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ABSTRACT

The prasent work reports the effect of heat input, cooling rats, parent
plata deformation and restraining conditions on the formation and
mornhology of delta ferrite in welds on AISI 316L and 321 stesls.

The experiments were carried out on commercially produced plates in the
following conditions:

(1) as received condition
(11) further deformed by cold rolling.

(111) further deformed by hot rolling.

The effect of heat input and cooling rates were examined using bead-on-
plate Submerged Arc welds on the same parent plats matsrial. Ths parent
plate condition was assessed using bead-on-plate metal Inert Gas (MIG)
and Subm rged Arc butt welds. The rassults suggest that :

1. The weld metal solidification procesds epitaxially from the existing
unmelted base metal. The weld exhibited surface marking i.e. deform-
ation bands or close packed plane, in the austenits matrix, but not

passing through celta ferrita pheass.

2. The solidification substructurs, the ferrite content, and morphology
are influenced by tha (1) thermal stress induced during wslding, (ii)
parent plats chemical composition, (iii) the parent plate microstruct-
ural and deformation characteristics i.e. strain energy.

3. Rapidly cooled welds have lower ferrite content than welds produced
with slower cooling rates. The randomly distributed elonga*“ed ferrits
with some lath type ferrite morphology was predominantly attributed
with the walds produced with high cooling ratas.

4. The ferrite 1s the first solidified phase to form and austenits is
formed from the liquid rather than by solid phass transformation of
primary ferrite to austenita.

5. The ferrite formation 1s a diffusion controlled phase transformation,
the degree of its dendrites development depends upon ths welding
parameters i1.a. heat input, cooling ratas.

8. Twao types of ferrita morphology were observed; (a) alongated type

dandritaes identified as vermicular by previous investigators and (b)
the cellular type morphology which has not been classitied in previous

invaestigations.
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1.

Introduction

The construction of many structural components involves welding
fabrication on which there i1s a great need for rsliability. Weld
metals in common with other metals ara strengthened by combining
phase transformation with the deliberate introduction and interaction
of alloying elements. Tha weld microstructure is gsnerally dstermined
by the cooling rate and the chemistry. The cooling rata is controlled
by procssas parameters; whilst plate, wirs, and flux specifications
affect chemistry, other intar-related variables such as parent plate
microstructural and mechanical characteristics, compositional variation,
interpass temperaturs, bead shape, dilution with parent plate, bevel
angle, thermal stressas, and to some extent slag characteristics also

(7,8,8,12,23)
play an important role in the weld metal microstructural variation.

In the casa of austenitic stainless steel welds further restrictions
follow from balancing the alloy composition to produce a certain amount
of delta ferrite which is essential to reduce or complstely sliminate
tha risk of solidification craé::ﬂ:?-sgg achieve thess requirementa
and obtain a weld with desirable metallurgical characteristics, (1.e.
microstructural and mechanical propertiss)the material and design
engineers must meet & number of structural and mechanical rsquirements.
Traditionally, the sslectad composition for a specific application
reflects a compromise and is frequently pronounced as a function of

chromium and nickel equivalent and thus the ferrite content of weld

metal.

Extensive investigations have been carried out to obtain a better

understanding of the austenitic stainleas stesl weld metal solidific-
(86-106)
ation bshaviour. 0Of the techniques discussed presviously the use of
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the improved spatial resolution of the chemical analysis technique by
STEM provides sssential information for a better understanding of the

solidification process and the naturs of solid phase transformation.

Previous studies based on Fe-Cr-Ni ternary equilibrium phase diagram
showed that, solidification occurs by either a paritectic or sutsectic
(39,41,86-91)
type reaction. The observed microstructure, the ferrits content, and
i1ts morphology depends not only on the composition i1.se. Cr and Ni equi-
valent, but also on the solidification bshaviour, and possibly on the
amount of epplied strain induced by thermal cycle during welding. Recent
(41,83,90)
investigations show the variation in cooling rate as waell as chemical

composition influences the solidification mode, and consequently the

microstructure and mechanical propertiss.

Published reports basad on Fe-Cr-Ni pseudo binary section for a constant
iron indicate that the weld solidifies as sither primary ferrits or

(38-41,86-92)
austenite; the solid phase transformation of primary ferrite to austenite

(87-91)
occurring either by diffusion controlled transformation or diffusion less

(86,103,104)
massive transformation. The final segregation profiles are produced by
a combination of micro-segregation during solidification and partitioning

of alloying slements during the solid state rsaction.

This controversy over the nature of the solidification, solid phase trans-
formation of primary ferrite to austenits, the ferrits content, and its
morphology in austenitic stainless stsel welds is still unrssolved.
Comparison of previous work revealed conflicting results and in many casas

similar experimental procedures and results have been used to support a

variety of interpretations.

Aim and scops of the present study

The objective of tha presant work is to study the solidification bshaviour

II



1.2

of selected austenitic stainless steel weld metals in order to
classify the complexity of thelr miocrostructurs, particularly in
respect of the ferrita content and morphology. In the pressnt work,
effort has besn devotad to the study of the effect of welding para-
meters, 1.e. heat input, cooling rates, and different parent plates
metallurgical characteristics, 1.s. micrustructural and mechanical

properties.

Extensive metallographic observations have been carried out and emphasis
is placed on studying those variables affecting the nycleation and
growth of ferrite dendrites during the solidification of austaenitic

stainleas stesl wselds.

In this investigation Transmission Electron Microscopy (T.E.M.),
Scanning Electron Microscopy (S.E.M.) Light Metallography, and Scanning
Transmission Electron Microscopy (S.T.E.M.) wers used. Detalled STEM
analysis was carried out in selected thin foll welds 1in order to study
the microstructure of different welds and the partitioning of both Cr

and N1 in ferritse, austenite and their interphases.

Thaesis Format

The metallurgical characteristics i.e. microstructural and echanical
properties of austenitic stainless steels are explailned in Chapter Two
in terms of variables which influence the weld metal microstructura.
These include the solidification bshaviour, the effect of alloyling
elementa and cooling rates on ferrite content and morphology. 1In
Chapter Thres the material and their preparation, walding procedurs and
details of experimental techniques are explained. The results in Chapter
Four are divided into the following subsections:

(1) Submerged Arc (SA) Bead-on-plate welds with duplex structure

III



produced on AISI type 316L stainlsss steel plates.

(11) Metal Inert Gas (MIG) Bead-on-plate welds with duplex structure
produced on AISI types 316L and 321 stainless stesl plates of different
matallurgical characteristics.

(111) Metal Inert Gas (MIG) Bsad-on-plats welds with austenitic type
structura produced on AISI types 316L, 321 and 304 stainless stesl
plates.

(iv) Submerged Arc (SA) Butt welds with duplex structurs produced on
AISI types 316L and 321 stainless stesl plates of different micro-

structural and mechanical characteristics. . *

The results of the present work ars discussed in Chapter Five, and the
subsactions ara written in parallel fashion with the previous Chapter.
Conclusions and outlines of areas for further work are presented in

Chapter Six and Seven respectively.



2. Literaturs Survaey

2.1 General Characteristicés of Stainless Stasl

Previous investigations concerning the addition of alloying
elemants to iron led to the realisationthat the addition of above

(1-4) Further

[ ]
12% Cr could improve its corrosion resistancs.
additions of N1 (1 - 40%) produced stainless stesl with good

machanical properties, durability and versatility.

The term "stainless stesl” embraces a large number of corrosion
raslistant ferrous a11|::ys.[1-7J They generally conégin a minimum
of 11% Cr as well as other alloying elements such as Ni, Mo, T1i and
Nb. Cr improves the corrosion resistance by the formation of 1its
oxide Crz 03 on the surface of the stesl. If this film i1s damaged
elther by abrasion or by cutting the stesl, a new film will form to
protect the new surface of the steel. The presence of alloying
elements alters the constitution, thus forming different phases
which influence the microstructure. The proportion of each phasse

present influences the microstructure, mechanical properties and

behaviour in services.

There ars several hasic types of stainless steela and they are

classifisd according to their microatructura.ts_g]

(1) Austenitic containing 18-25% Cr, 8-20% Ni, and other alloying
elements such as Mo, Nb, T1 etc, carbon content should be as
low as possible in the range 0.01 to 0.04% to maximise corrosion
resistancs.

(11)Ferritic containing 15-35% Cr, maximum carbon level of 0.1% and
the occasional additions of Mo, Nb or T1

(11i)Martensitic containing 12-17% Cr, 0-4% Ni, 0.1-1.0% Cr and

occasional additions of Mo, V, Nb, Ti, Al and Cu.

*composition listed in wt% throughout this manuascript
-1-



iv. pracipitation hardening containing 10-30% Cr with varying
amount of N1 and Ma. Precipitation hardening phases ars formed
by additions of Cu, Al, T1 and Nb.

Details of nominal composition of common grades of stalnless

stesels are given in Table 2.1.

2.2 Austenitic Stainless Steels: The austenitic stainless stesls

are classified as a group bescause of their similarity in chemical
properties and welding prncaduras.[1-1DJ They contain both N1 and
Cr and other alloying elements such as (1) Mo (type“AISI 316) to
further enhanca the corrosion resistance, (i11) S or Se (type AISI
303 S and 303 Se) for impraoving machinability, and (1ii) Ti and Nb
[tﬁpa AISI 321 and 347) to overcome intergranular corrosion and wsld
decay. The addition of Ti and Nb produces the "stabilised” ranges
of stainless steels; they react with carbon preferentially and thus

hinder chromium carbide formation.

Nickel is an auatenite stablizer, the addition of nickel to Fa - Cr
alloys containing 18% Cr enlarges the austenite field and gradually
sliminates the ferrite and ferrite plus carbide fisldas. It is known
that increasing Ni concentration enlarges the austenite fiecld as

1llustrated in Fig.2.1.

Recently, extra low carbon lavel ("L" grade) stainless stesl has
been produced by using vacuum treatments in the VAD/VOD process,
or by argon/oxygen blowing in the AOD steel making proceas.(a'g]

The low carbon modification is desirable to avoid sensitization and

grain boundary chromium carbide precipitation. However, despite



the low carbon content (less than 0.03%), thers is still a risk

of harmful carbide formation under certain conditions.

One recent advance in stainless stesls has bsen the development of
stesls containing up to 0.25% tl\‘ll.nI -13'gha nitrogen content is dependent
on the amount of Mo and Cr present, both of which can enhance

the nitrogen solubility. Nitrogen acts as a solid solution
strengthening agent, providing high austenite stablility and partially
replacing nickel as an austenite stabilizing element. It increases
the yield strength and improves the pitting resistapce. Howsver,
possible disadvantages are the effect on the cryogenic properties
and also on tha weldability of these steels, s.g. eruption can occur
in the weld which results in excessive weld splatter, concavity,

and poras?tuy-.‘lmsteals formulated to produce austenite stability are
useful where dimensional stability, non-magnetic bghaviour and high
strength are dasirad%t?sJTha austenitic stainless steels have
moderately high strength, high stiffneas, good fabrication charac-
teristics and they are available in a variety of product forms.

As far as welding 1s concerned, the physical properties of thess
steels 1.e. high cosfficient of thermal expansion (CTE) and low
thermal conductivity (high slectrical resistivity) are metters

to consider, as they could influsnce the solidification bshaviour
and consequently the micro-structurs of weld matgil Due to their
ralatively stable FCC lattice structure these stesls malntain their
properties both at elevated and cryogenic tampngétgég. They ars
not susceptible to brittleness by cleavage which is a characteristic
of the ferritic steels and they ars immune from brittle fractures.
The non-magnetic properties, good ductility and cleavage immunity,

especially at very low temperaturs (i.s. -269°C) meke them desirable



as a constructional material for low temperaturse applications.(14-zzl

For instance, they are used as main structural supports of super
conducting magnetic systems for fusion reactors and for the production
of storage and transportation vessels for various liquified gases
namely, e.g. petroleum gas - 51°C. liquid natural gas - 162°C. liquid

nitrogen - 186°C and liquid helium - 268°C (see Fig.2.2).(18)

Another feature associated with these atesls is their excellent
corrosion and heat resistance properties dues to the formation of the

protective oxide film. (7-8)

The choice of a suitabls ‘ateal for a
specific application depends on the severity of the aggressive chemical
environment and hence the nesd for higher austenite atability.

For example to handle aggressive organic aclids such as citric and
ascorbic acid (vitamin C), ths addition of alloying elements e.g. from
AISI typs 304 to AISI type 316 and/or from AISI type 317 to AISI

type 310 gives excellent corrosion resistance and mechanical properties
at elevated and low temparatursa.[1-4'7-1nJ However, the principle
disadvantages are the high cost and some problems arising from micro-
structural stability and control. Whilst general mechanical

properties have been compiled in various referencs hookss1'2's-a'14-zn]
care should be taken when using this information because there may bs
significant changes in tha properties due to the presence of interst-
itial elements, 1.e. carbon and nitrogen. A further important
variable is the mechanical deformation history of the steel bescausa
tha mechanical properties are not substantially changed by standard
heat treatments used for low alloy ateels. In addition to nominal

microstructural changes thermo-mechanical treatments can provids a

variety of interfaces which represent regions of mismatch between



phases 1.e. chemically and structurally similar phases such as
austenite/austenite - structurally dissimilar phases austenitse/

farrite and chemically diasimilar phases austenite/carbides or non-
metallic particles. These interfaces, like other defects, act as

gites for impurities or secondary components. Tha practical significance
of these effacts 1s indicated by the magnitude of the coheslve forces

at the interfaca, and thus ths stresses required to separata them.

Any interface within a crystalline solid can be modified by the influence
of thermo-mechanical treatment parameters e.g. temperaturs, interfacs

orientation, local segregation etc. .

A summary of the mechanical properties of the common grades spsecified

by BS 1449 Part 21207 1g given in Table 2.2.

In this investigation austenitic atainless steels AISI 316L and

321 wers employed.

Welding Characteristics of Austenitic Stalnless Steels

One of ths objectives in the fabrication of englineering materials and
welded assemblies is to exploit their particular mechanical characterlistics
and to correlate them with desirable microatructures.t7-12' 21-31)
Variation in microstructure can be associated not only with anticipated
changes in properties, but also with deficisncies in performance 1i.se.

cracking and reduced corrosion resistancs, etc.[14-17‘ 25-29)

Every distinct application of stainless steel s.g. cryogenic service,
high temperature service, etc, placing special demands upon the
qualities and properties of the materials and on welds in particu1a£?4-za]
For example, the chemical industry is especially dependent on ths
avallability of stainless stesls, filler metals, and functionally stable

mathods of welding, permitting a high degree of reproducibility



and consequently welds of high quality. Investigations in the
field of welding technology have basn intensified to mest the
increasing demands for quality and pruductivity.(21-31] The problem
occurring with welding is the fact that the welding electrode, and thus
welament itself ars not finished engineering products, this is in

contrast with materiala fabricated by a combination forming/working
tachniques where the finishad component 1s in a condition whers mechanical
properties can be guaranteed. During arc welding, however, the electrode
is ideally used to produca continuous, stable and homogeneous products,
but during operation the weldsr can unintentionally alter the chemical
composition, and thus the mechanical properties of tha finished product
i.8. the weld. To overcoms this, welding conditions and the propertiss

of filler metals have been improved and adjusted to ever stricter requirs-
ments imposed by the quality of the weld metal. This is accomplished by
developing new methods as well as by modifying the older techniques,
resulting in technological growth in this f1eld, (31-37)
In fusion welding, the weld is subject to a complex thermal cycle
induced by the heat source, the weld metal properties being influenced
by the high rate of heating, cooling and the assoclated stresses, such
that phase changes may not go to completion with the realization that
the welding energy is a major factor sltering the cooling rate.(29'31'34)
A heat input rate formula has been used to express the intensity of the
welding heat source, which governs heating and cooling rates as wsll as
weld pool size for the particular welding technique. Various equations
have been used to evaluate the weld metal cooling rats in terms of

.8,9) The most useful one appsars to be

that invalving the equations developed by Roaenthaltaa] in terms of

welding procesa variables.

material and process variabhles as fpllows i



2

dt Ep

where: dr is tha thres dimensional cooling r&te at
dt temperature T

K 1s the thermal conductivity
To 1is the pre-heat temperaturs

Ep 1s the energy input to the plats

One problem associated with the application of this fénnula is

the variation in parent plate tempsrature during welding. This affects

the temperature differential betwesen solidifying weld metal and adjacent

parent plate. To solve this problem it is usual to assume that the

temperature is increased uniformly in parent plate from the origin

along tha length of the weld. The variation in heat input and parent

plate tempesrature could influencs cooling rate, and consequently the
(28,29,31,34-38)

solidification behaviour of weld metal. It could change the holding

time in the liquid/solid region and/or the length of time from

initiation to completion of solidification. For instance, the variation

in cooling rate in the liquidus stage could influence the high

temperaturs phass transformation and ths amount of non-metallic

inclusions which are abla to agglomerate and float out of the melt.

The variation of cooling rate through the solidification range will

control the solid phass transformation, segregation of alloying

elements and finally, at low temperaturs it could affect subsequent

precipitation and ageing procesaas.[8'29'34J

Regarding the effect of cooling rats on the microstructural variation
of austenitic stainless stesl welds contradicting results wers

(39-46)
reported in terms of ferrite content and morpholdgy. The general

-7-



view was that ferrite is the firat solidification product and it
subsaquently transformed to austenite through solid phase transformation.
Depending on the cooling rate the amount of retained ferrita at room
temparature would reflsct the proportion of ferrite existing at
elevated temperature. Thersfors, it was concluded that, increasing
(8,40,44,45)
cooling rate could increase the ferrite retained at room temperaturs.
Some authors were concentrating on a specific temperature range
i1.e. above 1250°c. and relating the ferrite content to the cooling
rate at that range of tampsrature.[7'aa
Extrapolating this view further, it was suggested that the high
energy praocesses (i1.se. spray transfer, and submerged erc welding)

require the wire of higher ferritic tendency than moderate snergy

processes. (21)

In submerged arc welding both filler wire and flux influence the
(23,25,28,29,34)
weld metal composition and final micro-structurs. There are rules
which should be aobserved in the welding procedurs for matching the
required chemical composition of weld metal with that of the parent
(34-36,46,47)
plate. The transfer of alloying elements across the arc is largely
controlled by certain oxygen bsearing constituents in the flux s.g.
Sio0, , Cal, and CaF thess affect the welding behaviour, slag
2 2 (23, 32,33)
removal and oxidation of Cr, Si, Ti etc. The effect of welding flux
congtituents and the loss of alloying slements can bs attributed to
the influence of the welding parameters such as voltage, rate of
welding, etc. Losses of N1 and Mo are low and thers is usually no
need to compensats for them. The burn-out of chromium, should it
occur, is more serious and the chromium content can be adjusted by
the selection of an appropriate flux. Cars must also be exercised in

producing a weld metal with a very low carbon content by choosing a

speclal electrode wire of low carbon content and preventing carbon
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pick-up from the flux. Any compositional variation in the weld matal
changes the inherent properties such as corrosion resistancs, ferrits

content, second phase particles and mechanical propertiss.

(23,33,34)
In sub arc welding, alloying elements can be introduced in the weld

metal either through the electrode wire or by recovery from oxides
added to the flux. For high alloy stesl ( e.g.austenitic stainless
stesl) the facility to introduce alloying elementa from the flux is
limited and it 1is usual to select an electrode wire of tha composition
required in aorder to match the weld metal, parsnt plate composition

L
and to maintain their properties through the service l1life.

Consideration of cost and availability favour the use of slectrodes
of standard composition, but thesscan cause difficulties in producing

good welds in high alloy steels.

Delta Ferrite in Austenitic Stainless Stesl Weld Metal

Historically, solidification cracking is the main problem assoclated
with the welding and casting of austenitic stainleas steels and

(48-58)
extensive investigations have besn carried out to solve this problem.

From experimental investigations it has been shmutE:.?I:.hﬁas‘lg| the risk of
cracking can be reduced or eliminated by the introduction of a small
proportion of residual delta ferrite ( = 5% ) into the nominally
austenitic structure. This was established empirically with no
theoritical appreciation of the effect at the time. It was howsver
appreclated that the most convenient means of controlling the micro-
structure was to control the chemical composition. This was achieved
by altering the balance of ferrite and austsenite forming elements
whilst reducing those impurities which could enhance cracﬁiggzujaasad
on the early works concerning the compositional variation, many authors
concentrated bn the influsnce of the elsctrode coating and/or the

(7,8,18 26 -29,36,65-70)
effect of various filler metal compositions.



The conventional practice for arc welding these steels has been
developed based on the principle of producing a duplex structure

in which both austenites and ferrite are present. An important part

of a successful welding operation is in controlling the composition
and thus the micro-structurs through the proper selection of consumablaes
and welding procaedures. Howsver, for some applications the presence
of ferrite is not always desirable so that it may be necessary to
1imit or even seliminate 1t, thus giving a fully austenitic structurs,
e.g. to mest magnetic permeability requirements which may be imposed
for speclal applications such as submarine defence squipment, or
slectrical equipment for nuclear and other energy applications.
Completely austenitic structures lead to the problem already discussed

(10,12,13,30,48)
i.8. microfissuring and cracking.

The presence of delta ferrite can significantly alter the physical
(32,39,46)

and mechanical properties of the weld metal, and depending on the

nature of the application and its temperature range it may be

beneficlal or delsterious. Although retained ferrite is needed to

reduce the incidence of hot cracking and microf[j?a-ssl.l'z?inn?ai?t can

present some problems for high temperature applications by transforming

to the brittle sigma (6) phase, which impairs certain mschanical

propertggg{) A further problem is that the sigma phase can provide

a path for selective corrosive attack of weldments. In general,

retained delta ferrite increases the strength but lowers the fracturs

toughness of the weld metal ;spacially in cryogenic applicationas14-201

[21 '31 ) 37 0480490 58'60 ]
In view of the foregoing discussion, thes objectives in wselding

austenitic stainless steels can be summarissd as follows 1@

(a) preservation of ths corrosion resistance of tha weldment,

(b) avoidance of harmful effects from sigma phass formation,

-10-



(c) prevention of cracking or micro-flssuring in, or near the
Joint; tha latter effect (cass C) being the most
troublesome featura.

2.5 The Effect of Alloying Elements on Delta Ferrite Content

[7' 8.42-503
Extensive research has been carried out relating waeld micro-structurs,

and in particular the ferrite content with variations in composition.
In this context, Schaefflaﬁsgablishad a diagram which provides a
means for predicting the retained ferrite content of weld metal as

a function of composition, in which the effect of austenite stabl-
1izing elements (i1.e. Ni, C and Mn) were combined with the effect
of ferrite stabilizing elesments (i.s. Cr, Si, Mo and Nb). The
original work applied to weld metal in the as-welded condition and
was based on the normal cooling rate of the weld metal. The welds
were deposited from coated manual slsctrodes with a nitrogen content
of about 0.06%. Nitrogen was not included in the computation
because 1tl;as not considered to vary significantly and was not
commonly reported in the chemical analysis. In stesl making, however,
nitrogen is known to vary directly with the Cr content, and to
transfer efficlently across the welding arc so that the nitrogen
lsvels of the core wire and weld metal are expected to be equal,
unless intentionally altered through tha coating or by holding a

long arc in welding.

From the geometry of the Schasffler diagéggjit 1s possible to predict
the ferrite content of weld metal of known composition (Fig.2.3(al]
In this way Safarigzldarived the followling equation for the ferrite
content of weld metal of nominally austenitic steels exhibiting

duplex structure :

% Ferrite = 3 (Cr eq - 0.83 N1 eq - 6.7) (2.2)



Later Delong modified the Schaeffler diagram to include the strong
austenitising effect of nitrogen in the computation and, adjusted

the location and slope of some of the ferrite lines for several of

(45 ,46,50,54)

the alloys in the central portion of the diagram. This diagram

thus relates ferrite content in volume percent (Vol. %) to chromium
and nickel equivalents (Fig.2.3 (b))Furthermore, dus to the linsarity
of the isoferrite lines he obtained the following expression for

ferrite content in the range 0-20%

Ferrite $ = - 30.65 + (Cr + Mo + 1.5 S1 + 0.5 Nb) - 2.5

(NL+30C+ 30N+ 0.5 Mn) (2.3)
(53)
The original Schaeffler diagram was determined to an accuracy of

(54)
I 4vols by quantitative mstallographic techniques. Delong claimed

a better accuracy of : 2 Vol % for his diagram which was determined
magnetically. For the more highly alloyed materials the Delong diagram
predicts higher ferrite contents than the Schaesffler diagram.

(42,80)
Hull modified the Delong diagram to include the inversion bshaviour

of Mn from an austenite to a ferrite stabiliser for weld metals with
high Mn content. Using this information Johnsdf’obtained the following

expression for ferrite content
Ferrite % = 13.77 + 2,88 Cr eq - 3.125 Ni eq (2.4)

It 1s important to appreciate that predictions using Schasffler type
diagrams do not yield abaoluézzcgiiaa of ferrite content but only the
ferrite-forming tendency as indicated by the quantity of delta ferrite
retained at room temperature in welds produced under a standardised
reference condition. The diagram does not necessarily apply to wslds
produced under other conditions for which different weighting factors
must be given to the alloying slements. It. has been shown experiment-
ally that the waighting factors for the ailoying slements depends on

- (39.40.44.85'70]
the alloy composition, welding parameters, and cooling rate.

-412=



All these effectes are of course expected because a weld is sssentially
produced under non-equilibrium conditions. At equilibrium, none of
the compositions considered would contain significant amounts of

delta ferrite.

Recently it has been established that the amount of retained ferrite
and its morphology depend not only upon the composition but also on

the history of the solidification bahavio&gf-ggg possibly on the amount
of applied strain induced by the welding thermal cyclse. Furthermoras,
it has been reported that the quantity of weld metal deposited

influences the shrinkage, it can also influence the content and

* morphology of delta ferrits.

To summarise, the experimental work concerning the quantity and
morphology of delta ferrite in weld metal has concentrated mainly on
the effaects of chemical composition. Little if any attention has been

given to the influence of other factors. These include

(a) The influence of parent plate characteristics, e.g. internal
(residual) stressaes.

fb) The overall cooling rate of weld metal from thes liquidus
temperature to room temperature.

Q
(c) Welding parameters, e.g. heat input.

All these variables are expscted to have signiflicant effecta on
the structure and hence the properties of the weld. They form the

principle objectives of the present investigation.

2.6 Measurement of Delta Ferrite

(53,54,65,67)
Tha Schaeffler type diagrams alreadb discussed yield predictions

for the expected ferrite content of welds, but direct methods of

(48,51,67-71)
measurement are also required.



Bacause ferrite 1s ferromagnetic thlis lad to the development of
N.D.T. gauges for ferrite determination based on the measurement

of the magnitude of magnetic a'I:'I:rac'l:['j?t:'zn-.7 4m;h:l.ch is directly
proportional to the amount of ferrite present. Different ferrite
meters such as the Magne gauge, the Severn gauge, the Ferritscops,
etc, have bsen employed for ferrite mas[::?a-;ggt. Standard samples
are usad for calibration of these measuring instruments, but due

to different calibration methods and differsnces assoclated with
evary type of meter, accurate ferrits readings have been difficult
to obtain. In addition, because of the effects of structural
variation, e.g. particle shape, size, orientation and possibly
texture, some limitations are experienced in the accuracy and
consistency of the results obtained. To solve these problems soms
investigators suggestatdsﬁl:'r?aa:—?o]r better conslstency in ferrite
measurement it is necessary to determine the ferrite content under
conditions of total magnetic aaturatt:l?osn'z Eg:l.a:l.ming that under thess
conditions an accuracy of < 2% can be obta:l?:d]. This depends only
on the amount of ferrite and its ferromagnetic charactarisgisgs. With
this technique the main problem is the production of magnetic
saturation, since field strengths in excess of 10 Koe are

requirad[.] 8]

(50,54,74,79)
Attempts have been made to standardiss the calibration and use of

these magnetic instruments and in this context, a test programme
consisting of an extensive comparison of all ths common instruments
was carried out using samples with a wide range of ferrite content.
The results confirmed the conclusion of previous work in 1968 for
the American Welding Sode(tsy? i1.e. that thers 18 no consistent

accurate method of determining ferrite content.

-14-



The National Bureau of Standard (U.S.A.) developed a set of standard
tests based on the magnetic responss of randomly distributed ferrite
in a representative selected area of a aampiZE’sg; agreement the
ferrite content was expressed in terms of a new paramster the
ferrite number, F.N. in place of the value for the actual ferrits
content. The ferrite numbsr is referred to as a scale calibrated
from the magnetic response of test blocks coated with various
thickness of non-magnetic material. The ferrite content determined
by this method 18 arbitrary and is not necessarily the true ferrite

content.

For a given specimen the ferrite number particularly if it is 10
(8,9,45)

or less, gives a good indication of the ferrite content. Subsequently,

the following expression was suggested to relate the ferrite number

(81)
and ferrite content of weld maetal

Ferrite number = 1.70% delta ferrite content. (2.5)

Other slow and tims consuming techniques for ferrite measursment are

84,85
availgbgé. ]Df these, X-ray spectroscopy. Integrated Mossbauer

spectra, Eddy current, and chemical extraction techniques are uagga ?4]
In the latter extraction of ferrite from duplex matrix can be carried
out by slectrolitic separation or by potentiostatic dissolution.

Every one of thess techniques has shown some self-consistency and
t;sir main advantages ars that they are malnly independent of the
shape size and orientation of the ferrite phass particles. Howsver,
so far no comparative study with the various techniques available

has been reported.

Quantitative metallography 1is one of the most common optical techniques
used for determining ferrite content. The moat common systems in this
context are area measursment, point analysis and linear intercept

analysis.



It is usual in quantitative microscopical methods to assume that
the volumetric proportions are equal to the proportions viewed on

a two dimensional plana.

When using optical techniques extensive counting 1s necessary to
compensate for the wide intrinsic variation in ferrite content within
a given structura. A further limitation to the accuracy is the
subjective nature of the evaluation becauss of difficulties in
obtaining acceptable contrast levels between the ferrite and other
phases. To improve the precision it is necessary to increass the

,B
number of readings in random sampling.[81 2

Furthermors, with the help of modern electronic systems such as

video or computer based imags analysis the accuracy over large numbers
of fields of view 1s improved. Howsver, the basic problems remain,
i.s. specimen preparation, the degree of metallographic stching or
the strength of chemical reagent and the presence of other phases
with structures which can be confused with farritéZSJDaspita all of
these difficulties encountered in quantitative metallography, the

use of two dimenslonal studies at high magnification can yield values
with acceptable accuracy ( 2 4%) for ferrits measurements on

welded structures.

2.7 Morphology of Delta Ferrite
The micro-structural classification and morphology of austenitic
(83,87-106)
stainless stesl weld metal and castings have been extenalvely studied.
It is gensrally belisved that the solidification behaviour, the
mechanism of ferrite formation and its transformatlion to austenits
are governed by the balance between austenite and ferrite forming

elements, as described by the appropriats expression for the ratio

of chromium equivalent to nickel equivalent on the Schasffler type

-16=



disgram. In this approach the chemical composition i1s used to show
the relationship between different micro-structural features, 1i.e.
different compositions have been considered and a solidification

sequenca has been suggested for each composition.

This view is over-simplified and it has been establishaed that in
addition to composition, the cooling rate also has a significant
effect on the micro-structural variation of austenitic stainless
(38,41,54,65,86,88,91)
stesl weld metal.
Lack of information on the cooling rate at differsnt stages of
solidification along with a wide rangs of other variables,especially
the welding characteristics, has produced a situation in which the
variation in delta ferrite content and ths terminology for different
ferrite morphologies are not wsell explained. In this context the
ferrite morphology has not hitherto received sufficisent attention:
Terms such as "typical micro-structure® and "general micro-structurs®
are often used in literature, but they ars inadequats because thsy

do not distinguish ferrits morphology.

Recently the position has improved and ferrite morphologies are now
(87,88-103)
being defined by differsnt investigators, s.g. four distinct types
L)
of delta ferrite morphologies in AISI type 308 weld were identified

(871
by David et al as follows:

(a) Vermicular morphology: where, ths ferrite can appsar as an
aligned skelstal network (as illustrated in Figure 2.4 (a) ).

(b) Lathy morphology: with long columns of an interlaced ferrite
network oriented along the growth direction in an austenite
matrixjy the ferrite is located within the cellular dendrites

Figure 2.4 (b).



(e) Acicular morphology: with the random arrangment of needle-
1ike ferrite distributed in an austenite matrix with no
directionality or conformation to the solidification sub-
structure; (Figurs 2.4 (c)) and finally,

(d) Globular morphology: with randomly distributed globules in

a matrix of austenite (Figure 2.4(d) )

David et al concluded that the first solidified phases 1s ferrite
which after partial solidification is enveloped by austenite until
solidification proceeds to completion, this solidification sequence
is characteristic of a peritectic reaction rather than the eutectic
solidification. They suggest that upon cooling, a large fraction
of the primary ferrite is consumed by austenite in a diffusion
controlled solid state transformation.

(100-102)
Suutala et al described different types of weld metal microstructurs

based on the composition and solidification moda,

(1) Welds with Creqv_ratio < 1.48 solidify primarily as
austenits, :;:q¥errite, if any, 1s formed from the remaining
melt betwsen austenite cells or dendrites as eutectic.

(i1) Welds with ratio of 1.48 - 1.9 solidify primarily as ferrita,
the austenite is also formed from the melt, the retained
ferrite has a vermicular morphology with any lathy ferrits
present located mainly on the cell axis.

(111) Welds with ratios of 1.86 - 2.3 will solidify as single phase
ferrite, the austenite nucleatses only in the solid state
preferentially at a ferrite grain boundaries resulting in a
lathy morphology.

Fig 2.5 shows the solidification mode and subsequent transformation

of auatenitic stainless atesels in terma of %E-aqv.ratio.
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Similar micro-structural classification in terms of cragv ratio
N:"aqv (106)
and carbon equivalent was carried out by Hammer and Sevensson. Thsy

estimated and predicted the mode of soldification with the following

expression :

Ceqv = C + 0.6B5N (2.6)
g = -0.75Creq + 0.257 + Nieqv (2.7)
where at ceqv <0.04 the primary phase is ferrite followed
by the austenite as a secondary phase
at 0.04 < caqv < 0.066. Both phases ars formed simultaneously
at caqv > 0.66 The primary phase is austenite

Raferring to the % squivalent ratio the following solidification

modes were defined.

) <0 L+ + &+ +Gby>y + 8 primary ferrite solidification

g =0 L*L +y-dyry +§ ferrite and austenits will be
pracipitated simultansously

>0 L+ +yy - primary austenite solidification

They showed that the change betwsen ferrite and adstan:l.te freszing
occurs at %‘- equivalent conditions just below or equal to 1.35.

(s0)
More recently Leone et al predicted the solidification modes,

transition from one freszing mode to another, and the resulting micro-

structure as follows:

Cr ferritic structure

—24V >3

Ni
eqv

Cr Duplex structure in which austenite

'NTg! ».8 forms in the solid
eqv

1.8 > cregv 1.2 Duplex structure in which austenite

N"aqv forms in the liquid
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L':rB v Austenite structure with sutasctic
1.2» 'I\Tg_ ferrite, if any
eqv

Their results were defined by basing on Schasffler equivalent type
dliagram as shown in Figure 2.B6. It was also recognisaed that ths
ferrite content and location in the room temperature micro-structure
1s influenced by the coolling rate and nitrogen content; the faster
cooling rate or higher nitrogen content favoured formation of primary
austenite.

(82)
In one of the sarlisr papers, Hull suggested a similar interprststion

to Suutgfgugy referring to the primary austenite solidification with
the variation in the amount of sutectic phase formation. Fradr{:35§9'401
also referred to the presence of sutsctic phase. Howsver, the micro-
structure of austenitic stainless stesl weld produced in non-equilibrium

condition 1s in contrast with the observed micro-structurs in sutectic

alloys.

2.8 Solidification of Metals

2.8.1 Solidification Microstructure

Enginesring materlials are normally multicomponent alloys forming
gaysral phases during or after solidification. Some have wids melting
ranges and thus solidify over a range of temperature which can give
rise to micro-segregation within the alloys. Solidification inwvolves
aspects of crystal growth on both macroscopic and microscopic scales
and studies of both of these faclilitates the understanding and descrip-

tion of the as-cast microstructurs of the solidified product.t1us_114]

In the as-cast structurs of most alloys thers are thrgs distinct
regions 1.8. the chill, columnar, and central equiaxed zones which

ara functions of the casting process parameters, alloy composition stec.



In the solidification of stainless steel ipgots, howsver, the as-
cast structure does not show the typical three zones and as a result
of the solidification mode they contalin only large columnar gralns
extending from the edge to the centre of an ingggealIt is common
practice to control the grain structure of cast stainless steel by
adding known grain refiners such as titanium, zirconium and/or by
inoculating the melt with various metallic powders e.g. ferrochromium
or by increasing the nitrogen content. However, the production of

a fine grain structurse in these alloys has not been consistently

(106-114)
successful and contradictory results have been obtained.

The solidification of weld metals generally differs from that of
ingots. In welds the base metal acts as the "mould” but with different

characteristics from those of conventional moulds.

In welds the dominant mechanism comprises a coherent growth of
columnar grains on the partly molten grains of the base matsrial.

As a ressult of ths fast cooling rate this growth is accompanied by

a steep temperaturs gradient so that the chill zone, a possibla source
of nuclei in ingot casting, is replaced by an epitaxial growth of
initially solidified crystals on the substrate. The aubsequent growth
and its substructure development are depsndent on the degree of under-
cooling. The original grains are thersfore compslled to grow further
with suitably oriented grains surviving and growing to tha centre of
the weld.

The way in which the subsaquent growth occurs is determined by various
parameters such as the temperature gradient in the melt, the composition
of the melt and even turbulence brought about by the steep temperaturs

gradient in the vicinity of the arc.
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It is more difficult to obtain a grain refined structurs in weld
metal than in cast ingots, grain refinement requires the supprsssion
of columnar growth, either by the addition of nucleants or the
fragmentation of nuclel, ensuring both the productlion of nuclei

and their survival in the melt as stabls solid particles. Howsvar,
despite all of these difficulties some degree of success has besen
achieved in this field. This has bsen accomplished by the addition
of nucleants or by disturbing the weld pool ahead of the arc. The
latter expedient can increass the nucleation frequency of new grains
and hers suppress columnar growth. It would appear that, while
grain refinement can sometimes be achieved, its origin and operative
mechanism ars not fully understood because of the complexity of the

solidification mode and welding variables.

2.8.2 Microscopic Equilibrium Solidification

The normal solidification of the liquid phase occurs by a process of
nucleation and growég97-;;:]pura matals, growth of the solid phase
involves only the extraction of heat sensible and latent from the
melt. For alloys solidification involves both the dissipation of
this heat liberated during freezing, and the diffusion of alloying
elegments. This lasads to ths redistribution of the soluts elsments
along the solid liquid interface, changing the growth morphology,

and solute segregation.

Despite the redistribution of the solute elements, the study of
solidification theory can be simplifiad by assuming that equilibrium
praevails at the solid liquid interface during growth of solidified
phase, 1.8. the squilibrium concentration for the solid and liquid
phases are present over narrow regions in contact with one another

(107,113
at the interfacs.
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The type of solute segregation which accompanies solidification
dependa upon various parameters, i1.e. nominal composition, the
equilibrium distribution co-sfficlent, the temperaturse gradient in

the liquid and the growth rate at the solid liquid interfacs.

In solidification theory it is usual to discuss different limiting

cases for the behaviour of liquid while compositional equilibrium is
maintained at the solid liquid interface. In this context, Davies(107l
schematically summarized four different types of compositional profiles
(segregation curves) in the solid for normal freezing as shown in Fig.
2.7, in which the equilibrium distribution co-efficient.K<1. Thesa are:
(1) equilibrium freezings (ii) complete solute mixing in the liquid;
(111) solute mixing in the liquid by diffusion only, (iv) partial solute
mixing in the liquid.

To apply these concepts to the solidification of weld metal account
must be taken of the conditions which exist in the weld pool. In
walding, equilibrium is generally not established and therefors case
one, the curve (a) in Fig.2.7 can be eliminated. As a result of
turbulance and convection in the weld pool it can be assumed that
initially the redistribution of the solute is very effecient. Howsver,
as the heat source moves away and solidification is completed it is
likely that the convectional mixing of the solute gives way to a
diffusion process. Thus the solidification of welds is probably a

compromise betwsen cases considered in Fig.2.7.

Solidification Modes of Austenitic Stainless Steels

Extensive investigations have been carried out to study the complex
solidification behaviour of austenitic stainless steel wslds and

casting. The Fe - Cr - Ni ternary syatem provides the basis for

C
* K= %E- where Cs and CL are the equilibrium percentages of a given

element in the solid and liquid respactively at a particular tempsraturs.



understanding the constitution of stainless steel alloys. Solid

phase transformation inwvolving the allotropic forms of iron and

transition bstween ferrite stabllising elements which gives rise to
(115,116,117)

complex region in the tenary systems. Fig.2.8 1s a schematic

representation of these relationa involved for such a tenary system

and may be interpreted as follows:

In the Fe-Cr system all alloys solidify as BCC solid solution &8 phass.
It shows a simple liquidus which passes through a minimum at ~ 1510%
and about 1 8% Cr. The systsm has a y loop region and beyond 13% Cr
austenite does not form. The Cr-Ni system shows extensive solid
solubllity of Cr in Ni and vice versa with a sutsectic reaction in this
system. The eutsctic horizontal at 1345°C extends from 41 to 53% Ni.
The Fe-N1 system contains a peritectic reaction. N1 dissolves in FCC
iron and the FCC phase therefore accounts for most of the reactions
occurring below the solidus. The reaction between liquid and 8§ to

(117)
give vy has been investigated quentitatively as follows:

L (5.5% Ni) + & (4.3% N0 1313 o (4.73 ND (2.8)
—

the line pxe in Fig.2.8 starts from p as a peritectic linse,and finishes
at e a8 sutectic line in the liguidus surface. The liquidus and solidus
surface of the simple Fe-Cr-Ni system are illustrated in Figs.2.89 (a)

and.[bJ respectively, showing the transition bstwsen different phases.

The average compositions for several commercial alloys are often closs
to the trough jJoining the pertectic in the Fe-Ni binary to the sutectic
in the Cr-Ni binary. This suggests further transition from peritactic
to eutectic equilibrium, as composition changes from tha Fe-Ni to

Cr-Ni edge. Various reports wers published considering the changes in
the location of thes phasa boundary concerning the traneition from
peritectic reaction to a esutectic. In this context Schurmann and

(117)
Brauchmann showad that, this tranasition occurs at 75.8% Fa, 8.6% Ni

and 14.6% Cr. -24-



Furthermore, referring to Fe-Cr-Ni ternary system, phase equilibrium

in the iron-rich region over a range of temperatures can be represented
by pseudo-binary section for a constant iron content. It is important
to note that pseudo-binary sections through ternarises are only
providing a rough gulde and they are only gqualitative. However, they
are used to i1llustrate the solidification modes of stainless steels as
a function of composition. Figure 2.10 (a-c) shows a pseudo-binary

saction of different iron content. (80, 94,100-104)

The two phase liquid + delta ferrite and liquid + austenite regions

are separated by a three phase sutectic triangular region. A three
phase equililbrium exists batween austenite + ferrite + liquid phase
within tha triangular sutectic region. The primary solid phase is
ferrite or sustenite depending on whether the nominal composition haa

a high or low Cr equivalent, i1.8. a high or low proportion of ferrite
formers. In alloys solidifying to primary austenite, the divorced
phase at the subgrain and grain boundaries is delta ferrite. 1In

alloys solidifying to primary delta ferrite the divorced phase 1is
austenite. The micro-structure of alloys solidified in the compositional
range in the vicinity of the sutectic triangle ars mors complex.
However, it 1s generally believed that alloys of nominal compesition

on the Ni rich side of the sutectic trough will be austenits. Alloys
with nominal composition on the Cr rich side of the sutectic trough
usually solidify as primary ferrite. Furthermore, recent invastigationatgn]
indicate that high cooling rates promote primary austenite solidification
in some weld metals composition which would ordinarily solidify as

primary ferrite - this bshaviour is still not well understood.

In addition to Cr and Ni, other alloying elements in particular C



2.8.4

and N have a marked sffect on the solidification behaviour of
austenitic stainless steaiTD)In this context a schematic sectilon

of a constitutional diagram for Fe - Cr - Ni alloy containing 18% Cr
and less than 0.03% C arse illustrated in Figure 2.11. These diagrams
ara not true equilibrium, but they are very useful for qualitative
illustrations of solidification modes as a function of composition.
Figure 2.11shows that the alloy containing up to 11% Ni solidifies

as delta ferrite, or at least very high proportions of this phass.
Bayond this percentage a peritectic reaction occurs and solidification
takes place to delta ferrite and austenits. For high N1 content

alloys the first solidification phase would be austenits.

Solidification of Austenitic Stalnless Staesl

The weld metal micro-structure dapends on both the solidification

mode and the consequent solld phase transformation of ferrite to
(39-41,87-107)

austenite. Calculations based upon diffusion co-efficients indicate

that diffusion controlled transformation can occur in stainless staesl

(87-92)
welds during cooling associated with conventional arc welding processes.
(41,89,103)
Recently studies performed by some workers led to the hypothesls that

primary ferrite can transform to austenits by a sollid state transformation
whersby the ferrite dendrites are partially consumed by the growth
. [41,44,93-85) (41,44,93)
of austenite. It has been assumed that the solid stats transformation
occurs only for alloys that undergo primary ferrite solidification.
[41 .44. 88-9011 04]
The nature of this solid phase reaction 1s still controversial. Reports
have been published citing either diffusion controlled transformation
or a diffusionless massive transformation. However, it appears that
the transformation is influenced by variations in composition, cooling
(87-87]
rate and possibly the solidification bshaviour.

(41,44)
Recently Lippold and Savags applied thse solution of Smith, Tiller
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(118)
and Rutter for mixing in the liquid by diffusion only to the

solidification of stainless steel welds and the formation of
different ferrite morphologies. For primary ferrite solidification
a composition profile similar to that shown in Figurs 2.12 (a) is
predicted. For primary austenits solidification the profile
predicted is 1lllustrated in Figure 2.12(b), they used both electron
probe micro-analyeis (EPMA) and STEM to support their solidification
model. They suggested that the skeletal ferrite morphology is the
result of Cr-enriched and Ni depleted dendrite cores formed during
the initial transient stage of solidification, and that the trans-
formation of the ferrite to austenite is a solid phase transformation
of a massive reaction. Furthermore, they suggested that the bulk
of a dendrite with composition of Co is stable at room temperaturs,
and that the ferrite - austenite boundary moves until it rsaches a
point where the compositional driving force is insufficient for

further boundary motion. They used an argument based on the following

equation:

X = 4131:i (2.8)

whers : X = the averagae of diffusion distance

D = the average of diffusion co-efficient in the
temperature interval

t = the corresponding time within the same interval

They presented data for Cr and Ni diffusion in austenite to suggest
that the diffusion distances are too great for a diffusion - controlled
tranaformation during the short period of time availabls in weld

metal solidification.

(95)
More recently Brooks st al reviewed the origin of the ferrite and

its morphologies. They determined the Cr/Ni profiles across both
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the primary and secondary arms of the skeletal ferrite. Their

resultas showed the pressence of different profiles across the

primary and secondary arms and the absence of any final Cr transient
region in the austenitic matrix. They predicted that a considerable
amount of diffuelon occurs in the soclid phases. They also predicted
that from avallable diffusion co-sfficients that thes diffusion distance

is some 10 - 50 times greater than that predicted by Lippold and

Savaga.(41)

(95,97)
Brooks et al concluded that skelstal ferrite is the result of

a diffusion controlled solid state reaction occuring during cooling
in which the Cr diffuses to tha ferrite and Ni diffuses to the austenite.
The final segregation profiles ars produced by a combination of micro-

segregation and partitioning during ths solid stats reaction.

Published data based on the solidification bsehaviour indicated by the
pessudo binary phase diagram such as that shown in Fig.2.10 showaed the

following solidification mode for austenitic stalnless stesels.

(1)Solidification completely to primary ferrite. (11)Solidification

as primary ferrite followsed by a three phass reaction betwsen liquid,
ferrite and austenite. (1ii)Solidification as delta ferrite until
partitioning of austenite stabilising elsments to the remaining liquid
causes this liquid to solidify as austenitse.(ivl Solidification
completely to primery austenite. (v) Solidification as austenits with
the formation of a divorced sutectic ferrite at the dendrite inter-

stices during the terminal transient stage of solidification.

Ganerally the transition &+L =+ y is called peritactic reaction, as
long as the dslta phass 1s in diresct contact with the liquid, when
the delta ferrite is completely surrounded by austenite phase and the

reaction rate i1s governed by solid state diffusion of the alloying

(82)
alements through austenite, this process is denoted peritectic transformation.
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2.8.5 Growth ' Substructure in Weld Metal

In 1ngot_cast1ng and weld pool solidification it is usual

to consider the condition of normal growth by continuous random
addition of atoms with rapid growth rates. In normal growth,

the macroscopic form of the interface is determined by conditions
adjacent to the interface and the interface may change from planar

through cellular to dendritic forms as the growth conditions

(107-110
changa.

The summarized factors which influencs the solidification
conditions for particular growth modes are illustrated in Figure
2.13. The ordinate corresponds to the concentration of the
solute experiencing raedistribution during aolidific::::ﬁ. In
general the solidification mode becomes mors dendritic and less
desirable, as the solute content rises. The absissa is ths
function of l'sR-i which reflscts the phenomenon of constiputianel
supercooling, i.e. low values of GR-i indicates a suseptibility
to extensive constitutional supercooling, which favours the
dendritic mode of solidification. On tha othsr hand, stesp
temperature gradients in the liquid and slow growth rates which

. vield high values of 6RY favour cellular grnwth.ung-“30

(118)
Following Tiller, extensive lnvestigations have bsen carried out

to quantify the boundary solidification conditions for particular
growth modes and the nature of substructure in ingot casting as
well as weld metals. In this context, Balv:1::Da1 first applied
the concepts of constitutional supercooling to explain weld
structurs morphologies they observed, 1.e. cellular, cellular -
dendritic and free dendritic growth modes and found that the
higher the alloy content of the weld pool or the flatter the

tharmal gradients, the greater was the_ tendency for cellular -
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dendritic and ultimately fres dendritic type structure. Thase
results were later confirmed by Savage and his co-workers, who
extendad the work to include substructures observed in normal weld
beads produced for a range of welding conditions. They found that
it is possible to generate a range of growth substructures in melt
runs in a given material simply by changing the welding conditionas,
8.8. increasing the weld current at fixed welding speed can cause

the melt run substructure to changes from a cellular to cellular -

dendritic growth mode.



3. Materials and Test Procedurss

3.1 Selection of Materials:

The material and welding
procedures were procured to produce various welds with the
objective of studying the weld metal micro-structural features
independently, or in conjunction with their parent plates
characteristics. The parent plats conditions were varied
systematically as described in the next Section, 3.2. The
welding technique, electrode wirs and flux or shielding
atmosphers chosen ta suit the particular welding techniques
are described in Saction 3.%.

Parent Plate Preparation

Experimental parent plates were prepared from commercially
supplied forged billata,. (750 x 80 x S0mm) of AISI 316L and
AISI 321 austenitic stainless stesl, whose chamical analysis is
given in Table 3.1.

The preliminary plates from billets wers further worked and
heat treated to produce a range of plates 12mm thick, with
identical chemical composition but differing micro-structural
characteristics.

In parent plate preparation the rolling tempsraturs and the
rate of cooling following rolling wers varied. In addition

two further conditions wers examined, i.e. the billst material
in the as received condition and the solution treated at 1150°C.
The rolling schedulss adopted were constrained by

(a) the maximum thickness acceptable by the laboratory rolling

mill, i.s. 25mm

*Kindly supplied by the British Stesl Corporation.



(b) the need to conserve the limited quantity of material
availabls, especlally ths AISI 321.

For these reasons, the total reduction given to the AISI 321

and AISI 316L materials wers 33% and 50% respectively. Thess

reductions were applied by a multipass scheduls.

The rolling temperatures used wers 20°C[1.s. cold rolling) and

400°c, 950°Cand 1150°C (1.e. hot rolling). One or the other of

two cooling rates were applied following rolling, (i) water

guenching, (1i) furnace cooling. Ths materials preparsd in this

way are described in detail in Tabls 3.2.

The Test Plats (Jig Preparation) for Restraining
the Parent Plates.

The jig for restraining the parent plates prior to the welding
operation was mades from a mild stsesel plate 540 x 360 x 25mm,
because stainless stesl was not available. To overcome difficulties
due to differences in thermal conductivity and thermal expansion
between mild steel and the experimental stainless stsel plates

the Jig was constructed as follows:

A recess, 300 x 220 x 10mn, was milled in the middle of the top
surface (longitudinal horizontal saction) of the restraining plate.
This recess was then filled with an austenitic stainless stsel
overlay applied by MIG welding. The strain induced by welding was
relieved by thermal treatment and the top surface of the composit
plate was machined flat. To prevent rapid cooling of the
experimental welds a slot of 250 x 25 x 25mm was machined
longitudinally (vertical section) in the middle of

the top surface of the restraining plate. Several angle sections
ware welded to the ends and undersids of the restraining plate

to increase its rigidity and to prevsnt elastic deformation.



3.4

3.4.1

For sach experiment the parsnt plates making up specimesna for
butt welding wers machined square to provide a good fit and to
prevent burning through during welding. Ths plates surfacs and
waeld area were properly clsaned to remove any contamination.
Bafore a welding operation was commenced, both ends of the plates
were tack welded. The joints wers restrained by fillet welding
to the prepared jig to prevent the root from opening shead of ths
arc and inhibited any possibls movement . Austenite stainless
steel run-on and run-off pleces having the same thickness and
machined square edges wers tack wslded on to the start and

the end of the weldment so that welding started and finished

on the stainless stesl plates. After welding, the waldments
ware removed by milling away ths fillet welds, and the Jig
surface was remachined in preparation for the next test. All
plates wers similarly positioned so that the heat sink effacts
were similar and the welding conditions were maintained constant

as far as possible for each set of welding opsrations.

Welding Techniques and Conditions

Welding procedure : A series of welds were deposited by sub-
merged arc (SA) and Metal Inert Gas (MIG) wslding processss.
Nominal electrode wires and flux compositions ars listed in Tabls

3.3. Wslds of two kinds wers prepared, i1.e. (1) Butt welds and
(11) Bead-on-platse welds.

Butt Welds : singls run butt welds were produced

using only the SA welding processes. In these experiments,
nominally identical welding parameters wers smployed for the
parent plates, all of which werse restrained during welding.

Details of parent plates and welding conditions are given
in Table 3.4 and 3.5.



3.4.2 Bead-on-Plate Welds : Various bead-on-plate welds wers

prepared using both the SA and MIG welding processes.

3.4.2.1 SA Welds on AISI 316L : The SA welds wers producsd by

using parent plates in thas as received condition, but with
different welding heat inputs; they were varied by altering
the current and voltage (implying & varying wire feeding rate),
for constant welding travel speed and electrode wire extension
(Table 3.6). The welds were preparsd for the conditions (1)
unrestrained, (2) restrained, (3) rapidly cooled (4) ultra

rapid cooled and (5) miscellaneous, as detailed below:

(1) Unstrained Welds : Thess welds wers preparsd on parent

plates which were simply located by clamping or tack welding
them to ths base plates of jig.

(2) Restrained Welds : When required the weldments were

restrained using a special jig. The parent plataes were
restrained flat by fillet welding them to the Jig prior to
the sxperimental welding operation. The design and use of
the restraining jig was discussed in detail in Section 3.3.
After wselding the welded plates were removed from the jig

* by milling, and the jig surface was remachined and prepared
for further experimental work.

(3) Repidly Cooled Welds : The rapidly cooled wslds wers

prepared by using special heat abstracting paste based on
Bentonite mixed with copper powder and water in a copper
Jig. This was carried out in order to reduca distortion and
increase gpoling rate of the weld metal.

(4) Ultra Rapidly Cooled Welds : In the study of delta ferrite

formation in sustenitic stainless steel, it is common practice



to use the interrupted solidification technique (i.e. rapid
quenching of droplets from the liquids - solidus region).
For an experimental innovation in the present work complete
welds rather than droplets were prepared using the highest
possible cooling rate from the liquidus region as follows :

(a) Weld No. 15 RN This weld was prepared in restraining

condition while a whole parent plate of as received AISI
316L together with the flux were immersed in the liquid
nitrogen at least for 10 minutes befors and after welding.

(b) Weld No. 18 FN This weld was prepared in the same manner as

for weld No. 15 RN except that, the flux and tha weld arsa

wera protected from direct contact with the liquid nitrogen.

(5) Miscellanesous Conditions

(a) Weld No. 16 R _: This weld was prepared on a cold rolled

parent plate in restrained condition. This was carried out in

order to examine the effect of unrelieved stress in the deformed

parent plate on the micro-structural variation of weld metal.

(b)  Weld No. 250RH : This weld was prepared in a situation
whers the as raceived condition parent plate and flux werse both
praheated for 1 hour at 300°C before welding. This was carried
out in order to examine the effect of prsheating on the micro-
structural variation of weld metal. The parent plate was in

raestrained condition.

3.4.2.2 MIG Welda produced on different tyces aLstenitic stainless steels

Various Bead-on-plate welda were prepared using PIG walding. The

welds were prepared with the following concdiiions.



(1)

Nominally identical welding conditions but parent
plates with different characteristics

Several Bead-on-plate welds wers prepared using nominally
identical welding conditions but using parent plates with
differsnt characteristics. Detalls of the parent plates

and welding conditions are given in Table 3.7.

(11)Fully austenitic stainless steel welds using parent plates

3.5.1

with different characteristics and similar welding parameters.

Parent plates of AISI type 304, 318L and 321 stesl with different
mechanical and microstructural characteristics wers used. MIG
walds were prepared with the addition of nitrogen gas to the
argon atmosphers of the shielding gas to encourage austenite
formation. Detalls of the parent plate and welding conditions

are given in Table 3.8.

Machanical Taating_

The weldments and their parent plates were svaluated using

tensile, charpy-vee-notch impact (CVN), and micro hardness

tests,

Charpy Impact Test,

CVN testing was carried out in accordance with British Standards
B.S.131 Part 2 1959 and B.S.709 - 1964. After preliminary
trimming and cutting eight charpy blanka (10 x 10 x 55mm) wers
machined from esach parent plate and six from the associlated butt
walds for testing at room temperaturs (283k) and 77k. The blanks
were then notched (2mm depth at 45°angla) with the notch located
at the centre of the tranaverse cross-sasction of the weld metal,
perpendicular to the plate surface as illustrated in Fig.3.1.
Every specimen was checked with the Avery charpy caliper B.S.131;
end tested in accordance with British Standard B.S.131, Part 2.

In the present work the charpy-v-notch impact teat results ars



given in terms of energy absorbed (Joules) and lateral expansion
(mm) as shown in Fig.3.2 in accordance with B.S. 131 Part 2 and
ASTM A;;gq;aspectivaly. The lateral expansion requiremsnt is
based on the American Society of Mechanical Enginesra (ASME)
prassure vesssl code adopted from the charpy-v-specimens.

For stainless steel tested at cryogenic service temperatures

27J and 0.38mm (0.015 in) lateral expansion ars often the minimum
acceptance standards for charpy-v-notch impact ensrgy and lateral
expansion respectively. This requiremesnt has been correlated with the
data obtained from the ferritic stesls and has the advantags of
automatically compensating for different levels of material
astrength and weld or specimens thickness. This codes was chosen

becausa it offera a good possibility for estimating fracture

mechanics values without the need for expensive and complex

experiments.

3.5.2 Tensile Testing

Tenslle tests of parsnt plates and weld metals wsre carried out at
room temperature (293k) and 77k in accordance with British Standards
B.S.709 - 1864 and B.S.4165 - 1871. The parent plate tensile tast
specimens wers oriented in the longitudinal direction. For welds the
specimens wers oriented along the length of the welds, so that tha.
entirs sample was from an all-welded metal joint. An Instron
1185-100KkN. capacity machine was used. The lowest crosshead speed
[D.SEEh or 8.3 x 1077 EEE ) was chosen to minimise the localised
heating of the specimen during testing at 77k. The test was
performed by direct immersion in liquid nitrogen in specially

made equipment similar to éhe cryostat described by Read, Resd and
Schramé321§pac1mens of esvery plate wers tested at 77k in duplicate..

Micro-hardness Testing

A hardness evaluation was carried out using a Vickers micro-hardness

tester on transverss cross-ssections of the welds and parsnt plates.
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The specimens were lightly etched and a 200g, load was used for
the measursment. Hardness valuas were datermdﬁad as the mean
of a minimum of five diffsrent indentations in each cass.

3.6 Metallography

A variety of metallographic techniques was used to characterise
and quantify the micro-structures of the welds and their parent
plates. In this context it was important to distinguish between
solidification occuring either by primary ferrite or primary
austenite formation in weld metals, i.s. 1f the ferritie was
located at the dendrite core or cell boundaries.

3.6.1 Optical Microscopy

Samples of metallography wers preparad by conventional mstallography
techniques, i.se. grinding with silicon carbids paper followad by
polishing with diamond pastes. In all casss mirco-structural studiaes
were carried out on the transverse cross sectional arsa, unlsss
specifically indicated otherwise. Three dimensional views of
specimen preparation are schematically shown in Fig.3.3.

Various etching reagents weres used as listed in Table 3.8. Howsver,
on the basls of reproduciblility, contrast and ease of use, for

1light microscopy and SEM examination, samples wers in most cases
*stched electrolytically with a 10% aquecus solution of ethanedioic
acid (oxalic acid czoz (DHle unless otharwise indicated. This
etching reagent preferentially attacks the ferrite/austenite inter-
phase boundaries, whilst increasing etching time it reveals

austenite grain boundaries as well as ferrite phases.

Furthermorse, by increasing the etching period it can also reveal
strain-induced martensite. Howaver, if the specimen cantains
ferrite this procedurs lsads to considerable surface relief and

pitting, which make metallographic examination difficult.

Quantitative metallography for grain sizs measursments was



carried out using a mean linsar intercept measursment technique
with test pattern of either circular or straight pafallal lines.
The circular pattern consisted of thrse cnncanﬁric, and equi-
spacad circles having a total circumference of 500 mm ; the
linear pattern comprised five parallel straight lines 500 mm
length. These patterns were applied to five successive randomly

selected fields and five readings wers made for svery field.

Quantitative information on the proportion of delta ferrite in _
the weld metal was produced using Quantitative Television
Microscopy (Q.T.M.) process, the ferritescope and ths point

counting procedurs.

For ferrite measurements the most reliable stchant was found

to bs Murakamis stchant which clearly resolved tha delta
ferrite without darkening the adjacent austenite or revealing
other structural characteristics of the weld metal. The
transverse cross sectional area of sach weld was examined,
photomicrographs were tiaken at 1000X magnification of tsn randomly
selected fields. A field of 368 points spaced lattice was
superimposed on a photomicrograph of 75 x 114 mm, and the
measurement of delta ferrite content made by counting tha number
of lattice points in sach field that coincides with an area of
ferrite whilst carbides and inclusions wers excluded. At the
selected magnification sach particle of ferrite to bs counted

coincides more or less with a single lattice point.

The measursmenta were analysed using standard statistical
procedures, 1.e. mean values (X) and variances (G?J and the

results of the analysis are given in Section 4.



3.6.2 Scanning Transmission Electron Microscope (S.T.E.M.) Analysis

Tranamission slectron microscopy T.E.M.) studies wers conducted
on some of the welds and parent plates with both the JEOL 100 C

and the EM 6 electron microscopes.

Tha solidification sequence of austenitic stainless stael weld
metal has been studied using STEM analysis. It was conducted
on the JEOL 100 C unit equipped with a camputer controllaed
dispersive X-ray spectrometer with a link system 860 analyser.
The RTS, FLS programme was used for composition analysis from
the integrated intensities derived from the 1n;anaities of the
characteristics peaks of every element considsred. Typical
counting times wers 100 seconds. The STEM advantages for
microprobe work over slectron probe microanalysis (EPMA) and
scanning elsctron microscopy (SEM) are dus to a combination of
a fine ppot (beam) sizs, higher acceleration voltage (100 kv)
and the use of thin foll specimen (< 0.1um ), these offer the

possibility of elemental resolution of < 10 nm.

The primary concern for this study is the naturs of the
concentration profile measured in the rsgion analysed. For
simplicity in this analysis, the wsld metal specimens were
treated as Fe - Cr - Ni tarnary systems, excluding other
elementa e.g. Mn, Si, etc. The sum of the Mn and Si content

18 <2 Wt

%, and since they wers expected to partition to
some extent within ferrite and austenite tha values for Cr
and Ni obtained are probably 2% higher than trus values.

Similar assumptions also apply to Ma.

Assuming the steels are tarnary alloys, the measured intensities
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3.6-2.1

were converted to compositions using the relation :

Cor ® Ior Ker/ Ipr Ker * INg Kng * IFe Kpg (3.1)

where @
Cc = concentration of the slesment

Io, ™= net peak intensity of Cr

K = cgalculated correction factor (tha values of
K wers determined analytically by RTS, FLS
programme so that the analysia does not require

the use of standard .

IFa » Ing net peak integrals of these elements in the

specimen

KNi'KFa = correction factors for N1 and Fe in the

spaciman

Two eimilar equations can be written for N1 and Fe. It is

further assumed that cFa + cNi + CEr - 1,

The foll programme used does not consider absorption in ths
chemical analysis, since foll thickness corrections are not mads.
Howsver, since Fe,Cr and Ni have similar mass absorption

coefficlents their intensity ratios ars not largely affectad.

TEM Specimen Preparation

Tha orientation of samples used for TEM and STEM thin foil
spacimens was transverse cross section. The specimens were
ground to a thickness of 0.2 mm using rotary whesls, usually both
sldeas of the specimens being equally ground to a 600 mesh finish.
A jet (Struer’s Tenupol®”) and window techniqus was used as a

thinning process. Either a solution of 1000 ml Glaclal acstic



acid, 42 ml perchloric acid (72% strength) and 8 ml distilled
water or a solution of 10% perchloric acid (72% strength) in
dry methanol was used (Table 3.9). After polishing, the
specimens were washed by a direct jet of distilled water
followed by a similar washing in methyl alcohol (methanol)

then dried betwsen absorbent tissua.

3.6.3.Scanning Elactron Microscopes (SEM)

SEM studies wers conducted on some of the weld metals and
parent plate on a Cambridge instrument "S 250 microscopa”
fitted with a computer controlled energy dispersive micro-
probe system. Fractographic studiss wers carried out using

25 kv accelerating voltage and 35° t11t angle. Several broken
charpy specimens minimum and maximum impact energy and soms of
the tensile test specimens selscted from svery parent plats
and the assoclated weld metals. Microanalysis wers made to

study the chemistry of inclusions; 1.s. second phase particles.
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4. Experimental Obsarvations and Results

4.1 Characterisation of Parent Plates

4.1.1 Microstructural Considerations

4.1.1.1 General Features

The microstructural features of the parent platas wers
influenced by (a) the severity of etching reagent, and
(b) the initial thermomechanical treatment associated
with svery plata.

(a) The Effect of Etching Reagent

The following etching methods wers employed to prepars

the microstructure of differsnt parent platas.

(1) Electrolytic etching with oxalic acid: specimsna wers
etched slectrolytically in a 10% aqueous solution of oxalic
acid using a potential of 6 V. In the courss of the expsr-
imental work it was noticed that the resistance of materials
to the etching reagent varied according to the stssl
specification and the thermomechanical treatments employed,
i.e. the cold rolled plates had the least and hot rolled
solution treated had the highest resistance to the etching
reagent. For the same stching conditions, the form r was
heavily etched whilst the latter exhibited a micro-

structure suitable in contrast for optical microscopy.

Furthermora, it was noted that the microstructurs revealed
by this etching reagent was time-dspendent, i1.e. the degrse
of contrast and the naturs of tha microstructural features

revealad wers changed by increasing the etching tims.

The parent plates of AISI 316L and 321 in the as received

condition were etched elesctrolytically with standard etching
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proceduras, and an etching time of about 20 seconds.
They exhibited microstructures consisting of equiaxed/twinned

austenite grains with contrast suitable for optical microscopy

as 1llustrated in Fig. 4.1.

Microstructural studies on ths AISI 321 revealed the pressnce
of fine cubic particles with the appsarance and colour of
typical titanium carbonitride illustrated in Fig.4.2. The
general matrix analysis and the composition of these particles
wers analysed by EDAX analysis as shown in Fig.4.3 and 4.4.
Carbon and nitrogen wers not however identified.

(11) Chemlical Etching with Mixed Acid

Etching the parsnt plate in a as-received condition with this
etching reagent revealed microstructurss consisting of equiaxed
twinned austsnite grains. Increasing the stching period revealed
a cored structure superimposed on the original equiaxed austenite

structura as illustrated in Fig.4.5.

(b) The Effect of Thermomechanical Treatments

(1) Cold Rolled Plates

Etching the cold rolled plates with 10% oxalic acid revealed
heavily deformed austenite grains with copious lines of slip

as axpacted. Increasing the etching period revealed a typical
deformed structure with the randomly distributed blocky structurs
as illustrated in Figures 4.8 and 4.7.

Etching with thas mixed acid for a longer period revealed a
typical deformed structurs in conjunction with the cored structurs
and strain patterns.

The microstructure of AISI 321 plate was similar to the corrasp-
onding material for AISI 316 plate but with the presence of some

titanium carbonitride particles.



(11) Hot Rolled Plates

Etching the hot rollsd plates with the standard etching procedurs
in 10% oxalic acid revealed a uniform recrystallised structurs with
some arsas of grain growth as 1llustrated in Fig.4.8.
At high magnification dispersed precipitated particles were resvealed
distributed both randomly within the austenits grains and selectively
along slip lines and the grain boundaries as illustrated in Fig.4.8.
In addition to the fins precipitated particles, other second phase
particles wers also observed in different specimens. Typical
particles viewed in the SEM are illustrated in Fig.4.10. EDAX spectra for
matrix and selected particles are given in Figs.4.1i and 4.12.
Thess spectra show that the particles varied in composition and ths
elements identified included Cr,Ni,Si, S, and Mn.
Unfortunately carbon and oxygen could not be identified using the
equipment available, but the spectra were consistent with ths view
that the particles were oxides and silicates. The microstructurs
of AISI 321 plates were similar to the corressponding materials
produced for AISI 316L plates with the exception that cublc particles
of titanium carbonitride wers present.
Longer time etching with mixed acids revealed a cored structure
superimposed on the original equiaxed austenits structurs as illustrated
in Fig.4.13. Furthermors, microstructural studies revealed that the
degree of coring varied from plate to plate. In this context, the

AISI 316L exhibited mors cored structurs than the AISI 321.

Tha influence of the thermomechanical treatments employed on degree
of coring was as follows. The spsecimens prepared from the hot-rolled,
furnace-cooled AISI 316L plates exhibited the most severs cored
structure as illustrated in Fig.4.14. Whilast specimens prspared from
hot-rolled plates with solution trsatment after hot-rolling exhibited
the least coring. Further microstructural studies of long-time

solution-treated specimens of AISI 316L, i.8. 4 hours at 1150°C showed

-45~



that, despite the long period of solution trsatment the cored

structuras has not hsen complstely removed.

Microstructural studies of hot rolled plates at 850°C revealed
racrystallised austenite grains together with some second phase

particles and a cored structurs as illustrated in Figure 4.15-4.17.

On comparing differsnt stesl plates, it is noticed that

the smount of martensite formed in cold rolled plates AISI 316L and

321 wereo.25% and 1% respectively.

4.1.1.2 Austenite Grain Size Measurement

The austenite grain size of all of the parent plates wers measured
quantitatively. Only whole grains were included in ths counts and

twins were ignored. The results ars given in Table 4.1.

As expected, the austenite grain size was determined by thes degree
of recrystallization that had occured which in turn depended on the
thermal and mechanical tresatments given to the materials. Generally

the hot rolled plates at 1150°C had the coarser and more variables

grain sizes.

4.1.1.3 Scanning Transmission Electron Microscopy (STEM)

The preparsd thin folls quite often exhibited irrsgular edges. A
typical slectron micrograph 1s illustrated in Figurse 4.18. This
was taken to indicate some residual inhomogenity inherited from the

as-cast metal structurs which had persistetl through hot-rolling.

In all of the materials examined the microstructurs consisted of

elongated grains. Carbide particles wers visible at the grain bound-
aries of the hot-rolled plates.

All plates exhibited high dislocation densities at high magnification.
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Dialocations wers generally distributed within the austenits
grain as cellular networks and piled up at the grain boundaries.
Their degree of cellular network depends on the employed thermo-
mechanical treatment. Typical micrographs of different specimens

are illustrated in Figs. 4.19 and 4.20.

The cold rolled plates exhibited a high density of dislocations
and elongated bands which appeared as an intsrnal defaect. At
lower magnification they formed parallel 1lines, apparently
orientation dependent as illustrated in Fig.4.21. Further detail
could be resolved at higher magnification within these bands.
Fig.4.22 illustrated typical micrographs of these bands which
could be deformation twin bands. Their thickness varied in
different regions and no pracipitated particlss wers observed

on thesa bands.

Electron diffraction patterns taken from folla representing hsavily
deformed plates exhibited streaky spots as in the exampls given

in Fig.4.23 indicating microstrain reflecting internal stress.

4.1.2 Mechanical Properties

(a) Charpy tests : A minimum of eight impact tsst specimens from
every plats were tested at room temperaturs and in cryogenic
conditions with liquid nitrogen i.e. at - 198°C. The results ars
given in Figs.4.24 and 4.25. The highest impact energiss wers
obtained with the specimens prepared from plates hot rolled at 1150°C
(plates Z and H), whilat much lower impact snergies as expected
obtalned with the plates rolled cold or at 400°C. Rolling at 400°c
slightly improved the ductility of AISI 316 ateel. The plates in

the as-received condition yielded high impact enasrgy values but

with a wide acatter of the results. Lateral expansion values of
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differsnt parent plates impact test spscimans tested at

cryogenic conditions (77 k) arse given in Table 4.2.

(b) Tensilse Tasts

A minimum of four specimens from sach plate were tested at room
temperaturs and in cryogenic conditions with liquid nitrogen.

The results ars given in Table 4.3.

The room temperaturs results revealed that reducing plate rolling
temperature increases the yield strength, i1.e. the cold-rolled
plate has the highest strength at the expense of ductility.
Howsever, rolling at 400°C produced a combination of very high

strength and reasonably good ductility.

Tha results for cryogenic conditions revealed that, in this
condition both strength and ductility are incrsased. The cold-
rolled plate had the highest strength but the plate rolled at
400°C had almost as high strength as the cold-rolled plates but
with higher ductility.

The stress/atrain curves of most of the specimans tested in cryogenic
conditions (-196°C) showed that the yield was followed by a high

rata of work hardening.

A significant observation made during testing at cryogenic temperature
was the appsarance of serrations in the stress/strain curves for
samples from the hot-rolled plates H and Z(AISI 321 and 316L.respectively),
indicating discontinusous work-hardening associated with the thermo-
mechanical treatment in these plates.
(c) Fractography
Fracturs surfaces from both charpy and tensile tests selectad to
represent material with high and low strength and ductilities wers
examined. All of the fracture surfaces exhibited dimples indicative
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of ductlle fracturs with some microcracks.

Further work was carried out to study the cause of microcracks in
broken charpy impact test specimens. SEM analyeis results on
fracture surface of hot-rolled plates at 850°C revealed the presencae
of second phase particles within the cracks. Thea general matrix
analysis and the composition of thess particles were analysed by

EDAX analysis as illustrated in Fig.4.26 (a to d). EDAX spectra
obtained for these particles rsvealed that they wers mainly consisted

of T1 and/or Al,Sifarbon and nitrogen were not howsver identified.

Microstructural studies wers performad on some gently polished and
etched fracture surfaces of tensile test specimens. The results showed
that; (1) The microcrack (decohesion) wers mainly initiated by the
fracturs of second phase particles, and by their separation from the
matrix along the common interface as illustrated in Fig.4.27 (a toc).
(11) Soms microcracks were also nucleated at the grain boundaries as
1llusetrated in some of Fha micrographs at Fig.4.27. Microstructural
studies of fractured specimens showsd that, after the onsst of

necking the cracks developed into ‘cavities which coalesced and

lsading to final ssparation as illustrated in Fig.4.28.

(d) Hardness Tests

Microhardness test survey was carried out for each sampls from every
parent plate. Fig.4.29 shows the average value of five different

readings obtained from each sample.

The hardness valuss varied from plate to plate in accordance with their
employed thermomechanical treatment (i.s. degree of rsecrystallization,
precipitation and strain hardeningl). The cold-rolled plates had the

highest hardness and plates rolled with the highest rolling temperaturs



had the lowest hardness value. Rsferring to the plates in the as-

received condition, they yleld a high and wids scatter hardness value.

4.2 Characterisation of Welds

4.2.1 Microstructural Consideration

The nominal composition of some of the welds selectsd to study their

microstructures in this investigation are shown in Table 4.4.

Tranaverse sections from welds produced by S.A and MIG welding tschniques
were polished and electrolytically etched in an aqueows solution of 10%
oxalic acid for metallographic examination. Other sections wera stched

in concentrated mixed acids for macroscopic observation.

For quantitative assessment of the proportion of delta ferrits the

gactions were etched with Murakamis®' reagent.

The etching characteristics wers sensitive to (1) the spacification
and condition of the materialas. (ii) the period of etching and the
strength of the etching reagent. These variables wers adjusted to

raveal the desirable microstructural features.

Welds produced on AISI 316L were morse resistant to etching than those
produced on AISI 321. Welds produced on cold-rolled plates and welds
with fully autenitic structures wers heavily attacked by the etching

reagent and their microstructure was exposed more quickly than other welds.

The effect of varying the etching period wers as followa:

1. A six saconds exposurs to electrochemical etching rsvealed
the detailed microstructure of weld metals, but had 1ittle effect on
the heat-affected zone or on the parent plata.

2. More prolonged etching increased the contrast and depth of



attack -~ this revealed the H.A.Z. and parent plate microstructurs.
3. Further prolonged etching was needed to reveal the dendritic
solidification pattern together with H.A.Z. structure for viewing at

lowser magnification.

In addition to optical microscopy, the microstructural studies were
carried out by scanning electron microscopy. The advantage of the
SEM over the optical microscopr are :
1. The SEM discriminates between delta ferrits which appears
white and other minority phases present.
2. Tha SEM reveals whether or not the delta ferrite phase stands
proud of the surface in the etched microsection.
3. The SEM reveals any internal fissures or interphaseseparation

betwsen delta ferrite and the austesnite matrix.

In the following sections detailed descriptions of microstructural
observation of different welds are given for the four main categories
of welds as followa:

(1) SA bead-on-plate welds of duplex structurs.

(11) MIG bead-on-plate welds of duplex structurs.

(11i) MIG bead-pn-plate welds of austenitic structurs.

(iv) SA butt welds of duplex structure.

4.2.1.1 S.A. Bead-on-Plate Welds of Duplex Structure

Several welds wers prepared to assess the influence of threse main
variables:

1. The effect of restraining the parent plate

2. The effect of heat input

3. The effect of cooling rate



1. Unstrained Air-Cooled Welds with Differsnt Heat Inputs

Thess welds were identified as F1, F4, F7 and F 12 in
decreasing order of heat input.

For high heat input welds, large wide grawth units of columnar
dendrites growing from the fusion boundariss separated by a
central region i.e. axial or raft structurs. For low heat input
tha growth units changed direction towards the top surfacs of
the weld with no central lins structurs. These structures are
i1llustrated in Fig.4.30 (a and b). A further differsnce was
evident in solidification growth mode of the welds near thae
fusion boundaries and where for high and low heat inputs there
was a greater tendsncy towards columnar dendrites and cellular

dendrites structurs respectively.

The welds exhibited the ripple bands which were becoming less
pronounced towards the weld centrs. The closa inspection of the
rippling proved in this region that ths austenite matrix was
preferentially etched away leaving a continuous network of proud
delta ferrite phase as illustrated in Fig.4.31. Furthermore, the
absence of discrets bands of solute enrichment which give rises

and characteristic of light or dark lines formed on etched

surface of welds wara noticeabls in this investigation. Micro-
structural studies at higher magnification revealed differances
betwesn the microstructurs of welds produced using different heat inputs.
For high heat input welds the individual ferrite dendritss wers
slongated with wide well dsveloped secondary and tertiary arms.
Individual dendrites were separated by a narrow band of austenite

as in Fig.4.32. For lower heat inputs tha ferrite morphology was

of the form similar to varmicular ferrite as defined by David et ef?7]

The ferrite dendrites were less well developed than those in high



heat input welds and wers separated by wide bands of the austenite
matrix containing isolated dispersed ferritse as in Fig.4.33.
Fig.4.34 shows micrographs of three mutually perpendicular

sactions through the high heat input weld. This set of micrographs
gives a three dimensional impraession of the ferrits morphology and
i1llustrates the growth of the dendritaes in the transverse cross
section, 1.e. in the opposite direction to the dirsction of heat
extraction through the parent plats.

For high heat input welds the ferrite content varies in different
reglons along the length of the weld bead and in tha'transvaraa cross
sectional area. For instance, the ferrite content increasas slightly
along the length of the weld towards the end, and in transverse cross
section the upper part of the weld (nugget) has higher ferrita contant
than the lower part. This could possibly be due to the variation in
cooling rate and dilution with parent plats.

Occasional second phase particles (i.e. oxides) and intsrnal micro-

fissure were obsaerved, but they were not detsrmined quantitatively.

The proportion of delta ferrite determined by quantitative metallo-
graphy (QTM), 10 lins optical microscopy technique and/or by the

ferritascops are given in Table 4.5.

The ferrite content represents the mean of 20 reading by QTM, 10
different region by optical microscopy and/or 5 point counting by the
ferritescopa. Fig.4.35 1llustrates a typical micrograph of selected
area for QTM reading. Value for ferrite content measured by QTM are
generally higher than the correasponding values measured by the
ferritescope. Comparison of the SEM and the optical microscopy
microstructural observation revealed that, in the former second phasas
particles and internal microfissurs wers simply distinguished, while

in the latter it is difficult to distinguish them from the ferrite phasa.



Typical second phase particles smbodied in ferrite phase and

some internal microfissures are 1llustrated in Fig.4.36.

Comparison of different weld ferrite content revealesd that the
ferrite content increased with increasing heat input (decrsasing
cooling rate), that is 7.5% and 5% ferrita for the highest and

the lowaest heat input respectively.

Restrained Alr-cooled Welds with Different Heat Inputs

Theas waelds were identified as RB‘ RB' R10 and R11

order of heat input. The columnar growth units for restrained

in decreasing

welds were generally smaller and not so strongly oriented as for

the corresponding unrsstrained welds.

For high heat inputs the columnar dendrites growth dirsctions were
toward the centrs and top surfaces of the welds. The columnar
growth on either side did not extend to the central plane but was
separatad by a central region of randomly orisnted equiaxed

dendrites around the weld axea as illustrated in Fig.4.37(a).

The solidification growth mode of the welds near the fusion bound-
aries towards the centre of weld was cellular to cellular dendritic
type structurs. One point of differences betwesen restrained .nd
unrestrained welds was the appesarance of an undulating pattern in
the structure near the fusion boundaries in some of the restrained

welds especially for high heat inputs as illustrated in Fig.4.37(b).

Microstructural studies at higher magnification revealed that for
high heat input welds the ferrite dendrites were well developed

but occasionally with some ferrite side-plate morphology. In the
central region with the axial structurs some less well developed
ferrite dendrites wers present. Despite slight mis-orientation they

maintained their general directionality within the weld axis.
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The general appearance of the micrastructurs of these welds was
consistent with multipls fracture of the columnar units of
dandrites lsaving isolated fragments of ferrites in the inter-

dendritic region as illustrated in Fig.4.38.

For low heat inputs, the general growth dirsctions wars towards
the top surface of the welds with no zone of axial structure but

with a large quantity of cellular type pattern structure present.

By reducing the heat input the solidification growth mode changed
to more irrsgular cellular pattern in which the orienfation of the
dendrites was less directional with a ferrits structure similar to
the vermicular morphology. Another microstructural feature assoc-
lated with these welds was the pressence of isolated ferrita in the
austenitic matrix. Towards the central region of the weld the

microstructurs changed to discontinuous columnar growth units with

better developed dendritic arms.

Oxide particles were visible similar to those observed in the
unraestrained walds; and the microfissuring was more pronounced. No

quantitativa measursment of thaess featurss wers mads.

The weld structures also exhibited ripple bands with tha sama

characteristics as those cbserved in the unrestrained wslds.

The proportion of delta ferrite determined by quantitative metall-
ography and by the ferritscope are given in Table 4.5 showing a
elight increase in ferrits content with increasing heat input, 1.s.

7% and 6% ferrite for the highest and the lowast heat input

raspectivaly.



3. Rapidly Cooled Welds with Different Heat Inputs

Thesa welds wers identified as C

3° c5 ’ cs and C in

13
decreasing order of heat input. For high heat inputs growth
directions of the columnar dendrits wers towards the centre and
top surfaces of the welds. The columnar growth from tha fusion
boundaries on either side did not extend to the central plane, but
were separated by a central region (i.e. an axial structurse, or a
raft structure). The microstructure of central region consisted of
directionaly oriented dendrite typs ferrite along the weld axess as

i1llustrated in Figure 4.39.

Near the fueion boundaries the welds contained eslongated dispersed
ferrite forming a general pattern of cellular dendritic type solid-
ification growth mode. Comparing the microstructurs of different
regions it appears that in these welds the dendrite growth units

become longer and wider as they grow inwards as 1llustrated in

"Figurs 4.40.

The general microstructural appearance was that the dendrites arma
wers not well developed and were ssparated by wide bands of austenite
matrix with isolated dispersed ferrite. The ferrite dendrites
exhibited a misoriented vermicular type morphology mostly with open

arma (branches) with some lath typs structurs. In some

of the dendrites the spinea were not straight but. undulating. Towards
the central region the ferrite dendrites were better developed, slightly
misoriented and separated by wide arsas of austenite. Figurs 4.41 and
4.42 illustrate typical microstructurss of region near the fusion

boundaries and from upper part of the weld in transverse cross sectional

area respectively.



4.

For low heat inputs the growth units changed direction towards

the top surface of tha weld. Microstructural studiss of the fusion
boundaries rsvealed the presence of slongated type ferrits with no
symetrical side branch structure as 1llustrated in Fig.4.43. The
ferrite dendritas became coarser and wider with some side plats

(lath) morphology as they grew inwards as illustrated in Fig.4.44.

A significant observation assoclated with weldes produced with
higher cooling rates was the lack of desvelopment of dendrite arms
and the presence of wider austenitic bands separating the ferrite

dendrites with soma isolated ferrits in the inter-dendrite region.
Oxide particles with internal fissurss ware observed occasionally.

Microfissures were present mainly at the austenite/ferrits boundaries

but also, within the inter-dendrite region of the austenits matrix.

The proportions of delta ferrite determined by quantitative metall-
ography and by the ferritescope ars given in Table 4.5. The ferrite
cantent of various welds produced with differsnt heat input varied
between 5.5% and 7%.

Ultra Rapidly Cooled Welds

The welds 15RN and 18FN of group four were produced with the highest
possible cooling rates. As described earlier, the former was produced
while both the parent plate and flux wers in contact with the liquid
nitrogen. The latter was produced while only the parent plate was

in contact with liquid nitrogen; that is the flux and weld metal

were protected from any contamination and possible direct contact

with liquid nitrogen.

(a) Weld Metal 15RN

Microstructural studies of this weld revealsd the presanca of four

distinct regions.
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(1) A thin region of cellular dendritic type pattsrn structurs
adjacent to the fusion boundariss consisting of elongated ferrite
without a clear side arm (branch) morphology.

(11) An intermediate region exhibiting columnar dendritic pattern.
Microstructural studies revealed bettsr.developed but disaorisntaed
dendrites of ferrite with some side branching giving a cellular
structure. As the dendrites grew inwards the side arms becams

more clearly defined.

(111)A central region with a cellular -~ dendritic pattern structurs.
At higher magnification segregated impurities wers rev;aled within
the dendritic structurse. Thers was no distinct ferrite morphology
in this region as evident in Fig.4.45. Optical and SEM examination
in this region falled to detect the ferrits usually expsctsd in
weld.

(ivlThe central region of the weld cap whers the ferrite was pre-

dominantly of a blocky type pattern with a ferrite of cellular
morphology within the blocks.

Because of uncertainty in the distribution and inconsistancy in
the morphology of the ferrite in this weld quantitative microscopy

was inappropriats but the proportion of ferrite dstermined by tia

ferritescope was found to be about 2%.

(b) Weld Metal 18FN

Examination at low magnification revealed that the solidification
growth directions were towards tha top surfaces of the weld.

Near the fusion boundaries a cellular typs structurs with elongated
farrite was observed. The dendrite arms bscame more clearly

defined as they grsw inwards as illuatrnted in Fig.4.48.



In tha fusion boundaries region many elongated ferrite dendrites

wers present some with lath type structure but with

no symetrical cellular side branch developmsnt as illustrated

in Fig.4.47.

In the central region instead of well developed dendritic type
structure thers was a vermicular ferrite well separated by
austenite matrix which contained some isolated ferrite as

i1llustrated in Fig.4.48. The ferrite content as determined by

the farritescope was in the range of 2.5 - 4%.

Miscelleneous Welds

(a) Weld Metal 16R : This weld was produced in cold rolled plate

in the reatrained condition.

At low magnification a cellular pattern solidification growth

maode was observed with the general direction towards the top

surface of the weld.

Near the fusion boundaries, elongated ferrite dendrites with
different orientations wers present, some with no symetrical side

branch arma as illustrated in Fig.4.49.

Further into the weld the microstructure changed to disoriented
faerrite similar to vermicular type morphology with open arms.
These dendrites were poorly developed and the austenite matrix

contained some randomly distributed isolated ferrite as illustrated
in Fig.4.50.

Towards the central region the ferrite dendrites became more elongated

and wider aa they grew inwarg-rbut,there were also some discontinuous



columnar units of dendrites, leaving isolated fragments of ferrits
in inter-dendritic regions as illustrated in Figure 4.51. Near ths
top surface and central region there were many units of the cellular
(blocky) pattern structure with randomly oriented ferrite networks.
The proportion of delta ferrite determined by quantitative metal-~

ography and ferritescope was in the range of 5 to 7%.

(b) Weld Metal 250RH: This weld was produced with both parent plate

and flux preheated for one hour at s00°c.

Low magnification revealed a cellular pattern aolidif}catiun growth

with the general direction towards the top surface of the weld. Higher
magnification revealed elongated ferrite near the fusion boundary.Away from
the fusion boundaries the dendrite arms developed in preference to

tha spine leading to a general microstructure of the vermicular

ferrite type with well-developed arms.

Typical micrographs illustrating the ferrite morphology in the

fusion boundary region and the middle of the weld are given in Figure
4.57(a)and(b) respectively.

The proportion of delta ferrite determined by quantitative metallo-

graphy and ferritescope was found to be about 6.5.

$.2.1.2 MIG Bead-on-Plate Welds of Duplex Structurs

Duplicated welds were praparsd on AISI 316L and 321 using similar

welding conditions, but with parent plates of different characteristics

as follows:

(1) As-received condition, solution-tresated platss,

(11) Cold-rolled platas,

(111) Hot-rolled platas



The objective of these tests was to assess the effaect of

different parent plate characterisation on the weld metal micro-
structure i.e. ferrite morphology and content. Nominally identical
welding parameters, i.s. similar heat input and standard procedurs

of pure Argon shielding atmosphare were used.

4.,2.1.2.1. Weld Metal Produced on AISI 316L Parent Plate

(1) As-received condition, Solution-treated Plates:

These welds were identified N1 and M1. Low magnification micro-
structural studies revealed the presence of mostly elongated
ferrite in the fusion boundary region together with some ripple
bands.

SEM studies revealed relief in the ripple band region. In this
reglon the austenitic matrix surface was prefersntially etched

leaving a continuous network of the delta ferrite phase.

The growth unit direction was from the fusion boundaries towards

the top surface of weld with no central line structure. Towards the
central region elongated and blocky pattern ferrite were both
present. The ferrite formed a pattern surrounded by austenite
exhibiting a cellular dendritic type structurs as illustrated in
Fig.4.53.

At higher magnification both disoriented short and elongated ferrite
was observed, exhibiting a vermicular morphology, some with lath type
atructurs appearancs. Further inwards from the fusion boundarias
the microstructure changed to more developed formed vermicular

ferrite as inward growth proceeded.

(11) Cold~Rolled Plates

These welds were identified T1 and T2 1 they exhibited a cellular -
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dendritic type structure grown from the fusion boundaries towards
the top surface of wsld with no central line structure. Away from
the fusion boundaries the ferrite formed a cellular structure of

more equlaxsed block-1ike pattern as inward growth proceeded.

High magnification microstructural studies revealad the presence of
complex ferrite morphologies. Further inward from the fusion bound-
aries the ferrite dendrites appear to be more developed but with a
combination of vermicular and lath type morphologies as illustrated
in Figure 4.54. Towards the centrs, blocky type patterns structure
with cellular ferrite network, within the block, were observed. These
blocks were embedded in the austenite matrix which formed grooves

around them as illustrated in Figure 4.55.

Internal fissures, and oxide particles were obssrved associatsd malnly

with the surrounded austenitic matrix rather than the ferrite phase.

(111) Hot-Rolled Plates

These welds wers identified Z X

1 F ] 1 [ ]
fusion boundaries the solidification substructure was of the cellular

Y1 and S4 . Near the

dendritic type. In regiona away from the fusion boundaries toward the
centra, the solidification substructure changed to a cellular pattern

morphology.

Higher magnification microstructural studies revealed some differesnces
between the microstructure of these various welds. The detalls were
as followai

Weld Z1 Directionally oriented ferrite was observed in the fusion
boundaries and fine cellular structural patterns were observed away

from the fusion boundaries as illustrated in Figure 4.56 and 4.57



respectively. Tha ferrite in the fusion boundaries maintained its
diractional orlentation and on tha whole the genesral directional

solidification orientation was towardas the top surface of weld

metal.

Higher magnification revealed both short and disoriented ferrite
dendrites mainly with vermicular morphology, but with not very well
developed arms (branches) as illustrated in Fig.4.58. No relief
was developed in the etched microsections, i1.e. the ferrite did not

appear as a relief phase.

Welds X and Y : Low magnification rsvealed a cellular solid-

ification substructurs. High magnification revealed vermicular
ferrite and lath type ferrite morphology as illustrated in

Fig.4.59. Internal fissures and oxides were visible similar to
the other welds.

Weld S 1 Low magnification revealed dispersed elongated ferrite
(vermicular) with no side branch (arma) and some ferrite with
cellular pattern form near the fusion boundaries. Towards the
cantre, the solidification substructure changed to a cellular dend-
ritic type morphology. High magnification revealed a mostly blocky
type pattern structure with lath type ferrite and irregular cellular
ferrite network, but not with the ordinary developed dendrites of
vermicular ferrite. Usually the individual cells were surrounded

by the austenite matrix forming a groove around the cell, but the
ferrite network and austenite were not in relief within each cell.
Internal fisaures and oxide particles were observed as in other welds.

4.2.1.2.2 Wald Metals Produced on AISI 321 Parsnt Plate.

(1) As-received, Solution Treated Plates.

These welds weras identified B1 and B, » Low magnification rsvealed



randomly distributed ferrite with no clear directionality in
tha fusion boundaries. For regions away from the fusion boundaries
mors equiaxed block-like pattern structures were observed as

inward growth developed.

In these welds, the ferrite morphologies consisted mostly of a
cellular network with some lath type structure within

the blocks but there was no varmicular-type ferrite. The block-like
patterns wers generally surrounded by austenite matrix forming a

groove around them.

(11) Cold-Rolled Plates

Thesa welds were identified K1 » K2 and K3 ¢ Low magnification
revealed a cellular type substructure with no elongated growth of
dendrites as 1llustrated in Fig.4.60. Microstructural studies
revealed disoriented ferrite forming a cellular structure initiated
at the fusion boundaries and developed throughout the whole cross-
sectional arsa of the welds. Figs.4.61 (a,b) illustrats typical
micrographs for the cellular growth made of solidification sub-

structure in the fusion boundary region at differsent magnifications.

The general microstructural feature was of a block-like pattern

with complex ferrite morphology within the blocks, 1.a. ce;lular

and lath type with no elongated dendritic type ferrite as
1llustrated in Fig.4.62. Further microstructural studiss were

carried out in all three mutually perpendicular sections through

the weld. Fig.4.63 shows the ferrites morphology in a thres dimensional

montage assembly and shows the cellular nature of the ferrits network

in this weld.



(111) Hot-Rolled Plates

Thesa welds were identified 3F, 3G, and 3E

Low magnification revealed randomly distributed ferritse with ths

blacky type pattern in the fusion boundary region. Regions away

from the fusion boundarisa show an equiaxed block-like pattern structure
as inward growth develops. There was a cellular type ferrite network
within the blocks with no vermicular type ferrite as illustrated in

Figures.4.64 and 4.65.

The proportions of delta ferrite for welds produced by MIG welding
are given in Table 4.6. Despite the similarity in walaing parameters
and welding conditions, the welds produced in cold-rolled plates had
higher ferrite contents than the rast of the welds.

4,2.1.3. MIG Bead-onPlate Welds of Austenitic Structurs
Induced by Nitrogen

Duplicated welds were prapared on austenitic stainless steel AISI

304L, 316L and 321 plates in tha as-received condition. The welding
parameters used were identical with thoss described in Section 4.2.1.2
but nitrogen was added using a shielding gas mixture of 95% Ar+5% N2
The addition of nitrogen as a strong austenitic astabiliser was sexpected
to alter the compositional balance, and consequently modify the solid-
1fication mode to a primary solidified austenite with no subsequent

solid phase changes.

Examination of thase welds revealed some differences betwesn their

microstructure as follows:

(1) AISI 304L Welds:

Low magnification revealed that the solidification substructure growth
units grew from the fusion boundaries with orientation towards the top

surface of the weld.



The general microstructural featurs was a dendritic type pattern

within the coarse austenits grains as illustrated in Fig.4.68.

Examination at higher magnification revealed austenits grain
boundaries and many spote 1like microstructural features insids tha
austenite grains. Gensrally both the austenitic grains and the
arrays of epots within the grains maintained their dirsctionality
as growth units developed Fig.4.67. The peculiar substructures
inside the austenite grains evident in Fig.456 could possibly be
as argsult of coring and/or directionally-oriented etc? pits in the

weld. Howaver, further work is needed to study them in greater detail.
No ferrite could be detected in this weld using the ferritescops.

Second phase particles and some internal fissurss ware observed in

this weld but they were not assessed quantitatively.

(11) AISI 321 Welds

Examination of the fusion boundary region at low magnification revealed
narrow bands of elongatad microstructural features with varying
orientation. At higher magnification, a dendritic type structurs was
revealed with a similar appearance to the delta ferrites observed in
duplex weld metal. Undsr SEM examination no relief was observed in

the etched microsection, but thers wers grooves on the dendrites as
i1llustrated in Figs.4.68 and 4.69. This is a contrast with the
structurs of ordinary weld metal with a duplex structure in which

ferrite was observed standing as a proud phass in the austenite matrix.

Examination of other regions away from the fusion boundaries revealed
the same microstructural feature but with a different morphology. The

feature was distributed more uniformly in the cellular and isolated forms



with no relief as in the micrograph illustrated in Figurs 4.70.

No clear austenite grain boundary was detscted in this weld.

Near the top surface in thes central region there wers many units of
the cellular (blocky) pattern structure forming a groove within the
austenitic matrix. The ferrite content varied between 0.5% to 1% in

different regions as determined by the ferritescops.

Second phase particles and some internal fissuring wers observed in

these welds,but these features wers not assessed quantitatively.

A significant microstructural observation of these welds with 0.2%

nitrogen content was the presence of a narrow band of columnar structurs
at the fusion boundary and a cellular type structurs in the rest of thes
transverse cross-sectional arsa. The latter could be partly assoclated

with the grain refinement tendency of Ti and N in this wsld.

(111) AISI 316L Welds

Examination of the fusion boundary at low magnification revealed a
narrow band of elongated dendritic type structurae. The width of this
band of dendrite structurs was greater than in the corrssponding welds
for AISI 321. Examination of regions of the weld towards the centrs
ravealsd the structural features illustrated in Figurs 4.71 with no

distinct austenite grain boundaries and no grooves.

Near the top surface in the central region thers wers many units of the

cellular (block-1ike) pattern structurs in the austenite matrix.
The ferrite content was 1% as determined using the ferritescope.

Second phase particles and internal fissure were observed in this weld.

This particular weld exhibitad mors internal fissuring than any of the
other austenitic welds produced with applied nitrogen.
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4.3 Submerged Arc Butt Welds of Duplex Structure

Single run square groove Joints butt welda wers produced.
In thesa austenitic stainless stesel AISI 316L and 321 plates
of different characteristics wers used in the restrained

condition. The results wers as follows.

Examination of fusion boundary region at low magnification
revealed a cellular dendritic type of solidification sub-
structurs. Examination of other regions away from the fusion
boundaries revsalsd a uniformly_diatributed cellular-typs

atructure.

High magnification examination revealed that the gensral micro-
structural featurss and ferrite morphology wers almost simllar
to those described in corresponding bsad-on-plate welds. Welds
produced in AISI 321 plates consisted mainly of a block typs
pattern structurs with irregular cellular ferrits networkas within
tha blocks. The AISI 316L welds exhibited a mors elongated
cellular structurs. A significant microstructural observation
was the presence of a completsly cellular type austenitic
structurs in the central region of some of the high heat input

single run 316L welds as 1llustrated in Fig.4.72.

High heat input walds in deformed plates exhibitsd many surfacs
marking, 1.s. deformation bands or close packed plans in the
welds as i1llustrated in Figs.4.73-4.75 which gives micrographs

of the following welds T13 and F

2 from AISI 321, and U2 from

AISI 316L.

The surface marking did not pass through the delta ferrite phase,

but there was a continulty bstween these marks in either side of
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the ferrite sometimes with a change in orientation, so that

in most cases the numbers of lines wers equal.

Second phase particles, 1.s. oxides, surface fissure and voids
were observed in these welds but the austenite/ferrite inter-phase
eeparation was the most common featurs observed in the single-run
high heat input welds. Typical micrographs of differant walds

are i1llustrated in Figs.4.76 and 4.77. In the defective regions
the ferrite dendrites wers continuous whilst the cavities and
separation were assoclated with the austenitas phase which appeared

to be hot-short in solidification.

The results of delta ferrits contant measurements of thess various

welds are givan in Table 4.7.

Microstructurel Studies of the Heat Affected Zone (HAZ)

Examination of the HAZ region of differesnt welds revealed that
the microstructural featurss in this region varied from plates to
plate. This variation was dependent upon the welding heat input,
the parent plate specification and its thermomechanical treatment.
The main microstructural features observed in the HAZ region of
various welds wers :

(1) variation in austenits grain size,

(11) wvariation in fusion line,

(111) variation in internal fissuring and segregationg,

(iv) variation in ferrits content.

(1) Welds produced with different heat inputs revealed that the
austanite grain sizs in the HAZ region slightly increased with

increasing heat input.



Comparison of the HAz region of different welds produced by MIG
walding revealed that the heavily deformed plates exhibited. many
re-crystallized austenite grains whilst thers were virtually no
changes of the austenitic grains in the HAZ region of the other

plates.

(11) The weld was generally bonded at the fusion line by a trus
HAZ of the base metal. However, in sub-arc butt welds produced

with high heat inputs, thers were some regions in which tha weld
was bonded to the HAZ with a narrow band of partially ‘melted zone

as i1llustrated in Fig.4.78.

High heat input butt welds produced in deformed plates in the
restrained conditions revealed the continuity of austenitic grains
and surfacs marking from the HAZ across the fusion line into the
weld as 1llustrated in Fig.4.79. It is apparent that the grains
in the fusion zone grow dirsctly from the unmelted base metal and
surface markings, i.e. close packed plane are perpetuated into
the fusion zone. This suggests that the weld metal grains grow
epitaxially by wetting the partially melted grains in the base

metal.

(111) The degres of fissuring varied from plate to plate but no

logical pattern was established.

The sagregation (coring) in the parent plate described sarlier
pergisted through the thermal cycle produced in the HAZ by the welding

processas.

(iv) Only cold rolled plates revealsd a considerabla amount of

ferrite in the HAZ as illustrated in Fig.4.80; whilst the ferrits
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4.5

phase was not observed in the parent plate prior to welding.

It appeara that tha preeenca of ferrite is associated not only
with the decomposition of austenite above the AC4 temperaturs,
but also with the nature of the cold rolled plates, e.g. residual
atrain, finer grain size and higher dislocation density etc,
which provide favourable conditions for ferrite formation and/or
ferrite retention at room temperaturs. However, further work is

necessary to study the microstructural features of HAZ regions in

more detail.

The Weld Metal Scanning Transmission Electron
Microscopy (STEM) Results

Thin foil specimens obtained from the transverse cross sectional
area of some of the welds wers examined by STEM. This analysis

was carried out to clarify some of the microstructural featurss
and to supplement the information derived from optical and scanning
electron microscopy. In this context the inclusion chemistry and
the Bs0lid etate partitioning of Cr and N1 in 8 ferrite and y wers
considered. In accomplishing this, the microstructurs of these

welds were also characterised.

The solute distribution’of chromium and nickel were studied-by deter-
mining the concentration profiles and mors accurately by point count
measurements at various locationa. The distribution coefficient,

Ke,Ie and the segregation ratio, Is for selected elements, were also

measured, where 1@

c

Ke = -r_.-'?- = Wt % of X in ferrite at the dendrits core (4.1)
o nominal composition wt%

Ig = fﬁ!&

T s wty of X at the interdendritic spaces (4.2)
o nominal composition wt%



I, ~ == wt} of X at the interdendritic spacss (4.3)
cD wt? of X at the core of dendrites

where : C, = is the concentration measured in primary
dendrite core

cID- is the concentration in the last solidified
region (at interdendritic region)

CD = nominal composition

the detailed observation made was as follows :

(1) Weld Metal 250RH Bsad-on-Plats - 316L Prehsated
Parent Plate

STEM studies of thin foll specimens revealed dislocations in both
austenite and ferrite. The dislocations formed cellular nstworks

and they accumulated mainly at the austenite/ferrits phass boundaries
as 1llustrated in Fig.4.81. STEM spot analyses wers carried out at
intervals along a line completely traversing ferrite regions starting
and finishing in the adjacent austenite. The results ylelded the
concentration profiles for chromium and nickel given in Fig.4.82

(a to d). The maximum of ths chromium and the minimum of the nickel
concentrations were located not at the cors of the ferrite but towards
the adjacent austenite near the interphass boundaries. In some cases,
thers wera a large relatively uniform concentration of chromium and
nickel across the ferrite in the cell core and tha absence of a
chromium final transient as proposed by Lippold et a{?1]Typical
concentration profiles for chromium and nickel are given in Fig.4.82(d)
and the values found for the chromium and nickel at ferrite/austenite
interphase boundary were different for selected regions. The inter-
phase region with high chromium and low nickel concentration also had

the lowest iron concentration, 1.e. 67%. Morsover, the concentration
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profiles in the austenite interphase region on either side of
a ferrite region were different and usually the nickel concsntration

varied inverssely with the chromium content.

Replicate determination of concentration profiles across several
selected ferritse rsgions all yilelded similar results in principel.
Table 4.8 gives the distribution coefficlents and segregation

ratio, obtained respectively.

(11) Weld Mstal 18FN, Bead-on-Plats 316L S.A.W.

STEM studies of thin foil specimens of this weld metal revealed the
presence of adendritic and isolated grain boundary ferrite structurs
as 1llustrated in Fig.4.83. Their presence 1s consistent with the
ferrite observed by optical microscopy. Dislocations wers distributed
in both ferrite and austenite phases. Comparison of ferrite and
austenite grains revealsd that the former exhibited less dislocations
and were mors straln fres than the austenite grains. Dislocation
tangles were generally accumulated at the austenite/ferrite inter-
phases boundaries. In soms regions the austenite grains exhibited
micro-strain possibly due to the rapid cooling rate expsrienced by
this weld metal (i.e. thermal strain transformation strain and
solidification shrinkage). Typical STEM micrographs are illustrated

in Fig.4.84.

The results assoclated with differsnt regions consistently resvealad
that the N1 and Cr concentrations ars a minimum and a maximum at the

core of ferrite respectively.

The nickel concentration increases continually towards the interphasa
boundary and within the austenite grains in both sides of the ferrits.
It reaches a maximum within the austenite rsgion as 1llustrated in

Fig.4.85(a to d). The chromium concentration is inverse to that of
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nickel in that it is a minimum in the austenite and increases
continually towards the interphase with the maximum at the core

of delta ferrits phass.

The significant observation was the presaence of the maximum chromium
concentration in the core of ferrite rather than at the interphase
boundaries of austenite and delta ferrite as observed in weld 250RH.
Furthermore, the chromium and nicksel concentrations wers mors
symatrically distributed around the ferrite towards the austenite
grains on both sidea of the ferrite. The core of ferrits dendrite
has tha highest chromium, (i.s8. 27%), the lowest nicka;. (1.8. 5%)
and iron concentrations (i.s. 68%). The concentration gradient
of chromium and nickel in the asustenitic grains were more uniform
than in weld metal No.250RH. The spot analysis of chromium and
nickel concentration in the austenits phase were 20% and 10%

raspactively which is close to the nominal composition obtained faor

this weld (i.e. 17.8% Cr and 11.7% Ni).

Table 4.8 gives the distribution and segresgation ratio obtained from

thin folls specimens.

(1i11) Sigg;a Run Butt Weld. SAW, 316L and 321 Plates

Thin foil specimens from welds K and U were examined by STEM.
Dislocations were distributed in both the austenite and ferrite phases
and ware mainly pilled up at the austenite/ferrite interphass bound-
ariea. In some reglons the ferrite appsared to contain less disloc-
ations and to be less highly strained than the austenite phase.
Typical micrographs of these welds are illustrated in Fig.4.86 and
4.87 respectively. Generally the austenite/austenite grain boundaries
wers free from dislocations and any precipitated particles as 1llus-
trated in Fig.4.88, but in a few cases fine precipitatas wers observad

at the austenite grain boundaries. Attempts wers made to identify
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these precipitates but the electron diffraction patterns were

too complex to be interpreted as thay did not correspond to

simple carbides. At this stage it was not possible to identify
them, but they appeared to be genuine and not the result of surface

contamination. Further work would bs necessary to identify them.

Second phase particles were observed occasionally within both the
austenite and ferrite phases as illustrated the typical micrographs
given in Figs.4.89 and 4.90.

Furthermore, selected particlss were analysed by EDAX. The results
are given in Fig.4.91, which shows that the particles varied both

in composition and in the slements identified.

STEM analysis results revealed that chromium accumulated at the
austenite/ferrite interphase boundaries. The concentration profiles
of nickel and chromium in the austenite grains on both sides of the

ferrite phase at the interphaseboundaries ( §/y) . were different.

Fig.4.92 gives surveys of spot analyses yialding the concentration
profiles of nickel and chromium in different regions. Tables 4.8
gives the distribution coefficients and segregation ratio obtained.
Thin folls obtained from these welds exhibited edge cracks as
i1llustrated in Fig.4.93. It is difficult to decide whether these
cracks are an artifact introduced during thin foll preparation or
an effect reflecting some feature of the bulk material, e.g. grain

boundary weakness or stress rslaxation.

4.8 Mechanical Properties of Different Welds

(a) Charpy test data : A minimum of six impact test specimena from
each weld metals were tested at room temperature and at cryogenic

temperature using liquid nitrogen (77 K) and the results ars



given 1in Fig. 4.94 and 4.95

The highest impact energy value was associated with the

weld prespared with hot-rolled furnace-cooled conditions plates and
the weld prepared with cold-rolled parent plates shows the

most scattered results. Lateral expansion values obtained

from different weld metal impact test specimena tested at

cryogenic condition (77 K) are given in Table 4.8.

(b) Tensile Testing

Duplicate tensile test specimena from selected welds were
tested in cryogenic conditions. The results are given in

Table 4.10.

(c) Fractography

Fractured surfaces of test pileces from both the charpy and
tensile tests wers selectad to rspresent materials with high
and low strength and ductilities and examined. All of the
fracture surfaces exhibited equiaxed dimples indicative of
ductile fracture with some micro cracks as illustrated in
Fig.4.96. Microstructural studies were performed on soms
gently polished and etched fracturs surfacss. The results
ravealed the presence of interphase boundary separation (delta
ferrite/austenite boundaries) and/or void initiation in the
austenite matrix (Fig. 4.87). In many cases the austenite
matrix was broken apart, but ths delta farrits was unbroken in
the same regions (Fig.4.98). In soma cases the crack was
propagated in the austenits and arrested by tha delta ferrite

phase.

Moreover, as the separation of the austenite phass was considered

to be dus to hot tearing as well as to vold coalesence during
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the fracture sequence, further work was carried out to study

tha microstructura of thesa welds in the as-welded condition,

i.s8. prior to mechanical testing. The results of microstructural
studies of thess specimens confirmed that some volds and inter-
phase boundary separation were already prasent in the walds before
testing. Posalbly the vold coalesence can be assoclated with the
cavities formed by hot tearing induced during solidification of
the weld metal. 1In some cases the cavities were observed in the

region of surface marking (close packed plane) in the austenitic matrix.

Further experimental work was carried out to study the presence

of surface marking in austenite grains. A single run butt weld
with a low heat input was produced in the unrestrained condition.
Microstructural atudies of this weld revealed that no surface
marking was present in the austenitic matrix. Tensile tests wers
performed in this weld. Microstructural examination of the deformed
tensile test specimens showed very complex microstructures. However,
deformation bands were observed passing through both austenites and
delta ferrits phases. It thersfors appears that the presence of
deformation bands could be associated with the early stages of
solidification, possibly as a result of induced stresses, 1.s.
solidification shrinkags or thermal stresses. Howsever, further work

is necessary to study this phsnomenon in more detail.

(d) Hardness Tests

The results of microhardness testing for various bead-on-plate
welds are as follows:
(1) Submerged Arc Welds:

Table 4.11 shows the hardness values of various welds. The rasults

revealed that the hardnass was increasad by reducing ths heat input
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and/or by increasing the cooling rats. On the basis of
microstructure the high heat input wselds with well developsd
dendritic type structure wers softer than those of lower haat
input with regions of interdendritic austenite, dispersed and/or

i1solated ferrite.

(i1) Mig Welds :

Table 4.12 shows the hardness valuss of various wselds. Despite
using similar welding conditiona the hardness valus changes in
different welds. Genserally welds with cellular and-lath (sids
plate) type ferrite morphology had the highest and the lowest

hardness valuss raspactively.

Comparison of different ferrite morphologies revealed that the
hardness value dacreases in order from the sequence cellular,

varmicular and lath type ferrite.
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5. DISCUSSION

5.1 Introduction

The literature survey presented in Section Two was concerned with
the metallurgical characteristics of austenitic stainless stesl

and 1ts weld metal it placed particular emphasis on ferrite content
and its morphology. A desirable wsld metal microstructurs contains
a small amount of ferrite; the content and morphology are depsndent
on the slectrode/base metal composition, welding parameters, and

weld metal cooling rate. Ths weld metal mechanical propertiss can

Cr egqv.

NL eqv. ratio,

L J
be improved by (1) adjusting the alloying composition or
(11) reduction of impurities, (ii1i) controlling welding parameters,

(iv) protecting the weld pool from atmospheric contamination.

A great deesl of work has been carried out to study the solidification
of weld metals by considering either the solidification ssquence or
focusing on grain refinement mechanisms. Howsver, tha datails of

the solidification mode, the mechanisms of grain refinement, ferrite
formation and ferrite morphology remain controversial issues, dus

to the variation in the parent plates, slectrode wirs, fluxes, waelding
techniques and parameters such as heat input, cooling ratea used

praviously.

In the present work the approach adopted was to study thess variables
individually. The parent plates were prepared from billets of AISI
types 316L and 321. The plates werse further worked, heat treated

to produce a range of plates 12mm thick. These platss have
identical chemical composition, but differing microstructural char-
acteristics. Details of parent plate preparation are given in
Section 3.2. The microstructure of both parent plates of different

characteristics and their weld metals wers studied and particular
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attention was given-to the effact of titanium as a grain

refiner in AISI type 321 walda. Unlike previous studies which

were solely based on the variation in weld metal composition the
approach adopted in the present work was to consider variables

such as (1) welding parameters and (11) the parent plate of different

microstructural and mechanical bshaviours.

Four main categories of welds were prepared as follows:

1. Submerged Arc Bead-on-plate welds of duplex structure by using
parent plates in the as-received condition but witq different
walding parameters and conditions, (plates of identical chemical
composition).

2. Metal - Inert - Gas (MIG) Bead-on-plats welds of duplex structure
by using nominally identical wslding conditions but with parent
plates of different characteristics (plates of identical chemical
composition).

3. Metal - Inert Gas (MIG) Bsad-on-plate welds of austenitic structure
by using nominally identical wslding parameters, but with the
addition of nitrogen gas to the argon atmosphers of the shislding
gas to encourage austenits formation.

4. Submerged Arc (S.A) Butt welds of duplex structurs by using nominally
identical welding parameters with parent plates of different

characteristics, (plates of identical chemical compositions).

Detalls of the wselding procedurs and conditions ara given in Section

3.4.

In the present work, the effect of alloying elements, wslding para-
metera, 1.8. heat input, cooling rates and parent plates metallurgical

characteristics were considered.



In addition, an attempt has been made to study the effect of
nuclsation and growth phenomena in the solidification’beshaviour

of weld msetal.

The experimental work was approached in the present investigation
by considering each variable individually and this has provided
necessary guldelines for the examination of microstructurs, and
solidification beshaviour of welds. This could form the basis for
further attempts to study the ferrite dendrite development and

the grain refinement of austenitic stainless steels wrich have

not been considered by previous investigators. Furthermors, it
could help to slucidate the entire question of ferrits formation,
morphology, content and location in the final grain size which is
important in assessing the beneficial role of ferrite in preventing

hot cracking in austenitic stainless stesl welds.

The results presented hers show that thes outcome of the final
microstructure; the ferrite content, its morphology and thus the
mechanical properties ars determined by (1) the nature of the solid-
ification which is a diffusion controlled process, (ii) the cooling
rate, (1i1) the presence of certain alloying elements, 1a. Ti which
enhanced the weld metal grain refinement , (iv) metallurgical char-
acteristics of the parent plate which influenced the nature of solid-
ification mechanism by the spitaxiality of growth and/or providing

a soltable number of nuclei for the start of solidification. The
results from the work described in this thesis provide a basis to
ald the selection of parent plate, as well as designing welding
parameters which will permit a grsater control of the microstructure
of austenitic stainless stsel welds in terms of ferrite content, its

morphology and thus their mechanical propertiss. The following



5.2.1

discussion relates the results of the present work to the

previously published results of other workera.

Microstructural Variation in Austenitic Stainless Steel Welds

An attempt has besn made to relate the microstructural fsaturas
of the welds with the information given in published work with
spacific referesnces to:

(1) weld metal microstructure classified by S.Davidta7] and
SUttana_[100.102]

(11) weld metal ferrite content and its mnrphalogy;

(111) wsld metal Cr and Ni equivalent based on schasffler type

constitutional diagram(53-54-55.871

(Figs.2.3 (a and b).

(iv) weld metal classification based on the Hammer and Sevanagggal
relations represented by squations 2.6 and 2.7.

(v) weld metal solidification characteristics as modified by

previous investigatnrs.t41'aa'gu'91'93'98'97'103'109]

AISI 316 Bead-on-plats S.A. Welds

Several welds were prepared by using different welding conditiona
as described in Section 3.4. Details of microstructural studies of
various welds and their representative micrographs were given in
Section 4.2.1.1. The objective of this part of the research was to
i1llustrate the effact of various parameters such as (1) cooling
rate, (11) heat input, and (1i11) restraining condition of parent
plates on the solidification.behaviour and room temperaturs micro-
structurs of welds.

(a) tha wald metal ferrite content The ferrite

measuremsntsa wers carried out by using (1) ferritescope, (11)
quanptitative metallography and (iii) calculation from the chemistry of

welds by considering the geometry of the schasffler-Delong diagram



(Figs.2.3 (a,b)). The results of the ferrite content ares shown

in Table 4.5. Comparison of different welds showed that the ferrite
content measured by quantitative optical metallography was slightly
higher than that measured by the ferritescops. This is probably dus
to the presence of other microstructural featuras taken into account
in conjunctionwith the ferrite as explained in Section 4.2.1.1. It
appears that other measuring devicass, such as the ferritesscope ars
not sensitive to such a microstructural featurs, i.s. internal fissure
whilst the results obtained by quantitative metallography are
influenced by them; and therefore recorded less farr;ta content than

that given by quantitative metallography.

Another factor that influences the ferrite measursment by QTM is the
extremelysensitive adjustment of this equipment known as "threshold
setting” which determines the point at which thas machine discriminates
light from dark and makes it possible to measurs the amount of second
phase present in the weld metal. The representative micrographs

in Fig.4.35 demonstrate the error in ferrite measursment that can
result from adjustment by "threshold setting® for revealing the

ferrite phass.

Table 4.5 shows the ferrite content of different bead-on-plate welds.
It shows that, wald F1 with the high heat input and weld F12 with low
heat input have 7.5% and 5% ferrite content respectively. Welds
produced by using similar welding parameters but differsnt cooling
rates in group v of Table 3.8 had different ferrits content, i.s.
weld 18FN had a lower ferrite content and, weld 250RH had a higher

ferrite content in this group.



The rasults presented above show that the ferrits content is a
function of heat input and cooling ratss. In order to investigata
more fully the effect of cooling rates a simplified Rosenthal
aquetiontsa] as given in Section 2.3 was used. Comparison of
different welds showed that weld F1 (with the highest heat input)
has a lower cooling rate, weld F12 (with the lower heat input) had
a higher cooling rate and weld 18FN, which was prespared with similar
heat input as weld F12 but under differsnt conditions, had the
highest cooling rates. Weld 250RH which was produced on a prsheated

parent plate and flux, shows a lowsr cooling rate and a higher

ferrite content than corresponding welds of a similar heat input.

Comparison of various welds ravealed that thers is a tendency for
the ferrite content to increase as the heat input is raised, i.s.
reducing cooling rate, or as thse parent plates ambient temperature is
increased. These results are in agreement with the findings of

54,86,8
pravious work. ( 8) In addition to the variation in ferrite

content between various welda: some differences were observed in the
ferrite content of the individual welds both in transverse cross
section and along the length of the weld. Variation in ferrite content
and its morphology were noticsed in different regions in the transverss
cross section area of the welds. The ferrite content measursment of
some welds by ferritescope showsd tha presencs of a higher ferrite
content in the upper part nugget arsa of the weld than the lower part.
This may be associated with the (1) heterogenity of the weld micro-
structure which was inherited from the solidification mechanism;

(11) variations in growth rate with refarence to the cooling rate;

(111) compositional variation dues to the dilution with parent plats,

and (iv) effect of chemical reactions which affect the presence of
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certain allaoying elements, i.e. Cr Ni in the weld pool. However,
further work is required to identify which of thess parametera
i1s responsible for the rsported variations in ferrits content

within welds.

The slight increase in ferrits content along the length of tha weld
could be assoclated with the heat build-up resulting from the
heating of the parent plate during welding. As welding progresses
the temperaturs of the plate increases from the origin to the final
temperaturs. The cooling rats is controlled by thes temperaturs
differential between the solidifying weld and tha ;LJacent parent
plate at the beginning and the end of the weld bead, thils suggests
that the weld metal microstructurs is influenced by the length of
the wsld bead. Another possible reason for the variation in ferrite
content in high welding energy input welds could ba dus to the self-
resistance heating of the electrode cors. In thess cases a desper
arc crucible with a greater rate of flow of metal across the arc
occurs towards the end of the weld than at the beginning of the weld.
Alteration of the weld pool chemistry is likely with the possible
raduction in the amount of nitrogen and the consequent incraeasa in

the ferrite content.

Furthermore, predicting the ferrite content by considering equations
2.2, 2.3 and 2.4 showed inconsistency in the amount of ferrite in
each weld, using these expresions, and contributed to the variations
in weighting factors used in the establishment of theses sxpressions
as well as the variation in alloy composition, welding conditions and
cooling rate for the different welds.

(b) Microstructural Variation in Low Hsat Input Welds

Microstructural studies showed that the solidification substructure



and the conssequent dendrite morphology changed from the fusion
boundary towards ths centre and the top surface of tha weld.

The ferrite morphology was that of a skeleton of dendrites with
austenite formed as an envelopearound the dendrites. The ferrits
dendrites bscome better dsveloped as the growth proceeds towards

tha centre of the weld.

The main microstructural features assocliated with low heat input
welds was the presence of wide bands of austenite matrix separated
by ferrite dendrites, some isolated dispersed ferrite within the

]

austenite. A substantial proportion of the austenits/ferrite

interphase was linsar. .

(c) Microstructural Variation in High Heat Input Welds

Welds produced with high hseat input had a higher ferrite content.
They showad more elongated ferrite dendrites with wide, well developed
saecondary and tertiary arms. The individual ferrite streams were
separated by a narrow band of austenites, and the austenite/ferrite
interface had a more rounded shaps. The solidification substructure
was comprised of raft or axial typs structurs in transverse cross
saction, the fusion boundary region has a cellular dendritic to
columner dendritic type growth, as shown in Fig.4.32 (b), whilst
the central region promoted a transition to a more dendritic growth
mode with the absence of any reflned structure. The cellular type
etructure in the fusion boundary region could be assoclated with
stesp thermal gradients and a comparatively low solidification rate
with a low level of constitutional super cooling. Moving away from
the fusion boundary towards the central region thers wers mores
dendritic typs structurss because of the shallowsr thermal gradient

in that region. Thess results are in agreement with the findings of



(108)
Savaga et al.

(d) Microstructural Variation in Rapidly Cooled Welds

In the fusion boundary region these welds showsd elongated dispersed
ferrite forming in a general pattern of cellular dendritic type
structure. As the growth proceeds, the dendrites widen and elongata.
They are separated by wide bands of austenite matrix together with
some lsolated dispersed ferrite within the austenite. Ths farritic
dendrites consisted of open branches with some tendency to a lath
type structure. These welds showed more elongated typs
ferrite with no symmetrical side branch structurs and some lath type

ferrite morphology.

The presence of lath ferrits structure in weld metal was auggastedtaa)

to be associated with the primary ferrite solidification, and/or high
%} ratio. More investigation concerning the transition from skeletal
ferrite to the lath ferrite morphology revealed that, the formation of
lath ferrite is related to the degrse of primary ferrite solidification
and tha cooling rate, as well as the transformation tamparatura.tas]
That is, if the transformation,occured at sufficiently high temperaturas
with moderate cooling rates the ferrite to austenite interface could
recede in a planar fashion, producing the skeletal ferrite morphology.

If the transformation proceeds at lower temperatures, (higher %;-ratioa)
or faster cooling rates, the ferrite to austenite interface bresaks

down and grows by an edge-wise growth of existing ausfenite consuming
the ferrite. The present results showed that the lath ferrite morphology

was associated with weld metal, produced at high cooling rate.

(a) Microstructural Variation in Ultra Cooled Welds

Welda in group five in Table 3.8 were produced under specific conditions.
Wald 18FN had a slightly higher nitrogen content of 0.05% compared with
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5.3

the rest of the welds with duplex structure recorded in Table 4.4.
However, the nitrogen content of 0.05 was far less than that of
weld L10 which sxhibited the austenitic type structure. The
nitrogen content of these welds were within the range of basic
compositions[7'85] as specified for the type AISI 316L weld. As

a result of the high cooling rate these welds showed lower ferrite
content than the remainder of the welds. The general solidification
growth is towards the centre and top surface of the weld with the

solldification substructure appearing in a cellular type pattern

structure as shown in Fig.4.46.

The presence of elongated ferrite with no side branch structure
adjacent to the fusion boundary could be associated with the high
cooling rate and probably corresponds to the eutectic type structure
as classified by Fridrikson et a1,[40) Schurmann et al. The latter
showed that the Fe-Ni peritectic changes to a eutectic at 75.8% Fe,
9.6% Ni and 14.6% Cr. As growth proceeds inwards more dendritic
type structure is formed, some with 1lath type structure which

has no symmetry in respect of the ferrite dendrite core.

The Effect of Parent Plate Characteristics and Restraining
Conditions

In the previous section the influence of various welding process
parameters; cooling rate, thermal gradient, and solidification rate
on the weld metal microstructure were discussed. Here, the influence
of other variables regarding the parent plate such as : (i) thermo-
mechanical treatment, (ii) restraining conditions and (1ii) chemical
composition on the weld metal microstructural features are discussed:
(a) Microstructural studies of different welds produced on a parent

plate in the as-received condition after solution treatment showed
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that, they generally consisted of dendritic ferrite of vermicular
morphology. The dendritic ferrite became more developed as
inward growth proceeded.

(b) Welds produced on a parent plate with different metallurgical
characteristics (as explained in Table 3.7) showed various ferrite
morphologies in different welds as well as the different regions

within the transverse cross-section area of each individual weld.

High magnification microstructural studies at the fusion boundary
region of welds produced on deformed plates showed the presence of
differently oriented ferrite dendrite with no symmeé;ical side
branch arms or in some welds a cellular type ferrite morphology.
Mircostructural studies showed that, further into the weld, there
was disoriented ferrite similar to the vermicular type morphology
with open arms and some randomly distributed isolated ferrite within
the austenite matrix. Usually the weld metal microstructure in the
central region and towards the top consisted of block type patterns
with a cellular ferrite network within the block. The blocks were
embedded in the austenite matrix with grooves formed around tham.
The presence of grooves in austenitic regions suggests the formation
of primary ferrite solidification mode and the formation of austenite
from chromium depleted liquid which is more sensitive to the etching

reagent and attacked more quickly than ferritic structure.

The cellular ferrite morphology ohserved in these welds was not

identified in the classification of ferrite morphology given by

(87,88) (89,81)

David et al or Suutala et al shown in Figs. 2.4 and

2.5 respectively.

Comparison of different weld ferrite content showed that the welds
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produced on heavily cold rolled plates had higher ferrite content

than the other welds as shown in Table 4.5. Considering the similarity
in the welding condition, i.e. heat input, coocling rate, and parent
plate composition revealed that, the increase in ferrite content is
attributed to the variation in metallurgical characteristics of cold
rolled plate such as smaller grain size, (Table 4.1) higher strain
energy, and high dislocation density in cold rolled parent plate. It
is apparent that, the associated characteristics of the cold rolled
plates has increased the ferrite content by allowing the growth of more
nuclei of the first solidified phase (i.e. primary ferrite) during the

early stages of solidification.

Different types of hot cracks were observed in austenitic stainless steels
and many explanations have been proposed to describe the cause of hot
Cracking.[8'80’123) All these cracks, however, form while a small amount
of liquid is still present, which allows the grains to separate under the

thermal shrinkage stresses resulting from cooling. This liquid is often

present below the bulk solidus resulting from the segregation of minor

alloying elements or impurities.{123) The comparison of different welds

show the presence of large quantities of internal fissures, (micro cracks)
and ferrite/austenite interphase boundary decohesion were pronounced in
welds produced in restrained parent plates and at high cooling rates, as
explained in Section 4.3. The interphase boundary separation along the
ferrite/austenite with low interfacial energy could be due to high

straining and cooling rates under these welding conditions.

Comparison of the microstructure of different welds produced on AISI type
316L and AISI type 321 plates showed that, the ferrite morphology of welds
produced on 316L plates was that of skeleton of dendrites with aust-

enite formed as an envelope around the dendrites. Welds produced on

AISI type 321 plates showed that the ferrite was in a form of cellular

network (block type pattern) surrounded by austenite which was forming
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a groove around ferrite. The ferrite appears as a core of

dendrite and stands as a relief phase embedded in the austenite

matrix. The presence of grooves in surrounded austenite recorded

in this investigation are due to the compositional variation during
solidification. The STEM analysis showed that the compositional

profiles exhibited a shape consistent with that expected from solid-
ification with KNi <1 and KCr > 1 as recorded in Table 4.8. This suggests
that the solidification involves the formation of primary ferrite and the
formation of austenite from the chromium depleted liquid which is

less resistant to etching reagent and is dissolved quickly by it.

Depending on the thermal gradients and solidification rate

the ferrite dendrite development varied in different regions of
transverse cross-sections, i.e. fusion boundary and central regions.
The ferrite dendrite became more well developed as the growth procedes
towards the centre of the weld. However, the ferrite morphology
remains vermicular despite its dendriticdevelopment for AISI type 316L
and cellular structure for AISI 321. The absence of vermicular
ferrite morphology was noticeable in welds produced on AISI type 321
plates. This type of ferrite morphology was not identified by David

et al[87] or Suutala et 31[100’102]

classification of ferrite
morphology. Considering the similarity in welding conditions for these
welds,the presence of cellular type ferrite morphology in welds produced
on AISI type 321 is attributed to their solidification behaviour in

the presence of certain alloying elements, i.e. Ti and C inherited

from the parent plates and acting as a grain refiner agent.

Bead-on-Plate Welds with Austenitic Type Structures

These welds were produced on different type austenitic stainless steel
(discussed in Section 3.4.2.2) with the addition of nitrogen to the

Argon atmosphere of the shielding gas. The microstructural studies of
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these welds showed the presence of an austenitic type structure
where a columnar mode of solidification was dominant. The tran-
sition from ferritic freezing to "austenitic fréezing" observed
in the welds was in agreement with the transition predicted by
the chromium and nickel composition equivalent diagrams to be con-

sidered in the next Section.

The addition of nitrogen changes the solidification sequence from
having the primary ferrite to having the primary austenite as the
leading phase. Therefore, its influence on the freezing mode is

A

consistant with the nature of nitrogen as an austenite stabilizing

element and is in agreement with the work of Fredriksson[40] and

Delong.[54]

Despite the use of similar welding conditions, small amounts of
ferrite in the range 0.5-1% and 1% were detected by the ferritescope
in samples provided from welds AISI 321 and AISI 316L respectively;
whilst welds prepared from AISI 304 did not show any ferrite. The
variation in ferrite contents is attributed to the large scale
segregation associated with the solute rejection at the advancing
solidification front. The addition of nitrogen enhanced the form-
ation of primary austenite at the core of the cellular dendrites
enriched in nickel and depleted in chromium. As a result the last
liquid to solidify is enriched in chromium and promotes the formation
of a divorced eutectic mixture of austenite and delta ferrite located

(44,90,86) Furthermore, it has been stated[ESJ

at interdendritic regions.
that, at low ferrite levels, the ferrite is usually distributed along

triple points, or corners of the cell boundaries. As the amount of

eutectic ferrite increases, the number of cell boundaries which contain
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ferrite increases and it sometimes becomes difficult to distinguish
it from skeletal ferrite; this ferrite is sufficiently enriched
in ferrite stabilizing elements to remain ferritic upon cooling

without solid phase transformation to austenite.

An attempt was made to investigate different microstructural features
of the welds by using scanning electron microscopy. Scanning electron
microscopy revealed complex microstructures, such as dendritic type
patterns similar in appearance to delta ferrite within the austenite

matrix, but with no relief, as illustrated in Figs.4.6 6. and 4.6 9.

-

From the above discussion, it is clear that there is scope for further
work to investigate the origin of the reported microstructural features,
the effect of parent plate as well as a study of the amount of nitrogen
required for the production of desirable microstructure in austenitic

stainless steel welds.

Summary

The presence of cellular type solidification substructure in the
fusion boundary regions associated with a steep temperature gradient,
and elongated ferritic dendrites in the central region of welds
associated with shallow thermal gradients and high degree of constit-
(109)

utional super cooling, are in agreement with the previous works

which have related to microstructural variations in weld metal.

The solidification substructure of different welds were shown to
depend on their heat input; for low heat input welds the growth unit
changed direction towards the top surface of weld with no central
line or axial type structure. For high heat input welds in general,
a raft or axial type structure was observed. However, depending on

the welding condition for rapidly cooled welds a raft structure was
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shown to consist of columnar dendrites developed parallel to the
welding direction, whilst for restrained welds it consisted of a
more equiaxed rather than columnar dendrite. The microstructural
variation in different welds showed that, increasing the heat input/
or lowering the cooling rate at a fixed welding speed provided a
greater growth of dendrites by flattening the thermal gradient in
the weld pool. This resulted in an increase in the constitutional

super-cooling ahead of the advancing interface as explained by

Savage et al. (109)

The absence of refined grains in the central region is in agreement
with the work of Garland(110] who showed that the level of constit-
utional super-cooling in the melt is not the sole criterion deter-
mining the onset of a completely equiaxed solidified structure.
Furthermore, for high heat input welds neither significant nuclei
generation (i.e. free surface dendrite remelting) would take place
nor enough nuclei would grow to a sufficient size to generate an
equiaxed zone as expected in casting. Bearing in mind that other

grain refinement mechanisms such as chill zone and surface nucleation

and growth were absent in the weld pool solidification.

The microstructural studies in this investigation have indicated that
most welds exhibited either cellular, cellular-dendritic or a mixture

of both substructures.

An attempt has been made to measure the dendrite arm spacing, but
because of the complexity in different weld microstructures there
were some inconsistencies in results and, therefore, they were not
reported in this thesis. However, in general dendrites spacing
decreased with increasing cooling rates as shown in Figs.4.3 2,

4,4 7 and 4.5 1. The result of the present work showed that the
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5.8

increase in ferrite content as well as development of ferritic
dendrite arms are an indication of local solidification, thus
determining the time available for a diffusion controlled transformation
i.e. high cooling rates allow less time for lateral diffusion of
the rejected solute.

Microstructural Classification of Different Welds in
terms of Compositional Variation

(a) Chromium and Nickel Content

Traditionally weld metal microstructures were classified according
to their compositional variation and basically in resﬁect to Cr eqgv.,

Ni eqv, and their ratio.

In the present work a revised Delong[54)constitutional diagram was

considered, and the ferrite forming tendencies of the alloys are

reflected in their net chromium and nickel equivalent calculated as

follows:

Cr eqv =%Cr + % Mo + 1.5% Si+ 0.5% Nb (5.2)
Ni egv = % N1 + 30%¥ C + 30% N+ 0.5% Mn (5.3)
The results of Cr egv, Ni eqv and %g ratio are shown in Table 5.1.

The comppsition of various welds revealed that despite the variation
in welding conditions and consequent changes in ferrite dendrite deve-
lopment (i.e. morphology) the Cr eqv and Ni eqv were not changed
substantially as a result of the dilution with the parent plate. This
could be attributed to the use of the welding parameters within the
range recommended by the electrode wire and flux manufacturer. However,
the change in the weld metal microstructure could demonstrate the
important effect of cooling rate on the ferrite dendrite development
during the solidification stage as illustrated in Figs.4.32, 4.33

and 4.4 3.
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%% eqv for different welds showed that the lowest

Comparison of
value of 1.2 was associated with the weld L10 which exhibited the
austenitic type structure and the highest value of 1.61 was ass-

ociated with the weld K321 with the duplex structure. Furthermore,

the Cr and Ni equivalent values calculated by the following

expressiéﬁzgre given in Table 5.2.

Cr eqg Cr + 1.37 Mo + 1.5 S1 + 2 Nb + 3 Ti (5.4)

Niegq=Ni+ 0,31 Mn+22C+ 14.2 N+ 1 Cu (5.3

Table 5.2 showed that the Cr and Ni equivalent ratio values were
within the range of 1.42-1.74 which exhibited a primary ferrite
solidification made for all the welds including weld L10 which has
austenitic type structu;S?) Comparison of results of Table 5.1 and
5.2 showed the variation in Cr and Ni eguivalent values for each weld.
This is attributed to the variation in weighting factors used in

establishing these expression for welds produced under certain

standardised conditions unlike those used in the present investigation.

Microstructural Classification based on Schaeffler Type Diagrams

The compositions of different welds were expressed in terms of Cr

and Ni equivalent and plotted on the Schaeffler type diagram to
demonstrate the systematic relationship between the location of welds;
the amount of ferrite, and the type of microstructure. Studies of
Schaeffler - Delong diagrams (Fig.2.3) showed that weld L10 was
located in the austenitic region and the others were within the
austenite plus ferrite region. The room temperature microstructure
observed in this investigation was consistant with the type of
structure predicted by the Schaeffler diagram in terms of their

positions on the diagram.
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Consideration of the Schaeffler - Leone diagram (Fig.2.5) showed

that welds K, Z, 14R, 11R and K321 were located in the region of

§ +y with the formation of y phase from the liquid. The welds

BR and 18FN were located ip the border line between austenite and

§ +y region with the formation of Y from the liquid. -The weld

L10 was placed in the austenitic region. Microstructural studies
recorded in this investigation showed consistency with those predicted
by Schaeffler - Leone- Ke;fojiagrams in terms of position of the
alloys on the diagram. Referring to the Leone-Kerr classification
of weld metal microstructure in respect to E£-eqv giQen in Section

Ni

2.7, the present work shows that the %g-eqv varied between 1.2<%§ <1.8
Comparison of the present work results with the Leone-Kerr classific-
ation of weld metal microstructure showed that, the first solid-

ified phase is ferrite and austenite forms from the liguid. Micro-
structural studies showed that the ferrite was surrounded by aust-
enite forming a groove around them, the formation of grooves is
attributed to the effect of etching reagent on the surrounding aust-
enite which formed from the chromium depleted liquid as a second phase
and therefore sensitive to the etching reagent.

Using Hammer and Sevensson’'s expressiélos} (equations 2.6 and 2.7)showed

that for weld L10 the ¢>0 and the solidification sequence is as

follows:
L> L+ Yy~>Y
this indicates the formation of austenite as a primary phase, in
the remainder of the welds where ¢<0 the solidification sequence
is as follows:
L > L+ & L+ y+6~>y+4

this confirms the formation of ferrite as a primary phase and the
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austenite from the liquid. Microstructural studies recorded in
this investigation showed consistency with those predicted by

Hammer and Sevensson 's expression.

Comparison of the present work results with the Suutala et al[100’102]
classification of weld metal microstructure in terms of %% eqv
explained in Section 2.7 shows that, bead-on-plate weld K321

with the %%-eqv ratio of 1.61 classified as primary ferrite solid-
ified phase on which the austenite was forming from the melt.
According to their classifications, the ferrite in t@is weld should
have a vermicular morphology with any lath ferrite present being
located mainly on the cell axis., Microstructural studies for this
weld showed the primary ferrite solidification but the presence of
cellular type ferrite morphology was not identified by the Suutala et-

(100,102} Cr
al ferrite morphology classification. The —— eqv for welds &R,

Ni
14R, 18FN and 11R produced in different welding conditions were
<1.48. According to their classification these welds were solid-
ified as primary austenite with ferrite forming from the melt between
austenite or dendrites as eutectic. Microstructural studies of

these welds showed that this view is not consistant with the finding

of the present work.

The results of the present work concerning the ferrite morphology
and solidification mode are not in general agreement with the
(100-102)
finding of the Suttala’s work; microstructural studies show the
presence of ferrite surrounded by austenite forming a groove around
it. This is attributed to the primary ferrite solidification and
the formation of austenite from the Cr depleted liguid. Whilst this
type of microstructure has been classified as primary austenite

solidification according to their tr eqv in Suttala(100’102)

Ni

classification.
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The differences in solidification behaviour and ferrite morphologies

in the present work w&th the generalised classification of weld
(100-102)
metal microstructure stated by Suutala et al, were associated with
the alteration of the variables such as (i) weld metal composition,
(ii) parent plate metallurgical characteristics, (iii) welding
conditions, (iv) cooling rate, involved in the present investigation.
The present work result show the important role of these variables
on the ferrite morphology and the solidification mode of weld metal
and emphasised on the necessity for classification of weld metal
microstructure in terms of given variables rather than only tr eqv

Ni
as stated by Suutala et al,[100’102J

(b) Carbon and Nitrogen Content

The presence of carbon and nitrogen as austenite stabilizing elements,
alter the primary solidified phase and hence the solidification
sequence of welds. The combined total C + N was represented as

C equivalent as given in equation 2.6 and expressed by Hammer and
Sevensson[qos) The results of Ceqgv for different welds are given
in Table 5. 3. Based on the Hammer and Sevenssontqos] classification
the bead-on-plate welds K321 and 14R were solidified as primary
ferrite followed by secondary austenite. Weld L10 with 0.2% N was
solidified as primary austenite with no solid state phase trans-
formation. Butt weld K321 showed a simultaneous solidification of
ferrite and austenite and both were classified as a primary phase.

All of the remaining welds, i.e. B8R, 18FN and 11R were solidified

as primary austenite with an inter-dendritic ferrite.

Despite the high Nitrogen content of weld L10, microstructural
studies showed the presence of a columnar structure which originated

directly from the melt without any eguiaxed or refined grains. The
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dccurance of solidified columnar austenite grains observed
in this weld indicates that the beneficial role of nitrogen as
a grain refiner is nullified in weld L10. This is probably

associated with the high cooling rate involved in welding.

The transition from primary ferrite to primary austenite with
increased C eqv is in agreement with the freezing mode predicted
by Hammer and Sevensson's(qosjfunction. Moreover, the present
work shows that an increasing cooling rate as well as increasing
Cegv shifts the bulk composition gradually towards the austenite
phase field in a solidified weld. This is in agreement with the
finding of Leone[QD] in which he suggested that, with increased
Ceqgv the growth temperature of a phase (s) decreased. This is
consistent with a shift in bulk composition towards the austenite

phase fields which is accompanied by a decrease in the freezing

temperature of the alloys.

The results of the present work indicate that by decreasing the
cooling rate of the solidified weld, the holding time in the
liguidus/solidus region is increased and, this consequently
alters the solidification rate. For instance, by reducing the
cooling rate then the length of time from initiation to completion
of solidification increased. However, despite a relatively short
resident time in the solidification stage, a more well developed
dendritic type structure was formed. Furthermore, for the growth
of ferrite in such a short residence time the following expression

was proposed by Hammer and Sevenssontqoe]

Fs at" (5.6)
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where Fg 1is the fraction of ferrite

t

is the residence time

is 0.5 -1.0

o)
it

Now considering welds prepared with fast cooling rate (i.e. 18FN,
F12), then the amount of t would decrease and, therefore there is

a shorter period of time for ferrite to grow and branch out. The
contrary applies for welds with prepared slow cooling rate (i.e.F1)
where the residence time would increase and there is more time available
for ferrite dendrite development. The ferrite increase in content

and its dendritic development for different welds observed in this
investigation are in good agreement with the expression of Hammer

and Sevensson(106] referred to above. Furthermore, the presence

of well developed ferrite dendrite in the central region of high

heat input welds could be explained in terms of reduction[40] in
cooling rate and their consequent flatter thermal gradient and
corresponding longer residence time. On the other hand the presence
of elongated, less well developed ferrite dendrites in the fusion
boundary region, especially in the higher cooling rate welds, could

be explained in terms of their steep temperature gradient and shorter
residence time in that region. The presence of elongated farrite
suggests the solidification of individual dendrites as a primary. phase.
This could be due to the sudden increase in cooling rate which under
cools the liquid into the Ly + 6 region where both phases formed
simultaneously. This type of structure was referred to as a eutectic
by Fredrikson.[qol However, the scale of diffusion required is large
and the pattern is much less regular than normally observed in eutectic

alloys.

Considering the hypothesis stated by previous investigators
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concerning the possible solid phase transformation of primary
ferrite to austenite, one should notice that any increase in

the cooling rate reduces the time for any possible solid state
transformation of ferrite to austenite. Therefore, a greater
volume fraction of untransformed ferrite would be expected to be
retained to room temperature. The findings of the present invest-

igation were in contradiction to such a hypothesis.

The formation of primary ferrite and occurance of a peritectic
reaction in austenitic stainless steels have been,stsdied by some
investigators.(39’40’88] In this context, Fredrikson(40] showed
that at the start of the peritectic reaction austenite is formed

at the interface between & and L and completely surrounds the
ferrite. During subsequent reaction austenite will grow into the
liquid as well as into the ferrite. They consider Scheil's seg-
regation equation and calculated the concentration of alloying
elements distributed in austenite for an alloy with 8.5% Ni and

13% Cr. Fredrikson et a1[40] found a reasonable agreement between
calculated results and those obtained by experimental work. Ref-
erring to the present work the guantitative STEM analysis results
for welds 18FN and 250 RH showed that, the Ni concentration at
ferritic dendrites and ferrite/austenite interface (Figs.4.82 and
4.85) were close to the figures found for a peritectic type reaction
identified by equation 2.8. However, the present results showed
the development of ferritic dendrites and a consequent increase in the
ferrite content with reducing cooling rate, this is in contrast with
the consideration of diffusion controlled peritectic type reaction

on which the 8§ Fe is expected to be consumed by Y and the retained

ferrite should be decreased by reducing the cooling rate.
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5.7 Solidification and Solute Concentration Trends

Contradictory reports have been published concerning the solid-
ification behaviour of austenitic stainless steel. This has been
partly because of the complexity of ternary Fe-Cr-Ni systems and
the presence of other alloying elements which have provided a
complicated situation with quaternary or quinterary systems. In
such a condition, many difficulties were observed in determining
the detailed analysis of the phase relationship within the solidus-
liquidus gap and consequently the solidification concentratian
profiles of the alloying elements. With welds the pa}ticular pro-
blem is associated with the high cooling rate during which phase
changes may not go to completion as it has been proposed. However,
it has been generally accepted that the variation in concentration
of alloying elements within austenite and ferrite is due to the
segregation during solidification and partition of alloying elements

as a result of solid phase transformation upon cooling.

Various data were produced with the aid of STEM studies and consider-

ation of appropriate constant iron pseudo binary sections of the

Fe-Cr-Ni system. In the present work, the gquantitative STEM analysis

results show changes in compnsition across the ferrite and austenite
interface and in some cases the presence of large relatively uniform
concentration of chromium and nickel across the ferrite in the cell
core with no final transient for chromium as proposed by Lippold.[44]
STEM data showed that the chromium concentration changes only within
* 0.5um of the phase boundaries. This could be attributed to more

diffusion leveling of Cr than Ni at the final stages of the trans-

formation. However, it appears that the high Ni concentration in

the oell boundaries results from secondary austenite solidification
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due to Ni enrichment and Cr depletion of the liquid during

primary ferrite solidification.

The STEM analysis shows that in the regions of ferrite analysed
and shown in Figs.4.82 and 4.85, the measured Fe concentration was
variable. This is inconsistent with partition of only Cr and Ni
within the ferrite and Y proposed by other workers which resulted
the solid state transformation of ferrite to austenite.

Microstructural Consideration in Terms of Fe-Ni-Cr
Ternary System

3

Under equilibrium conditions the structure of austenitic stainless
steel should be completely austenitic. However, non equilibrium
conditions present during welding lead to the formation, of

some delta ferrite. It is common to demonstrate the solidification
mode of stainless steels by a section of the Fe-Cr-Ni system. In

this context a section of & ternary diagram containing 18% Cr and the
pseudo binary section of Fe-Cr-Ni system are shown in Figs.2.11 and
2.10 respectively. According to these diagrams it has been generally
accepted that a large fraction of primary ferrite is formed during
early solidification stages and this ferrite transformed back to

austenite upon cooling.

By considering the pseudo-binary section of the Fe-Cr-Ni ternary system
. (40) . ,(88) .

Fredrikson and David suggested that on cooling through the

ferrite and austenite two phase field, partitioning of Cr and Ni

between ferrite and austenite occurs by solid state phase transformation.

(83)

More recent work concerning the effect of cooling rate by splat
guenching on the microstructure of AISI type 308 stainless steel weld

metal indicated that the splat surface was 100% austenite and towards
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the centre of the splat there were regions containing about

5-10% delta ferrite in the inter cellular area similar to those

observed in ordinary welds.

The study of the solidification mode for this weld showed that the
weld composition is placed well within the primary ferrite region
(§ + L) of the pseudo-binary section of constant iron. Further-
more, the ternary Fe-Cr-Ni liquidus diagram and the solidus diagram for
the equilibrium condition as shown in Figs.2.9(a) and 2.9(b)
respectively indicated that primary ferrite solidifigation and
further solid phase transformation of primary ferrite to austenite
will occur during the subsequent cooling, this view is in contrad-
iction with the results of experimental work by David and Vitek[BSJ
and indicates the importance of the cooling rate, non equilibrium
condition involved in welding.

Consideration of Fe-Cr-Ni Ternary System for
Different Welds

Depending on the weld metal composition, a section of Fe-Cr-Ni alloy
containing 18% Cr (as shown in Fig.2.11) and the nearest pseudo-
binary section of Fe-Cr-Ni system in respect of their iron content
(as shown in Fig.2.10) are used to outline the solidification be-
haviour of different welds. Table 4.4 shows the chemical analysis
of different welds. It showed that the variations in iron and
chromium content for various welds are between 65-69% and 17.5-19%
respectively. Depending on the weld metal composition the section
of Fe-Cr-Ni alloy containing 18% Cr shows that the primary solidified
phase depends upon the Ni concentration. The bead-on-plate welds
L10 and K321 contained less than 11% Ni, and should solidify as

primary ferrite. However, microstructural studies of weld L10 showed
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that, this weld with 0.2% N exhibited an austenitic type
structure and the bead-on-plate weld K321 exhibited a duplex

structure.

According to the Schaeffler type diagrams,(Fig.2.6 ) explained
previously in Section 5.6, in weld K321 the ferrite forms as a
primary solidified phase and austenite forms from the liquid.
Considering Fig.2.11 the remainder of the welds with 11% or more
nickel content are within the triangle and a peritectic type
reaction is expected to occur. Therefore, weld pool solidification
should take place as ferrite plus austenite with the reaction L+&>¥
The microstructural studies carried out as part of the present work
showed that the increasing cooling rate experienced upon weld pool
solidification had restricted the growth of primary ferrite dend-
rites and thus reduced the ferrite content of these welds. As a
result of high cooling rates and non equilibrium conditions during
which phase changes are not going to completion; halting of the
expected diffusion controlled peritectic reaction could occur,
leaving dispersed elongated ferrite dendrites in contact with
nickel enriched liquid and consequent solidification of weld pool

as austenite.

Considering a pseudo-binary section of Fe-Cr-Ni system as shown in
Fig.2.10, the systematic investigation of different welds showed
that their chemical camposition did not correspond to the approp-
riate constant iron pseudo-binary section and the chromium and
nickel were separately associated with different corners of the
eutectic triangle. This difference could be associated with the
non equilibrium condition which results from high cocling rates

applying in welds, and the presence of a small percentage of other
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alloying elements which were not takan into account in the
original pseudo-binary section of Fe-Cr-Ni system for austenitic

stainless steels.

The present work results are in agreement with the work of David

and Vitek[Bs) and indicate the importance of the cooling rate,

non equilibrium condition involved in welding and limitation in using
pseudo-binary section of constant iron for establishing a solid-

ification mode of weld metals which encounter sufficiently high

cooling rates.

It is interesting to note that in previously published work these
discrepancies were over-looked when using the pseudo-binary section
of the appropriate Fe content. Attempt has been made to consider

the original pseudo-binary section of the ternary Fe-Cr-Ni system

by applying a correction factor in respect of other alloying elements.
In this context instead of nominal composition a new normalised
equivalent was replaced by ignoring other alloying elements. There-

fore, the replaced value for Cr, Ni and Fe would be as follows

Cr = Cr x 100
D ————————————————

Cr + Ni + Fe

Ni = Ni x 100
D ———————

Cr + N1 + Fe
Fe = Fe x 100-
Cr + Ni + Fe
By substituting these new values for Cr, Ni and Fe a closer correl-
ation between composition with pseudo-binary section of appropriate
Fe content was expected to be observed. Table 5.4 showed the new

normalised equivalents for the alloying elements. The use of the
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obtained data given in Table 5.4 and with the aid of the

appropriate pseudo-binary section given in Fig.2.10 shows that

the welds were basically close to the eutectic triangle. However,
the partition with Cr and Ni was observed and they did not correspond

to these diagrams as originally modelled for solidification of 18/8

austenitic stainless steel.

Furthermore, another important observation was made by comparison
of different pseudo-binary sections of constant iron used by various
authors. In this context, the systematic investigation of solid-
ification mode for each weld studied in this investigation has been
carried out by considering a representative vertical section of the

Fe-Cr-Ni equilibrium phase diagrams used by Leoneth]et al and

Lippold et aI[BB] The results showed that there is inconsistency
in the solidification behaviour of these welds in terms of diagrams.
For example, the S.A.Butt weld K321 with 18.3% Cr and 11% Ni showed
the alloy position in diagram illustrated in Fig.2.10 (a,b,c) are as
follows.

For pseudo-binary section with 70% Fe (Fig.2.10(b)) the alloy position
is in the region of L + & ; for pseudo-binary section of 70% Fe
(Fig.2.1G0(a)) the alloy position is within the eutectic triangle,
and for pseudo-binary section of 68% Fe (Fig.2.10(c)) the alloy
position does not correspond with this diagram. There is a partition
between chromium and nickel on this diagram. It is interesting to
note the differences in the position of alloy and the solidification
mode in terms of the 70% and 68% Fe content, whilst in some of the
pravious works a generalised illustration of pssudo-binary section

of constant iron has been used inappropriately for a wide rangs of

alloy composition and iron content. It appsars that theres is a
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5.9

need for evaluation of proper pseudo-binary section of constant iron

in respect of the weld metal composition and cooling rate. Therefore,

further work is necessary to simulate elevated temperature equilibrium
microstructures in order to determine the shape of the Fe-Cr-Ni ternary
system or more phase diagram, and the possible solid state transform-

ation of ferrite to asustenite in welds.

Tensile Ductility/notch Toughness Correlation

The mechanical properties were evaluated for parent plates produced
using different thermomechanical treatments. The objective was to
specify various parent plates metallurgical charactertstics in conjun-
ction with their microstructural variation. In addition, the mechanical
properties for selected weld metal were evaluated for comparison with
their associated parent plates. The tests were carried out on parent
plates prior to welding and the Butt welds produced on these plates.
Details of parent plate preparation and welding condition, are given

in Table 3.2 and 3.5 respectively. The mechanical testing specifications
are given in Section 3.5. The welds were prepared using constant
electrode wire and flux composition with consistant joint preparation

and welding parameters.

Tensile and impact test specimens from parent plate and welds were

tested at 295 k and 77 k, and results are discussed as follows:

The results of the present investigation show that the charpy-v-notch
toughness of different parent plates decreased by reducing their plate
rolling temperature. The impact energy of specimens from all the

plates except the AISI 316L cold rolled exceeded the 27 joule require-

ment often used in codes and standards.(18’20]

The highest impact
energies were ohtained for specimens prepared from plates hot rolled

at 11500C; whilst lower values were associated with the cold rolled

plates., Rolling at 200°C improves the ductility of AISI 316L steels.
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These results showed that, reducing parent plate rolling temp-
erature increases the yield strength at the expense of ductility.
Tensile test results showed that the greatest elongation was
obtained from the hot rolled parent plates and/or solution treated
plates whilst low values were obtained from the cold rolled plates.
The results of the impact and.tensile tests carried out at cryogenic
temperatures showed high strength and ductility for the parent
plates in this condition. This could possibly be because of the
work hardening and strain induced martensite transformation in the
parent plates. Because of the similarity in chemical composition,
the variation in tensile strength appears to be due Eo the specific
thermomechanical treatment applied in this investigation. Comparison
of test results detailed in Section 4.6 for different plates showed
that charpy-v-notch impact values and lateral expansion correlated
ductility behaviour observed in tensile test specimens. Those
specimens exhibiting low elongation during tensile tests had also

low impact energy and lateral expansion.

It is known that the yield strength of a metal depends on its grain
size,the presence of alloying elements for solid solution hardening,
and any precipitation that has occured. The variation in grain size
and parent plate yield strength [Gy ) are given in Table 4.1 and
Table 4.3 shows the dependence of Cy on the grain diameter, d ,

in reasonable agreement with the Hall-petch equation.

Furthermore, experience on low alloy steel has indicated that tensile
strength depends on the carbon equivalent as well as cooling rate.
The fast cooling rate tends to keep alloying elements in solution,
and forms solid solution hardening, whereas a slow cooling rate will
favour precipitation hardening. Considering the different thermo-

mechanical treatments employed in this investigation, it appears

-110-



that all the above variables could have some participation in

the recorded variation in strength.

The tensile test specimens did not show any marked yield point.

Generally the ratio of yield to tensile strength was low (i.e. about
0.4) but with cold rolled plates some improvement was observed (i.e.
a ratio of about 0.9) as a result of work hardening. This makes the

cold rolled plates more attractive from the designers point of view.

Comparison of results of impact energy for various welds when tested
at 77 k show that the welds produced on cold rolled plates had lower
and more scattered impact energy values than the remainder of the
welds. However, such a difference in values was not observed for
specimens tested at 295 k. With the exception of welds produced on
cold rolled plates, the welds tested at 295 Kk and 77 k had lower
impact energies than those corresponding to their parent plates.
The increase in strength of different welds could be due to the
solid solution strengthening, work hardening, and formation of plastic
strain induced martensite. The transformation of austenite to
martensite in these metastable steels is reported by many authé%gi18’18]
The degree of transformation could be increased by lowering the
temperature or by the application of stress. It has been suggested
that the temperature at which martensite transformation starts (MS)
is a function of chemical composition and the addition of alloying
elements lowers the MS temperature of austenite.In this context
different expressions for evaluation of MS temperature have been given
(18,19,122) (122)
by various authors. Larbalestier and King's expression

gives MS temperatures of 30 k, 112 k for AISI 316L and 321

respectively.

-111-



Parent Plates of AISI types 304, 316L and 321 were plotted on
the Schaeffler type diagram and checked by ferritescope for
ferrite measurement. No ferrite was detected in parent plates in

the as-received conditions.

In order to investigate the possibility of strain induced mart-
ensite in these metastable steels, magnetic measurements were made
on the tensile test specimens prior to testing and on the fracture
surface of specimens tested at 295 k and 77 k. Comparison of
initial and final martensite measurements for specimens tested at
room temperature showed that, (i) cold rolled plate had an insig-
nificant amount of martensite prior to tensile testing, i.e. less
than 0.25% for AISI 316L with 50% reduction and less than 1% for
AISI 321 with 30% reduction at room temperature. The rest of the
plates did not reveal any martensite content..

(ii) the martensite content in the fracture surface of tensile test
specimens varied from sample to sample, depending upon the type of
steel, i.e. chemical composition and initial metallurgical charact-
eristics, e.g. the degree of thermomechanical treatment employed.
For tensile test specimens from AISI 316L rolled at high temperatures
and/or in solution treated condition the martensite content was less
than 2%; whilst for plates ©rolled at lower temperatures a high
martensite content was measured, i.e. 7% martensite for cold rolled
plates. Tensile tests from AISI 321 specimens had generally higher
martensite content, but they exhibited similar trends as AISI 316L.
For example, specimens obtained from plate rolled at high temper-
ature and/or solution treated showed about 7% martensite content,
those from cold rolled plates showed about 18% martensite content

in their fracture surface.
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The results of the present investigation showed that sensitivity

and the stability of austenitic stainless steel decomposition by

cold working is largely dependent on the initial metallurgical
characteristics rather than solely their chemical compositiaon.

The results of magnetic measurements made on the fracture surfaces

of weldments were compared with their initial ferrite content;the res-
ult showed that the specimens were strongly ferromagnetic. They
contained more than 30% martensite, the maximum amount disting-

uishable by available equipment.

The high amount of weld metal martensite content could be assoc-
iated with microstructural features, i.e. initial ferrite content

and deformation behaviour.

Microstructural studies of the different welds in this investigation

showed that the changes in mechanical properties depended on the

following:

(i) the alterstion in weld bead dimension due to the amount of
penetration and dilution with parent plate.

(ii)different macrostructural solidification substructure.

(iii) the variation in ferrite morphology and content.

Furthermore, the results of thin foil studies showed the presence
of second phase particles and variations in dislocation density in
austenite, ferrite and their interphase boundary . However, it is

necessary to quantify these variables in more detail.

The reduction in strength could be related to the presence of
residual elements, i.e. phosphorous, sulphur and silicon, as they

were not considered in terms of a variation of transformation
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characteristics, but also by precipitation processes. These
regidual elements tend to nucleate embrittling phase at the

(9,12,14,15,18) Tt

interphase ferrite/austenite boundaries.
appears that because of the many variables and complex conditions
involved it is not possible to simply relate the weld metal strength
to any one variable. This applies particularly to ferrite content.

(3,12,14,15,18) |\ wed that the

Nevertheless, previous reports
presence of continuous or highly directional delta ferrite phase

has been deleterious to toughness.

Comparisons of weld metals and their parent plates when tested at
room temperature showed that the weld metal strength and elongation
were less than the corresponding base metal. However, the low
temperature testing results showed that welds had higher strengths
and ductility than those obtained at room temperature. This could
be because of the deformation mechanism of the welds, i.e. stress
induced martensite. The reduction in weld metal mechanical properties
could be due to the weld metal solidification behaviour and their
microstructural features, i.e. the presence of ferrite, second phase
particles, precipitated particles, internal fissures and variations
in alloying content. For example, it is known that,[m’12J the
presence of C, N and 0 decrease the toughness of weld metal, as the
second phase particles form sites for the initiation of microvoids,

and that the ductile fracture resistance decreases as the number of

microvoids increases.

A comparison of the chemical analysis of these materials as given
in Table 4.4 show that their minor alloying elements are close

together and therefore it appears that these alloying elements have
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had only a small effect on the notch bar impact properties of

these materials. Furthermore, because of the similarity in welding
conditions, the degradation of mechanical properties could be
associated with a combination of thermal and transformation strains
induced during parent plate preparation or the mechanically

restraining condition used during the welding operations.

Although the welds produced in the present study were not required
to meet any particular specifications, it is felt that comparison
with the relevant specification is of interest. The impact energy
values obtained were generally well in excess of the specification
BS.639. However, weld metal produced in the cold rolled parent plate
does not meet the specification of the electrode manufacturer

Orlikon OP71Cr Carbowire 18/12/3RLC (AISI 316L). The typical weld
metal charpy-v-notch energy at low temperature was expected to be

about 35 joules.

Fractography of tensile test and charpy impact fracture surfaces
showed that the fracture mode was dimpled rupture with some micro-
cracks. The fracture appearance was predominantly by microvoid coal-
escence in both tensile and impact test specimens tested at 295 k and
77 k. For improving the toughness of these materials in the ductile
range, the presence of second phase particles should be reduced. This
could be done either by improving the cleanliness of the material via
deoxidation practice, or avoiding the precipitation of undesirable
particles, i.e. carbides. However, it is necessary to impraove the
toughness of the material matrix itself in order to resist void growth.
The latter could be achieved by contreolling the metallurgical factors
such as microstructural features, i.e. grain size, the presence of
alloying elements in solid solution, dislocation density and segreg-

ation of impurities of limited solubility.
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The presence of microcracks in parent plates were associated

with the fracture of second phase particles and/or their separation
from matrix interface within the austenite or at grain boundaries.
The matrix particle interface separation could be due to the low
values of interfacial energy between them, which caused low strain

fallure there. Furthermore, previous works(12’14]

identified these
particles as carbides possible M23 CB . The presence of such complex
carbides, 1.e. (FeCr) CB or M23 (CNJ8 were considered to be the cause

of the further reduction in toughness of these materials.

In weld metals the presence of microcracks were mainly associated
with austenite/ferrite interface boundaries which were inherited

from the solidification stage possibly as a result of hot tearing.
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6. CONCLUSIONS
The microstructural variation of austenitic stainless steels AISI
type 316L and 321 welds produced by various welding conditions were
described in this thesis: This provided an explanation for solid-
ification behaviour as well as consequent room temperature micro-
structural features of these welds and indicated experiments which
could lead to a more complete understanding of weld metal micro-

structural variations, these are :

(1) The welds exhibited epitaxial nucleation as shown by (a) the
continuity of grain boundaries and (b) twinned structure across
the fusion line. Once epitaxially nucleated, the grains in the
fusion zone of welds experience competitive growth during
solidification.

(ii) For the welds investigated the freezing mode and resultant
microstructure corresponds with the Schaeffler type diagrams.
However, the systematic investigation of welds under invest-
igation showed that resultant microstructure and their chemical
composition did not correspond to the appropriate pseudo-binary
section of the Fe-Cr-Ni system at a fixed Fe content.

(1ii)Ferrite forms as a primary solidified phase, and austenite forms
from the liquid. The domination of ferrite freezing was char-
acterised by segregation of nickel to the liquid and chromium to
primary ferrite phase.

The primary ferrite dendrites became more well developed as the
growth proceeded towards the centre of the weld. Despite ferrite
dendrite development, the ferrite morphology remained vermicular
for AISI 316L and cellular (block type structure) for AISI type 321.

(iv) The ferrite content and morphologies were susceptible to alteration

=117 -



in (a) cooling rates, (b) minor changes in composition and (c)
parent plate metallurgical characteristics. Welds produced by
slower cooling rates and/or higher heat input showed an increase
in ferrite content; whilst rapldly cooled welds and/or those with
lower heat input showed lower ferrite content. Microstructural
studies of rapidly cooled welds showed the presence of dispersed,
elongated ferrite within an austenitic matrix with some lath type
ferrite morphology.

(v) Welds produced on restrained parent plates generally showed the
presence of a cellular type pattern of solidification substructure.
Despite the similarity in welding conditions the welds produced on
heavily cold rolled plates had higher ferrite content than the other
welds.

(vi)Microstructural studies of austenitic type structures showed the
presence of a columner mode of solidification. The formation of
an austenitic type structure was favoured by increase in weld metal
nitrogen content or faster cooling rates. Despite using similar
welding parameters, welds produced on AISI 304L parent plates showed
completely austenitic type structure, whilst welds produced on
AISI 316L and 321 parent plates contained little ferrite. This
revealed the important role of minor alloying elements on solid-
ification behaviour, indicating the need for rationalising the
welding parameters for particular parent plates and the amount of
nitrogen present for selected austenitic stainless steel composition
to obtain an austenitic type structure.

(vii)Microstructural studies showed that the interphase boundary separ-
ation resulting from the interaction of <y grain boundaries and

ferrite were the main cause of microcracking which leads to final

ssparation,
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This investigation has enhanced the understanding of the
solidification behaviour of normally austenitic stainless steel
alloys and has established some basis for further work for solid-

1fication mode and elimination of microcrack in this class of

alloys.
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7. Suggestions for Further Work

(1) In order to clarify the ambiguity of weld metal solidification
behaviour for welds with composition close to the eutectic
trough it is necessary to study the factors which lead to mixed
solidification mode; in this context, techniques such as STEM
could be explored to determine more accurately the effect and
the distribution of primary alloying elements, as well as the

minor alloying elements on welds produced with different cooling

rates.

(11) Study of the effect of specific alloying additions on the
equilibrium shape of the Fe-Cr-Ni ternary system with techniques
such as Gleeble[41) when equipped with a quenching fixture in
order to simulate the elevated temperature equilibrium micro-

structure suitable for micro-analysis and establishing the equil-

ibrium shape of the Fe-Cr-Ni ternary systems for different welds.

(111) Solidification rate and the time available for diffusion con-
trolled transformation are playing a major role in solidified
weld metal microstructure. However, detailed study of the factors
which influence the growth rate of primary dendrites and the rate

of ferrite consumption by austenite, if any, would be particularly

fruitful.

(ivl Increasing cooling rates, thermal and deformation stresses increase
the number of microcracks (austenite/ferrite interphase boundary
separation) in austenitic stainless steel weld metal. In order
to understand the microcrack initiation and the consequent effect
on weld metal mechanical properties, further work is necessary to
study the solidification mode and the wetting characteristics of

different phase boundaries.
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(v) Further work 1s necessary to study the effect of overall
thermal stress induced during welding as well as volume changes
associated with thermal strain and phase transformation on the
solidification substructure and ferrite morphology of different

welds.

(vi) Further work is necessary to study the effect of minor alloying
elements, e.g. Ti acting as grain refining agent as well as
restraining the parent plates on the solidification substructure

and ferrite morphology of different welds.
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Table 2.1 Chemical composition of astandard austenitic atainless steesls
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TABLE 2.2 .
Mechaaical properties of commoan stainless steels as gives by BS 1449, Part 2 (minimum values)
. Elongation on 50 mm gauge kength (%) Hardoess Hardnoys

Tensile 0.2 %, proof (max.) (max.)

strength stress 0.5-1.6 mm 1.6-30mm overl.0Omm sheet and plate
Sioed (N/mm?) (N/mm?) thick thick thick strip (HY) (HB)
Austenitics
30152) 540 218 30 3s 40 20 -
302817 510 210 30 38 40 190 -
304815 510 210 -30 38 40 190 192
304516 s10 210 30 35 40 190 -
304512 450 195 30 38 40 150 192
305819 460 170 30 35 40 185 -
309524 540 25 30 )8 40 - 207
310824 540 218 30 35 40 208 207
316516 540 210 . 30 35 40 195 197
316512 0 200 30 3 40 195 197
317816 540 210 28 30 3s - 205
nm’i2 490 195 28 30 38 193 197
320517 540 210 30 3s «£ 208 207
321812 510 210 30 35 40 200 202
M1 510 210 30 38 40 02 200
Ferritics
403817 420 245 17 20 2 173 192
403817 420 248 17 20 2 178 192
4095817 420 230 " 20 2 130 1”9
430818 430 248 17 20 22 178 192
434819 430 248 17 20 2 133 -
Martensitics
410521 sofNened - - - - - - 10

hardened $50-700 340 - - 20 188 -

Notes. .

1. Mochasical properties are for sicels in the softened coadition, with the excepiion of 41052} which is hardened sad iemperod.

2. The propertics are not always applicable both 1o plate and 10 sheet/sirip. For grades J01S21, 302517, and 03819 there are no
properties for plaie quoted in BS 1449, Part 2.

3. Mechanical propertics (or shoet and sirip are not mandatory but are for information purposes. /1 is cusiomary Lo order stodd Lo bardness
and bend iesl requirements, rather than to iensile properties. Bend test requirements are mandatory.
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Mark

AISI 321 0.040 0,56 4.25 0.039 0,023 0.9% 97.0 10.3 0.3 0,84 0.05

TABLE 3.1

Chemical Composition of Parent Plates wt%

c 84 mn P ] Co Cr N1 Cu Mo Nb

L2} v w fo N 0

0.3 0.08 0.1% Bel 0.018 0.0084

":f,t 0,014 0.52 1.57 0.034 0.005 0.1 16.8 11.3 0.20 2.47 0.03 LO.07 0.07 0.13 Bal 0.051 0.0048
TABLE 3.2 Parent Plate Preparation
Preparation Cooling

(1) AISI 321 (33% reduction)

1

As-received billet
1.e. not rolled -

Hot rolled , 1150°C Furnace cooled
Hot rolled , 1150°C Water quenched
Hot rolled , 950°C Water quenched
Hot rolled , 950°C Furnace Cooled

Hot rolled , 400°C -

Cold rolled, 20°C -

(11) AISI 316L (50% reduction)

1

As-raceived billet
i.8, not rolled -

Hot rolled , 1150°C Furnace cooled
Hot rolled , 1150°C Water quenched
Hot rolled , 1150°C Water quenched

(solut@on treated at 1150°C
for 45 minutes after hot rolling).

Hot rolled SSOOC Furnace cooled
Hot rolled 950°C water quenched
Hot rolled 400°C -

Cold rolled + 20°C -
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TABLE 3.3 Nominal Electrode Wire and Flux Compositions

(1) electrode wire composition (wt%) for SAW
(4mm wire diameter)

Alloying elements:

C 0.03X

Mm 1.5 - 2
Si 0.6 X

S 0.025 X

P 0.025 X
Cr 16-18

Ni 12.5-14
Mo 2.2 - 2.7

X denotes max.

(ii) Flux Composition % (Oerlikon OP71 Cr) for SAW.

35 Ca+ Mg , 25 CafF2 , 25 sig and 15 AIZO

2 3

Note: contains 2% ferrochrome to compensate for arc losses.

(Basicity = 1.8)
(1ii) Electrode wire composition for MIG welding

EAS 2TG D/N 8556 - AWS ER308L 1.2mm wire diameter

C 0.03
Cr 19

Ni 9.5
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TABLE 3.4
Details of single run square groove
butt joint submerged arc welds

Remarks Parent plate conditions
Plate 316L !

M, N As received condition

X, U Hot rolled furnace cooled

Y, V Hot rolled water quenched

Z Hot rolled - solution treated -

water quenched

T Cold rolled
Plate 321
B As received condition
F, G Hot rolled furnace cooled
H Hot rolled water quenched
K, L Cold rolled
3. R
Iff&£1—~ii- Welding Conditions
Welding mode Butt weld submerged arc welding - parent
plates of different characteristics
Welding current 850A
Welding voltage 23V
Travel speed 400 EQ
min
Arc length 20mm
Welding position Flat
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TABLE 3.6

Details of submerged arc bead-on-plate welds

The electrode wire stick out is 20mm and travel

speed 1s 400 E%h on 25mm thick parent plates:

Specimens Current Voltage
I F1 750 40
C3 750 40
R8 750 40
II C5 650 30
F4 650 30
R9 650 30
ITI Cé6 440 23
F7 440 23
R10 440 23
Iv F12 380 22
C13 380 22
R11 380 22
) 15 RN 380 22
18 FN 380 22
16 R 380 22
250 RH 380 22
KEY: R = Restrained parent plate

-
1]

Unrestrained parent plate

0O
u

Copper bead rapidly cooled
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TABLE 3.7 Bead-on-plate MIG welding

Nominally identical welding conditions - parent plates of different
characteristics.

All welds were prepared at a speed of 0.6cm 5_1 in Argon shield gas
-10mm thick plate.

Current Voltage

Parenl plate conditions. 321 S/S Remarks I/A E/V
As received condition B 155 22
Hot rolled -11SDOC Furnace colled F, G 155 22
Cold rolled L, K 155 22
Hot rolled QSOOC Furnace colled E 155 22
Parent plate 316L S/S

As received condition M, N 155 22
Hot rolled 1150°C - solution
treated water quenched z

Hot rolled 1150°C Furnace colled X, Y 155 22
Hot rolled QSUDC water quenched S 155 22
Cold rolled T 155 22
TABLE 3.8 Bead-on-plate MIG Welding.

Fully austenitic stainless steel welds

All welds were prepared at a speed of 0.6 cm 5—1 - 10mm
thick plates.

Weld Remarks Current Voltage Shielding gas
AISI 304 155 22 95 Ar + 5% N
AISI 316L 155 22 95 Ar + 5% N
AISI 321 , 155 22 95 Ar + 5% N
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TABLE 3.9 Chemical reagents for microstructural
studies

(1) Etching procedure to reveal the microstructure

1 - oxalic acid:

2 - mixed acid:

3 - Murakamis :

etch must be freshly made, bring to boil, immerse the specimen for 8min.

10% oxalic acid by weight in distilled water

used electrolytically at 6 volts for 10 seconds
or more.

1/3 HCL  1/3 HNO3 and 1/3 acetic acid. Since this
etchant decomposes rapidly, samples had to be
etched within several minutes after mixing.

KBFe(CN]8 potassium ferricyamide 10 gms
KOH potassium hydroxide 10 gms

H0 distilled 10g™

(ii) Thin Foil Preparation

Struers tenupel polishing apparatus:

1. Solution of 10% perchloric acid (72% strength) in dry methanol
at -10°C with a potential of 55 volts D.C.

2. 1000°° Glacial acetic acid , 42°C perchloric acid (72%)

8ml

distilled water with a potential of 75 volts.
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TABLE 4.1 Quantitative metallography of parent °
plates austenite grain size using mean
linear intercept and 95% confidence
limits, values given in microns

Remarks Austenite grain size

AISI 316L S/S

M 41.8+ 2.6
S 30 * 4.2
T 22.9+ 4

X 85.4 +4.8
Y 71 + 3.5
z 93.8 * 3.5

AISI 321 S/S

B 22.9 *+ 5.3
3E 13.8 + 1.7
3F 16.6 * 1.5
3G 19.7 * 1.12
K 10.8 * 1.4
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TABLE 4.2 The lateral expansion measurement from
charpy-v-notch for different parent
plate specimens - tested at 77 k

AISI 316L AL (mm)
M 1.15
N 1. B
X 1. 3
Y 1.36
Z 1.85
P 1.29
S 0.95
W 0.35
T 0. 2

AISI 321
B 1.25
H 1.53
F 1.72
D 0.98
E 0.75
I 0.45
J 0.47
K 0. 5

-136-



TABLE 4.3

Tensile strength of different austenitic stainless steels parent

plate tested at room temperature and cryogenic conditions.

Remarks

AISI 316L

M

= O N < X 4 wn T

AISI

a H X T M M O @

321

YS (Mpa)
295K 77K
305 611
407 586
708 611
853 1048
215 458
316 474
287 417
713 876
662 917
264 450
397 357
331 323
275 334
305 356
838 950
662 713
688 739

-137 -

UTS (Mpa)
295K 77K
611 1296
688 1401
662 140b

1075 1450

570 1288
585 1313
582 1330
805 1477
831 1478
604 1354
660 1427
627 1426
536 1382
611 1401
896 1546
713 1518
738 1523

Elongation %

°

295K

77

61

92
15
63
77
76
22
30

70
60
63
70
68
17
28
32

77K
63
53
2
45
68
64
66
50
51

55
46
50
53
54
40
49
47




TABLE 4.4 Chemical Composition of Weld Metals wt%

Mark

Butt weld
K(321)

Butt weld
Z(316L)

Bead-on-
plate B8R
(316)

Bead-on-
plate 14(R)

Bead-on-
plate 18(FN)

Bead-on-
plate 11(R)

Bead-on-
plate L(10)

Bead-on-
plate
K (321)

0.028

0.010

0.055

0.026

0.032

0.046

0.031

0.048

Si

0.52

0.46

D-b

0.51

0.37

0.47

0.51

Mn

1.33

1.48

1.30

1.57

1.52

1.43

1.2

0.035

0.032

0.03

0.038

0.0383

0.035

0.02

Short dash (-) denotes not determined.

0.018

0.008

0.007

0. 006

0.0a75

0.0083

0.01

Co

0.23

0.23

0.3

0.35

0.28

0.27

0.1

Cr

18,3

17.5

18.5

17.5

17.8

17.1

17.85

19.1

1.7

1.7

1.7

9.8

10.3

Cu

0.30

0.17

0.18

0.16

0.15

0.18

0.3

Mo

1.13

NINV

2.4

2.32

Nb

0.03

0.02

0.02

0.025

Ti

0.18

<0.01

<0.01

<0.01

<0.01

<0.01

0.05

0.06

0.017

0.06

0.075

0.04

0.10

0.08

0.07

0.072

0.085

0.085

0.14

Fe

Bal

0.02 0.06

0.037 0.055

0.042 -

0.034 -

0.050 -

0.034 -

0.04 -
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TABLE 4.5

Delta ferrite content of differend Bead-on-Plate Submerged Arc
welds produced under different welding conditions.

Remarks Ferrite content

~N
.
(S2]

1
4
7
12
8

(8)] ~N
-
wn

.
.
a
"

R
RQ
R1D
11
3
5
6

R
C
C
C
C13

M O OO N OO N NN W,

(S, E) B ) |

TABLE 4.6

§ Fe content of different Bead-on-Plate MIG welds produced

under similar welding conditions but different parent
plate characteristics.

Remarks &Fe

AISI 321S/S
B1 6
3E 7
3F 7
3G 6
9

gy

AISI 316L

"

1

N < X — W
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TABLE 4.7

Delta ferrite content of different Butt welds produced
by Submerged Arc welding.

Remarks 8 Fe/top surface § Fe/Transverse cross
section

AISI 321 S/S

B 6 5.5
6.5 5

K 8 7.5

AISI 31BL S/S

M 6.5 5

T 7.5 4

u 5 4

X 6.5 4

Y 6.5 4.5

Z 6.5 5
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TABLE 4.8

Segregation measured in different welds.

Remarks

Bead-on-plate weld 250 RH

Al
A2
A3
A4

Bead-on-plate weld 18FN

Al
A2
A3
A4

Butt weld K321

Al
A2
A3
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Ke

1.
1.
1.
1.

1
1.
1.
1.

1.
1.
1.

Cr
51
35
56
35

.47

5
45
44

16
1
13

Ke

Ni
0.4
0.57
0.34
0.57

0.45
0.44
0.47
0.51

0.75
0.78
0.89

Is
Cr

0.79
0.83
0.71
0.82

0.73
0.72
0.74
0.74

0.92
0.99
0.94

Isyy

2.1
1.4
2.47
1.42

2.0
2.1
1.85
1.67

1.12
1.1
1.1



TABLE 4.9

The lateral expansion measurgment for charpy-v-notch impact
test specimens for different butt weld metal tested at
cryogenic conditions (77 K)

AISI 316L. AL (mm]
M 0.8
X 0.6
Z Q.65
T 0.3
AISI 321
B 0.7
H 0.9
F 1.1
K 0.6
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TABLE 4,10

Tenslle strength of selected AISI 316L and 321 Butt welds
tested at cryogenic conditions (77 ).

Remarks Ys (Mpa) UTS(Mpa) Elongation %

AISI 316L
Ni 524 1263 60
N2 540 1258 57
Mi 586 1284 60
M2 561 1223 56
Ti 560 1284 60
T2 579 1280 60
U1 433 1477 58
U2 490 1402 57

AISI 321
51 458 1304 55
82 454 1303 43
F1 357 1376 48
F, 389 1402 43
G1 459 1325 46
G2 398 1338 49
H1 453 1284 40
H, 382 1309 48
K, 448 1325 50
K2 431 1390 52
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TABLE 4.11 The microhardness measurement results
(VPN) of different AISI 316L bead-on-plate
submerged arc weld metals

Remarks Hardness values (VPN)
F1 171
Fa4 197
F7 230
F12 235
C3 218
C5 234
C6 207
R8 224
RS 167
R10 173
R11 211
250RH 206
15 RN 281
18 FN 283
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TABLE 4.12

The micro-hardness measurement results (VPN) for
different AISI 316L and 321 Bead-on-Plate MIG

welds

AISI 321 Hardness values
81 260
3E 274
3F 200
G 178
K1 244

AISI 316L
3N 280
3S 284
Ti 224
X 204
Y 216
Z 325
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Table 5.1 Chromium, Nickel equivalent and their ratio for different

welds, using equations (5.2) and (5.3)

Remarks

Butt Weld K(321)
Butt Weld Z(316L)

Bead-on-plate
Bead-on-plate
Bead-on-plate
Bead-on-plate
Bead-on-plate
Bead-on-plate

8R(316L)
14R(316L)
18FN(316L)
11R (316L)
L10(321]
K321

Cr eqv.

20.2
20.5
21.6
20.7
20.77
20.77
19.82
20.989

Ni eqv.

13.1
13.86
14.85
14.2
14.86
14.8
16.48
12.93

(54)

Cr

Ni

1
1
1
1
1
1
1

1.

eqv. ratio

.54
.47
.45
.45
.38
.4

.2

61

Table 5.2 Chromium, Nickel equivalent and their ratio for different

welds, using equations (5.4) and (5.5].[92]

Remarks

Butt Weld K(321)
Butt Weld Z (316L)

Bead-on-plate
Bead-on-plate
Bead-on-plate
Bead-on-plate
Bead-on-plate

Bead-on-plate

8R(316L)
14R(318BL)
18FN (316L)
11R (316L)
L10(316L)
K321

Cr eqv.

20.58
22.13
22.45
21.52
21.69
20.89

19.72
22.1
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Ni eqv.

12.8
13.1
13.869
13.4
14.2
13.8
13.83
12.83

Cr

Ni

1
1
1

1.

- A

eqv. ratio

.63
.69
.64
B

.53
.51
.42
.74



TABLE 5.3 Carbon Equivalent for Different Welds

Remarks

Butt weld K 321
Butt weld Z 316
Bead-on-plate 8R
Bead-on-plate 14R
Bead-on-plate 18FN
Bead-on-plate 11R
Bead-on-plata L10

Besad-on-plate K321

-147-

Carbon Equivalent

0.037
0.04

0.075
0.046
0.062
0.066
0.15



Table 5.4

The chemical analysis and rationalised values of alloying elements
for different welds.

Butt weld K(321)

Butt weld Z(316L)

Bead-on-plate
Bead-on-plate
Bead-on-plate
Bead-on-plate
Bead-on-plate

Bead-on-plate

8R(316L)

14R (316L)

Chemical analysis values

Cr

18.3
17.5
18.5

17.25

18FN(316L) 17.8

11R(316L)
L10(321)

K(321)

17.8
17.85

19.1

Ni

11
11.7
11.3
11.7
11.7
11.7

9.8

10.3

Total
Cr+Ni alloying elements
29.3 33.33
29.2 34,12
29.8 34.7
29.2 34,34
29,5 33.5
28.8 33.7
27.65 30.76
29.4 -

Fe

66.67
65.87
65.3
65.66
65.5
66.3

69.24

Rationalised values

Cr
o

19
18.4
19.45
18.45
18.7
18.7

18.5

Ni
o

11.46
12.3
11.89
11.33
11.32
12,3

10.2

69.47
69.2
68.66
68.5
68.9
68.8

71.8
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Fig 2.1 The influence of nickel on the gamma phase field in steel with 18, Cr
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Fig.2.4 Classification of different ferrite morphology after David et al( )
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WELD FERRITE MORPHOLOGIES

PRIMARY AUSTENITE PRIMARY FERRITE
SOLIDIFICATION SOLIDIFICATION
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Fig-2 .5 Schematic of the sobdification and transformation behavior resulting in a range of weld
ferrite morphologies (91)
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(a)

Composition

Coko

'

o]
Fraction solidified
Fig. 2.7 Solute distributions in a solid bar frozen from liquid of initial concen-
tration Co, for: (a) equilibrium freezing; (b) solute mixing in the liquid by diffusion

only; (c) complete solute mixing in the liquid; (d} partial solute mixing in the
liquid. (107
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Fic. 2,8 The ternary system Fe-Ni-Cr (schema(ic).( 3)
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Fig.2.10 (a) pseudobinary section through the Fe-Cr-Ni terpary
equilibrium diagram at 70 wt% Fe showing the effect
of composition on the freezing mode. (41,86,390)
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Fig.2.10 (b) Pseudo binary section through the Fe-Cr-Ni ternary
equilibrium diagram at 70 wt% Fe showing the effect
of composition on the freezing mode. (90)
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Fig.2.10 (c) Pseudobinary section through the Fe-Cr-Ni tenary
equilibrium diagram at 68 wt% Fe showing the effect

of composition on the freezing mode. (90)
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Fig.2.11 Vertical section of very low carbon Fe, Cr-Ni alloys

at 18% chromium. (8)
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Fig.3.1 Charpy V-notch specimen.
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Fig.3.3 The arrangement for metallographic specimen preparation.
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200um

Fig.4.1 Optical micrograph of austenitic stainless steel AISI 316L
parent plate prior to welding.

200um

Fig.4.2 Optical micrograph of austenitic stainless steel AISI 321
Note the presence of Ti, C. and N particles in slightly
etched parent plate specimen prior to welding.
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133um

Fig.4.5 Optical micrograph of austenitic stainless steel AISI
316L parent plate etched in mixed acid with a high
degree of etching.

—— 100um

Fig.4.8 Optical micrograph of cold rolled austenitic stainless
steel AISI 316L parent plate.
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200um

Fig.4.7 Optical micrograph of cold rolled austenitic stainless
steel AISI 316L parent plate etched with mixed acid.

400um

Fig.4.8 Optical micrograph of hot rolled AISI 316L parent plate
showling partial recrystallization of austenitic grains.
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20um

Fig.4.9 Optical micrograph of hot rolled austenitic stainless
steel AISI 316L parent plate showing precipitated
particles within austenite and at the grain boundaries.
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(a)

————————— 7 um

(bl

—_— 7um

Fig.4.10 S.E.M. micrograph of AISI 316L parent plate prior
to welding showing selected second phase particles.
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200um

Fig.4.13 Optical mircograph of hot rolled austenitic stainless
steel AISI 316L parent plate showing cored structure
within the austenitic grains etched with mixed acid.
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(a)

(b)

————— 200pm

Fig.4.14 Optical micrograph of hot rolled austenitic stainless
steel AISI 316L parent plate showing cored structure
of austenite grains.
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S50um

Fig.4.15 Optical micrograph of hot rolled austenitic stainless
steel AISI 321 parent plate showing second phase particles,

cored structure and strain pattern within the austenite
grains.
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Fig.4.16 Optical micrograph of hot rolled - furnace cooled austenitic nitic

stainless steel AISI 316L parent plate P.

100um

Fig.4.17 Optical micrograph of hot rolled - water qusnched
austepitic stainless steel AISI 316L parent plate S. '
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27um

Fig.4.18 Thin foil micrograph of austenitic stainless steel
AISI 316L parent plate at low magnification revealed
by T.E.M.

2um —— 0.4um
(a) (b)

Fig.4.18 T.E.M. micrograph of austeniticstainless stesl AISI
316L parent plate. (a) at low magnification,
(b) at high magnification.
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(a) (b)

(c)

(d)

’

Fig.4.20 T.E.M. micrograph of austenitic stainless steel
AISI 316L parent plate.

(a) and (b) showing dislocation cell structure within
the austenite grains.

(c) and (d) showing dislocation pile up at austenite
grain boundariss.

-178-



Fig.4.21 T.E.M. micrographs of austenitic stainless steel AISI
316L rolled at 400°C - furnace cooled.

(b)
(&) ————— 0.4um

—— _ 0.2um
’

Fig.4.22 T.E.M. micrographs austenitic stainless steel AISI 316L
parent plate rolled at 400°9C - furnace cooled.
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Fig.4.23 Electron diffraction pattern of austenitic stainless
steel AISI 316L parent plate.
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Fig.4.24 Austenitic stainless steel AISI 316L parent plate impact energy
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Fig.4.25 - Austenitic stainless steel AISI 321 parent plate impact energy
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Fig.4.26 Energy dispersive x-ray analysis AISI 316L parant plate
. specimen hot rolled at 8500C.
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(a)

Fig.4.28 S.E.M. micrograph of austenitic stainless steel AISI
321 showing crack propagation and final linkage of
crack in tensile test specimen prior to fracturs.
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(a)

—————— 2000um

(b)

— 5000um

Fig.4.30 Optical micrographs of (al high heat input and
(b) low heat input Bead-on-Plate weld metal
produced by Submerged Arc welding.
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um

S.E.M. micrograph of austenitic stainless steel
AISI 316L weld metal showing ripple bands at

region near to fusion boundary.

Fig.4.31
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(a)

L5um

Fig.4.32 (a) S.E.M. micrograph of high heat input austenitic
stainless steel AISI 316L weld metal showing well
developed ferrite dendrites (ferrite appears white-
austenite black].

(b)

Fig.4.32 (b) Optical micrograph of high heat input austenitic
stainless steel AISI 316L weld metal from fusion

boundary region (ferrite appears black - austenite
white).
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(a)

50um

(b)

—_—  200um

Fig.4.33 Optical mierograph of austenitic stainless steel
AISI 316L Bead-on-Plate weld metal produced with

low heat input (ferrite appears black - austenite
whitel.
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—— 40um

Fig.4.34 Optical micrograph of a three dimensional microstructures
of austenitic stainless steel of AISI 316L Bead-on-Plate

weld of high heat input.
(Original magnification x500 reduced in reproduction)
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(a)

(b)

Fig.4.36 Typical S.E.M. micrographs of austenitic stainless steel weld
showing second phase particle, internal fissure in conjunction
with delta ferrite phase.
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Fig.4.37 (a) optical micrograph of austenitic stainless steel
AISI 316L Bead-on-Plate weld metal produced in
restrain parent plate, showing axial or raft
structure in central region.

100um

Fig.4.37 (b) Optical micrograph of austenitic stainless steel
AISI 316L Bead-on-plate weld metal produced in
restrained condition with high heat input showing
undulating pattern near the fusion boundary.
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Fig.4.38 SEM micrograph of austenitic stainless stesl AISI

316L weld metal produced in restraining parent plate

with high heat input condition.
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400um

Fig.4.33 Optical micrograph of rapidly cooled Bead-on-Plate
AISI 316L weld showing oriented dendritic type ferrite
along the weld axes at centre line region.

200um

Fig.4.,40 Optical micrograph of rapidly cooled Bead-on-Plate
AISI 316L weld from the fusion boundary region.
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———— 100um

Fig.4.41 Optical micrograph of AISI 396L Bead-on-Plate Submerged
Arc weld near the fusion boundary regione

T 100um

Fig.4.42 Optical micrograph of AISI 316L Bead-on-Plate Submerged
Arc welds from the central region.
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Fig.4.43 SEM micrograph of rapidly cooled Bead-on-plate
AISI 316L weld metal.
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Fig.4.44 SEM micrograph of rapidly cooled Bead-on-Plate AISI
316L weld.
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100um

(b3

50pm

Fig.4.45 Optical micrograph of ultra rapidly cooled AISI 316L
Submerged Arc Bead-on-Plate weld (Sample 15RN).
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200um

Fig.4.46 Optical micrograph of ultra rapidly cooled Submerged
Arc Bead-on-Plate weld 18FN (fusion boundary region).
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Fig.4.47 SEM micrograph of ultra rapidly cooled Submerged Arc

Bead-on-Plate weld 18FN,
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11 um

Fig.4.48 SEM micrograph of ultra repidly cooled Submerged Arc
Bead-on-Plate weld 18FN.

L5 um

Fig.4.49 SEM nmicrograph of restrained Submerged Arc Bead-on-Plate
weld R16 from the region near the fusion boundary.
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4 5un

Fig.4.50 SEM micrograph of austenitic stainless steel AISI 316L
Bead-on-Plate welds (Sample R16]).
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Fig.4.51 SEM micrograph of austenitic stainless stsels AISI 316L
Bead-on-Plate welds (Sample R161.
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Fig.4.52 Optical micrograph of austenitic stainless steel AISI
316L Bead-on-plate Submerge Arc weld metal (Sample 250RH)
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100um

Fig.4.53 Optical micrograph of austenitic stainless steel AISI
316L Bead-on-Plate MIG welds (Sample M).

ko ym

Fig.4.54 SEM micrograph of austenitic stainless steel AISI 316L
Bead-on-Plate MIG welds (Sample T3]

-208-



Lo um

)

0

SEM micrograph of austenitic stainless steel

Fig. 4.55

AISI 316L Bead-on-Plate MIG weld (Sample T3].
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Fig.4.56 Optical micrograph of austenitic stainless steel AISI
316L. Bead-on-Plate MIG weld. Sampls 23 - near fusion
boundary.
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Fig.4.57 Optical micrograph of austenitic stainless stesl AISI
316L Bead-on-Plate MIG weld sampls Z3 (towards the
centrs of weldl.
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100um

Fig.4.58 Optical micrograph of austenitic stainless steel
AISI 316L Bead-on-Plate MIG weld. (Sample 23].
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Fig.4.59 SEM micrograph of austenitic stainless steel AISI 316L
Bead-on-Plate MIG weld (Sample le.



1000pum

Fig.4.60 Low magnification optical micrograph of austenitic

stainless steel AISI 321 Bsad-on-Plate MIG weld.
(Sample K) . Original magnification X20, enlarged
in reproduction.
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Optical micrographs of austenitic stainless steel

.61
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Fig
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-Plate MIG weld
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~————————— 50um

Flg.4.62 (a) SEM micrograph of austenitic stainless steel AISI 321
Bead-on-Plate weld. Sample K (Note: ferrite appears as

white phase - austenite black).
(b) Optical micrograph of sample K. (ferrite appears black,

austenite white)
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Fig.4.63 A three dimensional micrograph of austenitic stainless
steel AISI 321 Bead-on-Plate MIG weld. (Sample K_)
Original magnification X500, reduced in reproduc%ion.
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Fig.4.64 Optical micrograph of austenitic stainless steel AISI
321 Bead-on-Plate MIG weld. Sample 3F.

200um

Fig.4.65 Optical micrograph of austenitic stainless steel AISI
321 Bead-on-Plate MIG weld. Sample 3E.
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Fig.4.66 SEM micrograph of austenitic stainless steel AISI 304
Bead-on-Plate MIG weld with austenitic type structure.

22 um

Fig.4.67 SEM micrograph of austenitic stainless steel AISI 304
Bead-on-Plate MIG weld with austenitic type structure.
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Fig.4.67 cont. Optical micrograph of austenitic stainless steel
AISI 304 Bead-on-plate MIG weld with austenitic
type structurs.
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Fig.4.68 SEM micrograph of austenitic stainless steel AISI 321
Bead-on-Plate MIG weld with austenitic type structure
(near fusion bBoundary). Sample L10.

4 pum

Fig.4.69 (81 SEM micrograph of austenitic stainless steel AISI 321
Bead-on-Plate MIG weld with austenitic typse structures.
Samplse L10,
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(b) aum

(c) 100um

Fig.4.69 cont. Microstructure of austenitic stainless steel

AISI 321 Bead-on-plate MIG weld with austenitic
type structure.

Sample L10

(b) SEM micrograph (c) Optical micrograph
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(a)

Fig.4.70. Microstructure of austenitic stainless steel AISI 321
Bead-on-plate MIG weld with austenitic structure.

(a) SEM micrograph (b) Optical micrograph
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Fig. 4.71. Microstructure of austenitic stainless steel AISI 316L
Bead-on-plate MIG weld with austenitic type structure

(a) SEM micrograph (b) optical micrograph
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Fig.4.72. Optical micrograph of submerged Arc Butt weld
prepared on austenitic stainless steel AISI 316
parent plates.
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Fig.4.73 SEM micrograph austenitic stainless steel AISI 316L
Submerged Arc Butt weld. Sample T13.

W

—_ 1.6um

Fig.4.74 SEM micrograph austenitic stainless steel AISI 321
Submerged Arc Butt weld. Sample F2.
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Fig.4.75 SEM micrograph of austenitic stainless steel AISI 316L
Submerged Arc Butt weld. Sample U2.
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SEM micrograph of austenitic stainless steel AISI 316L
=227 -

Submerged Arc Butt weld. Sample V3

Fig.4.76



11 Um

Fig.4.77 SEM micrograph austenitic stainless steel AISI 316L
Submerged Arc Butt weld. Sample T13

200um

Fig.4.78 Optical micrograph of austenitic stainless steel AISI 316L
Submerged Arc Butt weld from the fusion boundary region.
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(a)

(b)

50um

Fig.4.79 Microstructure of fusion boundary region of Submerged
Arc weld metal of differsnt welds.

(a) SEM micrograph (b) Optical micrograph
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100um

(b)

25 um

Fig.4.80 Microstructure of fusion boundary region of different
austenitic stainless steel weld metal.

(al 321 austenitic stainless steel weld

(bl 316L austenitic stainless steel weld
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(a)

2.4um

(b)

1.5um

Fig.4.81 STEM micrograph of austenitic stainless steel
AISI 316L Submerged Arc bead-on-plate weld.
Sample 250
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Fig.4.82(a) STEM spot analyses of Chromium Nickel and Iron
traversing ferrite/austsnite region.
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Fig.4.82(b) STEM spot analyses of Chromium Kickel and Iron traversing
ferrite/austenite region.
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+4.82(c) STEM spot analyses of Chromium Nickel and Iron traversing
ferrite/austenite region.
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Fig.4.82(d) STEM spot analyses of Chromium Nickel and Iron traversing
ferrite/austenite region.
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(a) (b)
3.3um — 7.7um

Fig.4.83 STEM micrograph of austenitic stainless steel
AISI 316L Submerged Arc Bead-on-plate weld (Sample 18FN)

(@) (b)

2.7um —— 2.4um

Fig.4.84 STEM micrograph of austenitic stainless steel AISI
316 Submerged Arc Bead-on-plate weld (Sample 18FN)
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Fig.4.85(a) STEM spot analyses of Chromium Nickel and Iron traversing
farrite/austenite region.
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Fig.85(b) STEM spot analyses of Chromium Nickel and Iron traversing
ferrite/austenite region.
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Flg.4.85(c) STEM spot analyses of Chromium Nickel and Iron traversing
ferrite/austenite region.
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0.6 wn

Fig.4.86 STEM micrograph of Submerged Arc weld metal (Sample K)

2ym

Fig.4.87 STEM micrograph of Submerged Arc weld metal (Sample U)

3um

Fig.4.88 STEM micrograph of Submerged Arc weld metal (Sample K)
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(a) (b)

1.25um 3um

Fig.4.89 STEM micrograph austenitic stainless steel AISI 316L
Submerged Arc Butt weld. Sample U.

3.6um

Fig.4.90 STEM micrograph of austenitic stainless stsel AISI 321
Submerged Arc Butt weld with duplex structure. Sample K,
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Fig.4.93 STEM micrograph of austenitic stainless steel
AISI 321. Submerged Arc Butt weld. Sample K.
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Black : tested at room temperature

Red : tested at cryogenic conditions (77 K)
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Fig.4.94 Austenitic stainless steel AISI 316L weld metal impact energy
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Fig.4.95 - Austenitic stainless steel AISI 3271 weld metal impact energy
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56um

Fig.4.968 SEM micrograph of fracture surface resulting from impact
test specimen of weld metal (Butt weld Y)
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10 um

(al] AISI 316L Butt weld N,

(b] AISI 327 Butt weld L75. —10um

Fig.4.97 SEM micrograph of austenitic stainless steel
different welds.
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(c) AISI 321 Butt weld K.

Fig.4.97 (continued)

11oum

Fig.4.98 SEM micrograph austenitic stainless steel AISI 316L
Submerged Arc Butt weld (Sample V3)
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