improper- temperature controls while heat

treafing.v o

(iif)Lesser number of samples having been used per test performed.

Before concluding the. discussion on the effect of tempering parameters on the
tens1le properties, . 1t;.would be of . interest to mention that the propeties obtained in-
-’the present - study  are ~comparable with those indicated in the standard |
specifications [17]. | '

- The impact toughness values summarised .in table 5.5 and -in figs. 5.15 and 5.16,

38



provide ﬁseful pointers to the overall suitability of the material for the apblications o
specified. The overail tougﬁness in the as tempered condition on qugnching from 980°C
is better than the one obtained on quenching from 1010°C due to a favourable austenite
grain size. Its usefulness is further reflected even on tempering from both. the
temperatures.

~ The toughness values on tempering at 685°C are better than those obtained on
tempering at 6600C because of a slightly lower, overall strength obtained in case of
the former.

Looking af the toughness values in the tempered condition, obtained on hérdeningl
from 10100C, it is“seen‘ that, alfhough the toughness on tempering at’ 685°C s
marginally better ;.(33]) as against that obtained on temperihg at 660°C (30J), the
overall '»improv'emg:nt in the toughnes with an increase in tempering period is rathef
small,' - as reve#l'ed through the best fit plots (Fig. 5.15). Clearly the likely
imprbvcment has been offset by the presence of a relatively coarser austenite grain
size -and ia possible non uniformity in the size, shape and distribution of dispersed
carbide particlés. . :

The data‘_,’_'“:vsummarised in fig. 5.16 obtained on hardening at 980°C -followed by
tempering dulji confirms the above reésoning to b_e cbrreCt, e.g. the best fit data iine
which is nearly horizontal for both‘ the hardening temperature is more favourably
disposed at the lower of the two hardening temperatures (Figs. 5.15 & 5.16); similarly -
the toughness values on tempering at 685°C show a continous increase in toughness (Fig.

5.16), unlike what -is observed in fig. 5.15, wherein the toughness is remaining more or )

less unchanged with tempering period. Thus preparing the best fit plots has once again .

proved. useful in rationalising the irhpact behaviour of the experimental material. -

The overall toughness values obtained in the present study are comparable with

~ those specified in the standards [17].

. Considering’ now the inferences drawn on the basis of fractographic studies, the
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toughness values m ‘,:t'he rari-éé of 23J to 35] are definitely low and expectedly have.
induced the material to fracture-in a brittle manner (Fig. 5.17 A to D & Fig. 5 .18-A).”
Generally transgraﬁljlfar'i'quasi—cleévage fracture is expected. However the existence of
faceting of intergraﬁulgr. brittle‘lﬁf.racture (Fig. 5.17A to D; Fig.5.11 A&B), is somewhat
of an unexpected f¢afure and may be attributed to the possible embrittlement of grain
boundaries, e.g. th;:.,.gre;sence of an embrittled layer due to a higher gas content (Table
5.6)[23]. The preséh&é of some gross deformation at an improved impact toughness value
of 42] is expected due to an improvement in overall ductility leading to some gross
deformation (Fig. 5.18 B). Accordingly, the fracture appearence corresponding to the
highest toughness value will reveal the existance of gross deformation in the form of
- shallow dimples, has been observed (Fig. 5.18C). The existance of seéondary cracking in
majority of fractographs is an indication that the material is not free of
embrittlement. | _

The existance of gross deformation in the fraétographs in fig. 5.18 D can be
similarly explained. | |

Considering the fractographs of tensile tested speciment (Fig. 5.19 & 20; A to D),
the existance of gross deformation in varying amount is due to re»asovnalbe» )l_evel of %EL
(=12%) and also ‘bcca,l‘xs_e tensile deformation mostly includes uniaxial ,ldading, unlike
the deforlmation: "urfdef :-impact where biaxiality & triaxiality of the operating stress
system is definitely- involved. Witﬁ an- improvement is -ductility/toughness the extent of

gross deformation will increase-as has been observed.
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CHAPTER-6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 CONCLUSIONS
Under the existing experimental conditions, the following conclusions have
been arrived at:
i) Hardness in the as quenched conditions was a function of hafdening |
temperature; the microstructure was accicular (low carbon inartensite) ‘
i) Hardness in the as tempered condition (tempering temp. 660°C & 685°C) was

lower than the as quenched hardness and decreased marginally with tempering

periods.

iii)Microstruéture in the as tempered condition retained the accicularity of the
as quenched structure; a slight coarsening in it was observed at larger
tempering periods.

iv) The material behaved satisfactorily from the point of view of inclusion
rating; however presence -of chunky refractory/slag materials was an
undesierable feature, |

v) Tensile properties is the as tempered condition were a function of quenching
temperature as well as tempering temperature & time. In the 1010°C.7 as
quenched condition followed by tempering at 660°C & 685°C for periods ranging
from 90 to 270 mins., PS ranged from 700 to 732 MPa, UTS from >814 to 875 MPa,
% El from 14 to 22% & % RA from 60 % 66% approximately. Under similar
conditions, if a hardening temperaturé of 980°C was emp]oyéd, the
corresponding properties are 668 to 732 MPa, 776 to 862 MPa, 17 to 19.6% & 60

to 68% approximately. The inconsistancies in the data could be rationalised by
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vi)

vii)

plotting the properties (as a function of dependent variables) using the
best fit method. _Taking an overall view, the tensile properties remained
more or less unaltered on varying the tenipering périod.

Impact toughnes improved overall with tempering temperature and less
clearly with tempering periods. However, at the lower of the two hardening
temperatures, the toughnes_s in the as tempered condition showed a more
distinctive - tehdency towards improvement both with tempering temperatures
and pgriods. This has been attributed to favouralbe effect of a fine grain
size. »

Fractographic appearance carried out on selected impact & tensile tested

specimens was in general consistent with the overall state of the material.

6.2 SUGGESTIONS FOR FUTURE WORK

.b)

d)

To make the appraisal more reliable and useful, the following testing

regime should be followed.
From the point of ‘view of mechanical properties, a detailed investigation

relating to impact and tensile testing is required to be carried out. With

‘the available and newly generated data, it would be possible to develop

models for the structure-property relationships.

Froﬁ the point of view of performance of the material for a particular
apprlication i.e. steam turbine blading, corrosion testing fatigue testing &
wear tg:sting is required to be carried out éxtensively.

Determination of the CCT diagram of the material»..‘

Determination of the critical temperature.
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Table2.1 : Compositions of the 300 and 200 series of Austenitic Stainless Steels.

Composltionb, )

AIST
grade’ TF NI T fn_ 51 P 3 Other
! 301 16-18 6 - 8 0.15 2.0 1.0 0,045 0.030 -
Jo2 17-19 8 -10 0.15 2.0 1.0 0.045 0,030 -
3028 17-19 8 -10 0.15 2.0 2-) 0.045 0,039 == 4
30) 17-19 8 ~10 0.15 2.0 1.0 0.20 0.15 Mo 0.60
30)Se 17-19 8 ~-l0 0.15 2.0 1.0 0.20 0.060 Se 0.15°
Joa 18-20 8 -~10.5 0.08 2.0 1.0 - 0.045 0,030 : adad
JoAL 18-20 g8 ~12 0.03 2.0 1.0 0,045 0.030 -
304N 18-20 8 -~10.5 0.08 2.0 1.0, 0.045 0.010 N 0.10-0.16
305 17-19  10.5-13 0.12. 2.0 1.0 0.045 0.030 -
308 19421 10 -12 0.08 2.0 1.0 0.045 0.030 -
309 22-24 12 -15 0.20 2.0 -1.0 0.045 0.030 -
309s 22-24 12 -15 0.08 2.0 1.0 0.045 0.030 -
310 24-26 19 -22 0.25 2.0 1.5 0.045 0.030 -
3108 24-26 19 -22 0.08 2.0 1.5 0.045 0,030 --
314 23-26 19 -22 0.25 2.0 1.5-3.0 0.045 0.030 -
116 16-18 10 -14 0.08 2.0 1.0 0.045 0.030 Mo 2.0 -3.0
J16F 16-18 10 -14 0.08 2.0 1.0 0.20 0.10% Mo 1.75-2.50
Jl6L 16-18 10 -14 0.03 2.0 1.0 0.045 0.030 Mo 2.0 -3.0
316N 16-18 10 -14 0.08 2.0 1.0 0.045 0.030 Mo 2-3,N 0.1-0.16
117 18-20 13 ~1% 0.08 2.0 1.0 0.045 0.030 Mo 3.0 -4.0
317L 18-20 11 -15 0.03 2.0 1.0 0.045 0.030 Mo 3.0 _-4.0
321 17-19 9 -12 0.08 2.0 1.0 0.045 0.030 TL 5xC
330 17-20 34 -7 0.08 2.0 0.75-1.5 0.040 0.030 -
347 17-19 9 -13 0.08 2.0 1.0 0.045 0.030 cb+Ta loxc®
148 17-13 9 -13 0.08 2.0 1.0 0.045 0.010 Cb+Ty 10xcC e
Ta 0.1 ; Co 0,20
384 15-17 17 .-19 0.08 2.0 1.0 0.045 0.010
AISI Componltlona, 1
Grade Cr NI T An 3T T 3 f Other
201 16 -18 3.5-5.5 0.15 5.5~ 7.5 1.0 0.060 0.030 0.25 -
202 17 -19 4-6 0.15 7.5-10 1.0 0.060 9.030 0.25 -
205 16.5-18 1-1.7S 0.25 14-15.5 1.0 0.060 0,030 0.40 1-1.75Mc
216°  17.5-22 5-7 0.08 7.5-9 1.0 0.045 0.030 0.50 Mo
21610 5-7 0.03 1.0 ©0.045 0.030 10.50 Mo

17.5-22

a
pBalance iron.

Not standard AISI grades. .
: Source Book on Stainless Steels, American Socliety for Metals,

Sources

1976.

. 1.5-9

Single values are maximum values unless otherwise noted.

Allegheny Ludlum Alloy Data,
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Table2.2 : Mechanical propertics of the 300 and 200 series of Austenitic Stainless
Steels. -

Tensile Yield Strength
AISI Strength (0.2% Offset), <Ilnsngation, Hardness,

Grade MPa MPa 1 Rockwell B
301 758 276 60 BS
Jo2 620 276 . ’ S0 85
JOZB 655 276 55 85
303 b 620 241 50 76
J01Se 620 - 241 50 76
304 ~ 5886 T 241 55 80
3o4L 517 193 55 79 -
304N 620 i 50 . 85
305 586 . 262 50 80
jos® . 586 241 ‘50 80
309 620 Jlo 45 85
3098 620 310 45 85
kB ] 655 Jlo 45 85
3108 . 655 jlo 45 85
314 690 3145 40 B5
316 620 276 50 79
J16F 586 241 60 85
J16L 517 220 50 _79
J16N 620 331 48 8s
317 620 276 45 85
J17L 586 241 55 85

'J2lb 620 24) 49 g0
Jlo 586 310 40 . 80
147 655 276 45 85
348 655 276 45 85
384 517 241 55 70

. viele
Tensile Strenzth

AlISI Strength 10.2% 0ffse=- CElongation Hardness,
Grade MPa MPa . % Rockwell B
201 758 379 55 90
202 689 3179 5SS 90
205 862 482 S8 9B
216° 689 319 45 . 92
216t 689 379 45 92

a

b)\nnealed sheet and strip.

L MPa = 145,03 ps1.

Not standard AISI crades.

Sources: Scurce Book on Stainless Steels, American Socliety
' for Metals, 1976.
Alleghery Ludlum Alloy Data. '
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Table2.3 : Compositions of some Austenitic Ni-Cr-Fe Alloys.

Typical Compogition?, 11}

Alloy NI Cr Fe C co Ti

AISI Type 304® 10 19 63 0.06 0.15 0.008
Alloy 800° 33 21 38 0.03 max. 0.10 max. 0.60 max. £

INCONEL Alloy 6009 76 15 8 0.04 0.03 0.25

INCONEL Alloy 690% 60 30 9.5 0.03 0.0) 0.25

Table 2.4 : Compositions of some Austenitic Ni-Cr-Fe-(Mo, Cu, Cb) Alloys.

Typical Composition (W, 1}

Alloys N1 Cr Fe Yo C Cb ~ Cu Other "
AISI Type 317 13.0 19.0 ¢64.0 3.5 0.95 --  -- -
SANDVIK 2RN6S 24.0 17.5 46.0 4.7 0.02 -- - --
SANDVIK 2RK6S 25.0 19.5 50.0 4.5 0.22 -- L.§ -
AL-6X 25,0 20.0 48.5 ° 6.5 0.01 - = . -
JESSOP 700 25.0 20.0 49.0 4.4 0.92 ~= - --
JESSOP 1177 25.0 21.0 45.0 4.6 0.92 0.3 2.5 -
UDDEHOLM 9_04[. 25..0 20;0 ‘49.0 4.5 0.92 -~ 1.5 -
HAYNES No. 20 (Mod)  26.0 22.0 45,0 5.0 0.3 - == Ti 4xC
CARPENTER 20Cb-) 33.0 20.0 41.0 2.0 0.03 0.8 1.0 -
INCOLOY Alloy 825 42.0 20.0 0.0 3.0 0.03 -- 2.0 -
HASTELLOY Alloy G 45.5 22.0 19.5 6.5 0.03 2.0 2.0 W 0.5
HASTELLOY Alloy C-276 $9.0 16.0 5.0 16.0 0.02 =-- -- W 4,0
INCONEL Alloy 625 62.0 22.0 3.0 9.0 0.05 3.5 ~-- -
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Table 2.5 : Compositions. of the 400 series of Ferritic Stainless Steels.

A151 ) Compositlon®, (V)
Grade Cr C Mn Si P S Other

405 ° 11.5 -14,5 0.08 1,0 1.0 0.040 0,030 Al 0,10-0,30

409 10.35 -11.7 0.08 1.0 1.0. 0,045 0.045 T4 GXCd,O.'ISC

429 . 14 -16 0.12 1.0 1.0 0.040 0.0130 -

430 16 -18 0.12 1.0 1.0 0.040 0,030 -

430F 16  -18 0.12 1.25 1.0 ©0.060 0.159 Mo 0.6°
430FSe 16 -18  0.12 1.25 1.0 0.060 0.060 . se 0.159

432 . 16 -18 0.12 1.0 1.0 0.040 0.030 Mo 0.75-1.25

436 16 -18 0.12 1.0 1.0 7,040 0.030 Cb+Ta SXCd,O.7c,Ho 0.75-1.25

439”  17.75-18.75 0.07 0.60 0.60 0.040 0.030 T4 12x¢?,1.0%, 81 0.5

442 18 -2) . 0.20 l.Ol ‘1.0 0.040 0.030 -

446 21 ;27 0.20 1.5 . 1.0 . 0.04“0 . 0.030 . . N 0,25
gualapce iron. Single values are maximum values unless otherwise noted.
c439_1s not a standard AISI grade.
dﬁ-?xlmlm.

QMlnlmum.

Optional. » )
Source: Source Nook on Stalnless Steels, American Soclcty for Mctals, 1976.

Table 2.6 : Mechanical properties of the 400 series of Ferritic Stainless Steels.

Tensile Yield
AISI Strength Strength llardness,
Grade 1Pa Mpa Elongation,Y Rockwell 8
405 482 276 30 80
409 469 276 25 5
429 486 293 jo 76
430 517 110 30 82
430F 551 179, 25 86
430FSe . 551 179 : 25 86
434 531 . 368 23 83
436 531 65 23 A3
139°¢ 132 280 10 80
“a42 51 345 20 90
146 551 345 25 86

iAnnealed materfal.,
oL MPa = 145.0) psi.
439 is not a standard AISI grade.
Source: Source Book on Stainless Steels, American
Society for Metzls, 1976.
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Table 2.8 : Machanical properties of the 400 series of Mnrtcnsitic Stainless Steels,

Tensile Yield Strenath

Strenath (0.2% Offset) Hard-ess,
AISI Grade Condition HPa MPa Elongation,V Rockwel. D or C
103,410, _ A° 517 276 30 2 32
416,4165e  N°+T at 205°C 1310 1000 15 c 1N
316°C 1241 965 15 c 39
538°C 1000 791 20 c 31
31T n 837 §8% 17 z 33
NSer at 205°C 1179 1034 15 c 43
lle°cC 1310 1000 15 [ B
538°C 1000 8217 20 c 4
~I30,d20F 4 A 655 b EH) 25 2 32
N°+T at 316°C 1506 1145 8 Cc 50
— 422 A 753 588 23 ERE])
nCer at 427°c 1627 1282 10 --
53a°C 1476 1145 : 1] ’ < 92
649°C 1000 862 14 C 32
~431 d A 862 €55 20 < 24
U ¢T at 205°C 1413 . 1069 " 1S c 4
Jte°c 1345 1014 15 1
538°C 1034 846 18 - C 34
440N q A 724 413 20 3 35
H™+T at J16°C 179} 1655 H Cc 51
3308 ) 738 473 19 3 36
I17+T at 316°C 19130 1862 B C 355
349C, ddor° . \ Iy ) 758 448 13 EER
et at 3l6°C 1965 1895 2 57
;Non-standard qrade.
A = annealed.
SH = hardened by heating to 982°C and coolinq.
H = hordened by hcatina to 1018°C and cooling.
T = tempered at indicated temperature,

Source: Meotals HNandbook, American Socicty for etals, Vol, 1, 1989,

Table 2.9 : Compositions of some Duplex Stainless Steels.

Typical Compositiona, (1)
Designation Cr Wi C Mn_ Si P S Other

AISI Type-329 - 28.0 6.0 Q.10 2,00 1.0 0.04 0.03 Mo 1.5
326b 26.0 6.5 0.05 1.00 0.6 0.0} 0©0.01 Ti 0.25

SANDVIK JREG0 18.5 4.5 0,02 1.50 1.6 0.01 0.01 Mo 2.5

Apalance iron.

Earlier version known as developmental alloy IN-744: commercially
available since 1970 under proprietary designations of UNILOY 326,
AL 326 and H-326.

Sources: Various.

Table 2.10 : Mechanical properties of some Duplex Stainless Steels.

Yield
Tensile Strength
B Strenath (0.2% Offset) Elongation, Hardness,
Designation MPa MPa ] Rockwell B
AISI Type 329 724 551 25 ) 98
326 689 517 35 95
SANDVIK 3RE60 717 482 48 92

nMill annealed condition.
1 MPa = 145.03 ksi.
Sources: Various.
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INSTRUMENTAL ANALYSIS FOR X20Cr13 GRADE STEEL

TABLE 5.1

C

Alloying Cr- Ni Mn Si S P

Elements

Allowable 12.5-14 0.3-0.8 |0.17-0.22 {0.3-0.8 |0.1-0.5 |0.02 |0.03

% max | max

Actual 13 0.40 - 020 0.50 0.30 | 0.017 0.027
%
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TABLE 5.2

EFFECT OF HEAT TREATMENT ON HARDNESS

 (Hardness of as Rolled Experimental Slap: 282 HV 3, )

| Hardness Standard
S. No. Heat Treatment , HV;, Deviation -

A | ‘ ~1010°C + 30 min (soaking)+ OQ - - 512 loi

B - 980°C + 30 min (soaking)+ OQ 460 : 9

Hardening Tempering Tempering '
Temp. °C) | Temp. (°C) Periods(Min.)

I 1010 685 90 291 12

2 150 289 4|
3 210 281 0|
4 270 282 5|
5 660 50 . 299 5|
6 o 150 295 |
7 210 275 16
8 | 270 276 14 |
9 980 685 90 296 B |
10 T 150 T 28 16 |
11 210 265 12 |
12 - 270 265 10

13 660 S0 | %7 15

14 | 50 292 9

15 210 269 T
16 270 267 16

* Soaking period for hardening prior to tempering is 90 minutes, followed by oil quenching.

* Tempering treatment is followed by Air Cooling.



i & —++s+ 685°C Tempermg Temp.
32'5_5 +x+e+ 660°C Tempering Temp.
i
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Tempering Periods (Min-) '

Fig. 5.1 : Effect of Tempering parameters on Hardness
(Quenchmg temperature : 1010°C)
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30 90 150 - 210 270

Tempering Periods (Min.)

Fig. 5.2 : Effect of _Tempering parameters on Hardness
(Quencliing temperature : 980°C)
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Fig. 5.3 : Effect of Heat Treatment on Microstructure.
(A, B represent microphotographs taken at 100X and 400X magnification
respectively, in as quenched condition. Quenching temperature : 980°C.)
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400X magnification of 4,8 Nos. specimens respectively)
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Fig. 5.6 : Nature of Inclusions present

(A, B, Crepresent microphotographs taken at 100X magnification & D
represents microphotographs taken at 400X magnification).
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Table 5.3 A : Micro Probe Analysis of Non Metallic Inclusions presen

No .

Element
Si0e
AL203
. Fel
MgO
MnD
CaQ
‘K20
Na20
Tid2
Crziz

Grade Steel.

=)

Wt.. (%)

0.680

l:l L)
=
[N ]
—
—

]
h] W
—
sy i
n ~d

o)
.
il
s J:I
n

)
f]
T

2 Name

: 5-F1

to 100%
Q.40
0.010

55.837
O.124
0557

0.335

2.117
T (0
0.044

34 .631

0.073
0.063
0,407
0 Q96
0.073
0.024
0.042
0350
0.033

0.733

Cation.

Q597
0.01e1
48,1270
0. 19082
0. 48R0
O BAEE
2.7841
114080
0 .0338

28.2191

F-ratio - -

0,595
0 .008
B2.471
0.083
0.-33
0.280
2.437
30649
0 GO5=

44 .231
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Table 5.3 B : Micro Probe Analysis of Non Metallic Inclusions present in X20Cri13

No .

Element
gsioe
Ale0s
Feld
MgQO
MnO
Cal
k20
Nac20
Tige2
Cre203s

106 304

Grade Steel.

4_ Name

Wt. (%)
2.212
0 Q09

I8 631
0.153
1.030
O OO
0,000
0O L0000
0000

=0 ,20d

{00 .000

HE

to 100%
1.257
QL0005

£O 509
0 .09d
0 56
QL0035
(:) 00 (:)
Q..000
0000

=) D 2
\J? (] ubu

+/~

0.155
O.186
0.324
0.182
0.098
0.021
0000 .
O.000
0.000
1.012

Cation
1..23724
% I T TNt

=21 .45249
O.1422
02760,
.03
Q.0000
Q0000
O .0000

S0 .03

114.0735

k—-ratio
1.94% -
QL0007
104 .287
0 O3
1.173
Q.00
Q.000
0 L,000
- 0.000
74 .223
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TABLE 5.4

EFFECT OF HEAT TREATMENT ON TENSILE BEHAVIOUR

02%PS.

~TEL

UTS RA
‘ Heat Treatment (Mpa) Mpa T % %
S. No. - .
Hardening | Tempering -|  Tempering 1* pLL 1* [ 2** * e | 1% | 2%*
. Temp. (°C) Temp. (°C) Periods(Min.) .- . o . 1 -
1 1010 685 90 732 | 710 | 875 | 873 | 17.15 | 1768 | 6500 | 6660 _
2 | 50| 701 | 6764 | B18 | 820 | 2083 | DR | 637 | @75
3 210 637 | 683 | 803 854 '14'.'201 1770 | 6000 | 66.60
4 270~ | 716 | 666 | 851 | 852 | 16.67 | 1792 | 6625 | 64.63
5 660 9 764 | 741 | 899 | 904 | 15.83 | 1708 | 6730 | 7037
6 150 714 | 643 | 850 | 802 T750 | 2042 | G0 | 6553
7 210 | 685 | 669 | 814 | 796 | 19.60 | 1750 | 61.25 | 6833
8 | 270 712 | 730 | 848 | 832 | 22.10 | 1859 | 6463 | 6867
9 530 685 90 732 | 714 | 851 | 883 | 17.50 | 1875 | 5750 | 6790
10 150 667 | 676 | 811 | 850 | 19.20 | 1960 | 6049 | 6875
11 210 637 | 620 | 780 | 780 | 19.60 | 1792 | 5925 | 60.00
12 270 | 637 | 636 | 776 | 784 [ 19.60 [ 1875 | 6660 | %97
13 660 90 730 | 721 | 862 | 842 | 19.20 | 1730 | 6660 | 3925
‘14 150 699 | 713 | 838 | 860 | 17.92 | 2000 | 6660 | 3925
15 210 683 | 634 | 818 | 893 | 17.10 | 1730 | a5 | 6666
16 270 668 | 692 | 822 | 831 | 18.75 | 1667 | 6049 | 60.00

- Soaking period for hardening, prior to témpering is 90 min., followed by oil quenching.

- Tempering treatment is followed by Air Cooling.

* 1 =Strainrate 1 mm/min‘
** 2 = Strain rate 50 mm/min
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Flg 5.7 : Effect of Tempermg parameters on 0.2 % PS & UTS.
(Quenching temp. : 1010°C; Stram rate : 1 mm/min.)

‘ e+ 685°C Tempering Temp.
1000—:1 . #*+22 660°C Tempering Temp.

0.2’ PS and UTS (N/mm°)

100
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Fig. 5.8 : Effect of 'I‘empermg parameters on 0.2 % PS & UTS
(Quenching temp. : 980°C; Strain rate : 1 mm/mm) '
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Fig: 5 13: Effect ofTempermg parameters on % EL & % RA
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Fig. 5.14 : Effcct of Tempering parameters on % EL & % RA. o
(Quenching temp. : 980°C; Strain rate : 50 mm/min.)
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" TABLES. 5

EFF ECT OF HEAT TREATMENT ON IMPACT TOUGHNESS

Specimen Hardemng ‘ Tempermg -T_empermg - Impact - -
(Block no.) | Temperature | Temperature . Periods Toughness
(0 (0 - _(Min.) )
1 1010 685 90 304
2 | 150 373
3 210 26.5
4 | 270 ~ 343
5 60 50 235
6 50" 24
7 210 314
8 270 27.5
9 980 685 90 343
10 150 412
11 210 402
12 | 270 56.9
13 660 50 373
14 - | 150 30.4
15 210 vy,
16 - 270 - T4

* Soaking j)eriod for hardening, prior to fempérifig is 90 min., fbl_lowed by oil quenching. ’
* Tempering treatment is followed by Air Cooling. -

* Remark - Samples broken in all the cases.
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Fig. 5.17 : Fractographic behaviour of Impact Specimens.
(A,B,C,D represents SEM photographs of specimens no. 1,3, 5 and 6 at
magnifications 76X, 152X, 76X and 152X respectively).

67



- R e -
. - Y L « . )
A » i K
S P L

Fig. 5.18 : Fractographic behaviour of Impact Specimens.
(A,B,C,D represents SEM photographs of specimens No. 9, 10, 12 and 15
at magnifications 72X, 200X, 144X and 216X respectively).
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Fig.5.19: Fracto:graphi_-c. behaviour of Tensile Specimens.
(A,B,C,D represents SEM photographs of specimens No. 1,4,5 and 8 at
magnifications 56X, 112X, 104X and 60X respectively).

69



Fig. 5.20 : Fractographic behaviour of Tensile Specimens.
(A,B,C,D represents SEM photographs of specimens No. 9,12,13 and 16
at magnifications 120X, 240X, 104X and 56X respectively).
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TABLE 5.6 -

GAS ANALYSIS FOR O, AND N, IN X20Cr13 GRADE STEEL

SPECIMEN NO. - 0, ' N,
(parts per million) (parts per million)
1 « 4712 317

2 | 51.9 314
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