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heating rate, but no variation in Ms or Mf due to

different cooling rates was obéerved. The CCT diagram for
Class 1 steel, produced from this work, is shown in figure
10 and shows a cooling rate dependant variation occurring.
This was investigated by prolonged holding of a sample just
below the inflexion temperature and was found to be "carbide
start" (Cs) point. Heavily carbided martensite was found .
on optical examination (figure 11) of a held specimen, The
location of these regions compares well with published CCT

diagrams (1) (c.f.figure 4).

In Class 2 steels the same transfofmations were noted as
in Class 1 material, except that no Cs occurred, trans-
formation temperatures observed being:- Ac, 861°C;

Acg sez?c, Ms.275°C and Mf 60°C. Throughout all cooling
rates used, no variation in Ms or Mf were notqg, whilst .

on heating slight variations in Acl and Aca occurred. The
CCT diagram produced for this steel is illustrated in figure

12, once again agreeing with published results (1).

During metallurgical examination of Class 2 dilatometer
specimens, measurements of prior austenite grain size were
performed and then compared with oil quenched untempered
samples.  ‘‘Dilatometer samples were found to have average
grain éizes of 0,25 to 0.3 mm diameter, whilst oil quenched
samples averaged 0.3 mm diameter. On this basis the

effect of dilatometry treatments were shown to have no

significant effect on grain growth, ., .. Lo seupre
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SUMMARY

The Microstructure of the weld heat-affected zone in the
Super 12% chromium-molybdenum steels

Robert Fenn PhD December 1977

A systematic investigatign has been performed into the phase
transformations occurring in the weld heat-affected zone of a
commercial Super 12% chromium-molybdenum steel by studying
real and simulated welds. Conventional heat-treatments

were used to investigate the likely phase transformations
produced by welding. Three probable regions were located
namely 6§ ferrite + martensite, homogenous martensite and
secondary hardened zones. Welds were produced using arc
welding processes covering a wide heat-input range and
metallographic examination confirmed the existance of three
regions. Small diameter tubes welded at room temperature and
300°C pre-heat showed that the heat-affected zone did not
crack nor show loss of ductility in either case.

Weld thermal simulation was performed for selected heat-
affected zone regions using computed weld thermal cycles and
the phase tranformations were monitored by high speed
dilatometry. Attention was concentrated on § ferrite
formation which was shown to commence at 1320-1360°C,
depending on the heating rate. It was found that the §
ferrite content rose as heat-input and time above 1320°C
increased and it was fully retained to room temperature at
weld cooling rates. The presence of § ferrite did not affect
austenite transformations during continuous cooling although
isothermal tranformations were retarded. Full details of the
significant transformation data are assembled in a represent-
ative welding continuous cooling transformation diagram.

Tests, using specimens containing a range of § ferrite contents,
showed that it adversely affects physical properties of these
steels. Both ductility and corrosion resistance are reduced

by increased § ferrite quantities. Furthermore, re-solution
heat-treatments were required to remove § ferrite from the
material to restore wrought material properties,

Electron microscopy investigations gave an insight into the
mechanism of § ferrite formation. Evidence is produced to
show that this occurrence crack-sensitises this steel.

Key words: Steel

Microstructure
Weld Heat-affected

zone
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CHADTER ONE ' INTRODUCTION

The Super 12% chromium-molybdenum martensiticstainless steels
are used widely throughout industry in applications ranging
from turbinee to forging dies and from airframes to heat
exohangers (1’2'3). Currently, their widest range of appli-
cation appears to be in steam generating equipment, which

may be heared.by either conventional or nuclear fuels. These
applications are a very severe'test of the steels because
steam generating plant constantly operates at high pressures
and temperarures (540°C-to 56000). Furthermore, in these
applications, they must retainvsufficient corrosion resistance
to resist water chemistry variations in low temperature-regions

and maintain an economically long operating life of 100,000 to

150,000 hours.

Stringent as these specifications are, they are satisfied by
wrought Super 12% Cr Mo steels. It is practice, however, to
fabricate all power plant by iusion welding, thus welds and
welded regions are likely to occur in critical areas in

?éach application. This, in itself would present no problems
'if welding produced microstructural and stress distributions
similar to the parent material but this is not the case. - The
weld HAZ is a region of severe microstructural and stress
distarbances in these steels and hence, cannot be Jjudged
on the same basis as unaffected wrought material. Therefore,
in order to estimate service behaviour of this material,
sufficient information concerning the effect of welding on HAZ

i

microstructure, properties and behaviour must be available.

v I_».a..-

1t is the aim of this work to provide information on these



topics and thus- allow more realistic appraisal of the

service behaviour of Super 12% Cr Mo steels.

All'Super 12% Cr Mo steels are readily weldable and may

be welded by all arc welding proceeses; under similar
welding cendifions to mild steel of a similar thickness.
There are, however, weldability problems in these sfeels{
namely susceptibility to two types of cracking, one is
weld bead cracking, whilst the other is HAZ cracking.

Weld bead cracks have been seown to be influenced by weld
bead profile, high weldment restraint and the mixed micro-
structure of the weld bead (101). Control of these

cracks demands concave weld. bead profiles (101) although'

attempts have been made to produce totally martensitic weld

bead microstructures (1’6’7’8’9’10). Hydrogen induced HAZ

cracks have been eliminated by careful weldment temperature

control (1,4,5,12,13,14,35,36,37,42,44). This form of

cracking is a direct result of the extreme hardenability of
these steels ie. their propensity to form martensite on
cooling from high temperatures, a fact predicted for the weld

HAZ in existing CCT diagrams (1,4,36,42) Cracks of this

tﬁpe have been eliminated by careful weldment pre-heat.

Faber has shown that the best levels are around the Ms temper-
ature of each steel (14), Interpass temperature control is
also 1mportant in order to prevent crack formation during

multi-run welding., These treatments are performed at temper-

atures similar to pre-heating (1,14,36,37, 43) On coﬁpletion

of Welding, weldments are not allowed to cool to room temper-

ature but are held at elevated temperatures until stress-'}u

relieved. Once stress—relieved,‘weldments are slowly cooled



to room temperature in order to allow full transformation
to martensite to take place and are then immediately
(1,4,12,13,14,36,44)

tempered These precautions are

adequate to prevent cracks in homogenous martensite HAZ's but
they do not deal with the § ferrite which has been reported

as occurring within the HAZ close to the weld fusion line
(3-13, 21,36,37,44)

Some investigators have reported that 6 influences HAZ
properties in a number gf ways. Creep ductility

is increased because Laves phases are preferentially produced
in § during service and the precipitates thus formed control
(1)

creep Within the operating temperature range of 740°C -

760°C & is detrimental to creep resistance as sigma phase
forms at the §/martensite interface in short time periods
and causes tertiary creep to occur (1'11). Many reports
state that § increases HAZ cracking by providing an easy
fracture path through the HAZ whilst other investigators state
only that & influences HAZ cracking path (6'7’9’12). There
is no quantified work to explain either case, It is quite
feasible that weld stress distribution is affected by the
occurrence of § within the HAZ, Tensile strength of the
steel is affected by the presence of §, although disagreement

exists on the effect (1’23). The production of § ferrite

from-austenite is accompanied by an expansion ‘because the 3§
b.c.c. crystal is less closely packed than the austenite f.c.c.
lattice, thus where § forms some compression occurs (100,

In this manner weld stress distribution variations may occur

in ferritised- regions. gnee TN E 2
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A lack of informaﬁion exists concerning the formation'énd
effect of 8§ in the HAZ's of these steels. Welding CCT
diagrams predict only martensite formation, § production is
not mentioned. There is no existing information{concerning
the location, distribution or subsequent effects of & on HAZ
properties. As & 1is retained to room temperature in weld

HAZ's some effect on subsequent transformations may occur,

but this has not been previously investigated.

The content of this thesisconsists, initially, of a review

of literature relevant to the understanding of the metallurgy
and weldability of the Super 12% Cr Mo steels, At the end

of this section, methods are detailed which have been used

to assess the weldability of other materials, The second
part gives a detailed report of the experimental methods
employed throughout the investigation, together with the
results obtained from them. Conventional heat-treatments,
using varying peak temperatures, were used to produce
differing microstructures which were then identified. This
knowledge was applied to the study of real weld HAZ's, thus
enabling location and identification of the component regions
of the weld HAZ. Once edch zone had been identified, CCT

and %sothermal transformation work concerned with the formation
of § was undertaken, This enabled later weld thermal
simulations to be performed concurrent with high speed dilato-
metry to determine phase transformations. As a natural
consequence of this work, detailed knowledge of phase trans-
formations occurring within the HAZ was produced. This
information takes the form of both CCT and TTT diagrams which

are concerned with the formation, decomposition and transformatic
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CHAPTER ' TWO " LITERATURE ' SURVEY

2.1 Introduction

The microstructﬁre, and consequently the properties,

of the weld Heat Affected Zone (HAZ) of Super 12%

Cr Mo steels are principall§ determined by their response
to various heat-treatments. The first section of this
literature survey concentrates on a detailed review of
the metallurgy of these steels under both equilibrium
and non-equilibrium conditions and also considers the

structural effects of various alloying elements.

Weldability of these steels is reviewed in the second
section, particular reference being given to the HAZ.‘
In the third parf of this survey the techniques available
for determining welding Continuous Cooling Transformation
(CCT) diagramé are reviewed, as these are an essential

feature of the investigation which was undertaken.

Finally, a summary outlines preSent knowledge of weld HAZs

in these steels and indicates areas requiring further
investigation. '

Sy ‘-

2.2

Metallurgy of Super 12% Cr Mo steels

2.2.1 C}assification and microstructure of these materials

Historically, and logically, Super 12% Cr Mo steels can
be divided into three groups which can be based on either

chemical composition or maximum operating temperature.



It is more usual to classify them by composition rather
than operating temperatures, but both systems closely

agree (see Table 1).

These steels tend to be completely martensitic but individual
types may contain areas of either free ferrite or retained
austenite depending on chemical composition. It is usual,
however, for all steels of this type to be fully "through
hardening', the level of chromium additions promoting
martensite formation even in heavy sections (1'2). The
Schaeffler diagram (figure 1) predicts homogenous martensite
matrices for these steels, although when the alloy balance

is incorrect ferrite or austenite may exist in small quantities

(1'2). A completely martensitic matrix is desired after

super critical heat treatments followed by quenching(l’z).
In this éondition material hardness should be maximised,
minimal auto-tempering occurs due to rapid cooling (1).
Tempering the resultaqt martensitic matrix is performed
between 300°C and 700°C, excluding the 425°C to 500°C range,
tempering temperature is dependant on service usage (1’2).
Low tempering temperatures are applied when hard, high
strength components are required but the most usual range

is 600°C to 700°C, which causes softening to occur (2),

In this temperature range M,5C; carbides form, reducing
carbon supersaturation in the matrix thus softening the
component. Carbides of this type are frequently referred to

as the characteristic carbides of these steels (1:2),

1.
wr by
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2.2.2 ° Constitution of iron-carbon-chromium alloys
under equilibrium conditions

Interest in the Fe-C-Cr ternary system is limited to two
isoplefhs, having compositions of Fe, 0.1%C, 11 - 13%Cr

and Fe, 0.1 - 0.3%C, 12%Cr (which are illustrated in figures
2 and 3). Both figures show that in the 11 - 13%'Cr and

0.1 - 0.3% C ranges, austenite (Y) can exist alone. Outside
these ranges rapid closure of the gamma (y) loop occurs

when bhromium contents of 15% or carbon levels above 0.4%

are used.

Above and below the Yy region austenite co-exists with one
or other form of ferrite (ie & or & ) (1’2). At room-
temperature the structure of these compositions is a
ferrite with mixed iron-chromium carbides of MSC and

M7C3 typés. Continuous slow heating causes austenite
nuéleation once Acl temperature is exceeded, be%ween Aél
and'Ac3 austenite grows at the expense of a. Above Ac3
the material is homogenous austenite, further temperature
increments only coarsen austenite grain size. Gamma
phase is stable until Ac4 temperature is exceeded (about

1220°C for 0.1% C and 1300°C for 0.2% C steel from figure 3).

At this temperature ¢ ferrite is produced from homogenous

2
austenite ( ). Further temperature increases form increasing

§ quantities up to liquation point.

Equilibrium cooling from liquation point reverses all the
changes occurring on heating., - Cooling:a § rich matrix from

high temperature produces .austenite:until, on:cooling below



Ar, a totally austenitic matrix once more exists.
Continued cooling produces a ferrioe at Ars,.ferrite
content increasing as temperature deolmnes until at Arl
the material is wholly a ferrite. Cooling further to
room-temperature causes carbide precipitation in response
to decreasing carbon saturation in o ferrite. At room-
temperature the final microstructure is a ferrite with the

mixed iron-chromium carbfdos‘MSC"and‘M7CS.

2.2.3 _ Constitution of Fe-C-Cr alloys under non-
equilibrium heating and cooling conditions

Non-equilibrium conditions are more widely experienced
in'metallurgioal'operaﬁions than near-equilibrium rates,
so during metallurgical working some divergences from

the equilibrium diagram predictions can be expected.

Non-equilibrium (rapid) heating can cause austeﬁite

formation to occur at temperatures higher than predicted

(1,2)

by equilibrium diagrams Continued heating of

an austenitic matrix causes § formation (although the
kinetics of this transformation are not known), further

heating increases ¢ contents up to liquation temperature (1).

. ‘

Cooling of mixed -y microstructures show 1ittle or no

transformation of § to vy , & even being found untransformed

1,3-1
_ atlroom-temperature ( 3) Austenite remaining in

the matrix does not transform to a between Ar and Ar1 but

memains in a metasmable form to low (400 C to 200 C)

-

(1,3- 13) RO
(tompe;atures \ . Austenite transformation occurs by

¥ - LS -
Lo LA O D S TR
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an athermal shear process to form martensite, over a

limited temperature range (1’2’14’15’16). This temperature

range is closely related to compositional factors,

e.g. C depresses Ms by 474°C per 1% C (1,2,17)'

When rapidly cooled from above Ac4 to room temperature,
the structure consists of martensite with areas of § ferrite
within the matrix. If the material was only heated into

the homogenous austenite- region before cooling, only martensite

forms. This is the basic microstructure of Super 12% Cr Mo
steels (1’2;15).
2.2.4 Effects of alloying elements of Fe-C-12%Cr

ternary alloys

Simple ternary Fe-Cr-C alloys are not used industrially,
further alloying (using at least Mo) being emplayed to
produce requisite physical properties (see Table 1).

Once more highly alloyed, these materials are called

"Super 12% Cr Mo steels"(l). Some alloying elements

used in these'steels affect primary and secondary phase
stability in these steels and are divided into two groups,
dependiﬁg upoh their effect on primary phases. These
groups are "ferritisers" and '"austenitisers". Ferritisers
cause closunaof the gamma (austenite) loop by promoting

ferrite stability, whilst austenitisers increase y stability

and extend the austenlte loop (1 S4B, 18) ‘The Schaeffler

diagram (figure 1) is one attempt to illustrate the inter-

relation between both groups on a graphical base (18)

This figure uses a standard ferritiser and austenitiser
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(Cr and Ni‘reSpectively) with other elements being'
expressed as fractions of these standards. On this basis
the phase changes resulting from variations in chromium-

oy nickel—equivaients become reasonably expressed.

2:2.4:.1 Effect of austenite stabilising elements on°
primary phases

These elements are expressed as nickel-equivalents,
appearing on the Y axis of figure 1 and are C, Co, Cu,

~ Mn, N and Ni. They extend the vy field preventing closure
by 12 - 13% Cr, excessive quantities of these can cause
retained austenite in' the microstructure (1’2’18). All
elements in this group ‘depress Acl, Ms and Mf transformation .
temperatnres by differing amounts, the most powerful being
C, Ni and Mn ‘%), The M,C, carbides and M,X carbonitrides
minor phases are accelerated in their formation by elements

in this group as is reduced matrix C solution (2).

2.2.4.2 Effect of ferrite stabilising elements on
primary phases

Such elements are measured as chromium-equivalents and

are Al Cr, Mo, Nb, Si, Ti V and W and are found on the

X axis of figure 1 (1,2 18) Elements in thls group close

the Y loop thus enhancing a and 8 ferrite and producing

an 1ncrease in Acl temperature All elements behave
similarly, having different magnitudes of action whilst

all form stable carbides 1ncreasing temper-resistance and

extending secondary hardening (2) Excessive quantities

v :
; Ted - 5
A ,__\.,{. i, v - L—A-.-;
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of these elements produce ferritised material which no

2.18) .
solution treatment can remove 1,2, ).

2.2.5 .. Effects of alloying elements on minor phases

Highly alloyed Super 12% Cr Mo steels can have up to ten
minor phases within the matrix, Four minor phases are more
usual, being common throughout the whole range of steels, and

these are carbides, Laves, sigma and sz éhrﬁénitrides phases
(1,2,8,10,11,15,16,19-34)

Many of. the properties of these steels depend upon the carbide
form present and its dispersion. However,' in. creep-resisting

situations carbides are of secondary importance to Laves phases

(1’2’15’16'19’21_25’29). During creep sigma formation signals

the onset of tertiary (rapid) creep (1'30). The mixed carbo-

carbonitride phases (M,X) only become noticeable because of the

secondary hardening they cause (1:2,15,20,21,31,32,)

Carbides are produced by tempering quenched material, the

carbide form being determined by tempering temperature

(1,2,15,21,30,34) ' ¢ .54 below 300°C M,C carbides form

whilst between 300 and 500°C M703 carbides are stable,

above 50000 M23 6 types form. Once formed,M2306 carbides
are stable over a wide temperature range and are the

characteristic carbides in these steels (1:2:19)

.¢

Laves- -phase formation is dependant ‘on composition and forms
only in response to certain atomlc ratios (e g. W:C and |

W:Cr) (1). In commercial alloys ‘the most common Laves
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precipitates compositions are Fe, Mo, Fezv Fe2 , FezTi

or- Fezco depending upon material composition (1, 24)

Sigma phase formation occurs iné containing material

in very short time (within 1 hour at 740°C), In § free
material, sigma does not form after 100,000 hours at 650°C
(1'11). Once sigma forms no further useful creep resisting
life remains in the steel (1?. Identification of sigma
phase in these steels has found it to be an M6C carbide

type (30).

The MZX phases are physicelly the smallest precipitates to
affect these steels and are sub-(optical) oicrosc0pic.
These phases have never been positively identified but are
thought to be a mixture of chromium rich carbides, nitrides
and carbonitrides which form and affect the steel over a
wide temperature range from 500°C upwards (1’2’15'20’21'31’32).
When sz forms it produces lattice distortions which impede
metal deformation and is seen as secondary hardening in these

steels (1’2'15).

2.2.6 Use of CCT diagrams to predicf as-cooled
. microstructures

Io:tpeseweteels it is possible to p:oouce a va;ietyuof
microetructu;es when differing cooling rates are used,

These structures are predicted by the CCT diagram appropriate
to each material class (see figures 4 and 5). _The diagrams
for both materials _assume controlled cooling from within the

Y TEgion i e 1000 - 110000 depending upon composition Fi)
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In class 1 steels cooling rates faster than 4°C second ~-
produce “martensite at an invariant temperature, whilst
cooling rates between 4°C and 0.6°C per second cause’ carbide
formation within the austenite but have no effect on Ms

temperature (see figure 4). Cooling rates slower than

0.6°C second™!

cause ¢ ferrite and carbides to form between
675°C and 800°C; subsequent cooling causes maftensite'to

form at elevated Ms temperatures. Very slow cooling, below
0.01°% second’l, forms a completely ferritic structure between
750°C and 800°C with no subsequent martensite formation at

lower temperatures. This structure is equivalent to that

predicted by the equilibrium diagram (figures 2 and 3)..

The effects of various cooling rates on class 2 steels are
more- complicated than with the simpler class 1 materials.

(see figure 5). Cooling rates faster than 0.75°C per second

produce only martensite from austenite at an invarient Ms
temperature. Slow cooling, at rates between 0.75°C and
0.38°C second-l, cause some bainite formation which immediately

precedes the martensite transformation, which occurs at a
depressed Ms temperature. Even slower cooling rates (0.38
to.Q,zoc'second-l) produce ferrite in the 675°C to 750°C
raﬁgevwhich precedes bainite formation. When this occurs
no martensite formation occurs, the resultant matrix thus
becomes a mixed ferrite/bainite microstructure. TFormation
of pearlite occurs immediately after ferrite when cooling
rates are betweeﬁ 0.2 and q.o:z?c per.second, remaining
austenite subsequently transforms to bainite at a.constant

Bs temperature., When cooling rates below 0.012°C second™?
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are used, all the austenite is consumed in forming first
ferrite and then pearlite in the 825°C to 725°C range. The
final microstructure remains a hetrogenous ferrite/pearlite

mixture with no bainite.

Interrupted cooling in the homogenous austenite region-of a
class 2 steel can cause bainite formation, similar treatment
of a;oiassll steel would only result in martensite formation.
When such heat-treatments are applied to class 2 material and
untransformed austeoite is kept between Ms and 400°C, bainite
formation is expected within one hour. Similar treatment of
class 1 steel increasescarbide formation in austenite until,
when the'austenite”Earl:)o'rf”lve\?el-_is sufficiently depleted, martensite
formation begins. Consequently in cases where martensite
formation is not immediately required in class 2 materials,
temperatures must be maintained above 400°C, which is within
the austenite stability field, thus preventing bainite

formation (1’2).

2L2.7 Effects of isothermal heat-treatments on these steels

Isothe;mai heat~treatments, generally called Time-Temperatﬁre-
?sensformations (TTT), are sometimes used to produce non-
marfensitic matrices to enhance machinability. TTT heat-
treatments are performed in the austenitic state, usually
within the 600 C to 800° C temperature range (1,2 34)

A tYpical TTT diagram is shown in figure 6 and, although for

class 2 steel can be taken as representative of all groups

T

as all types decompose under very similar time-temperature
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conditions (1’2'33’34).

Maximum transformation rates
occur between 700°C and 750005-irre5pective of class or
level of alloying and begin within 10 minutes, reaching
completion within a few hours. From this it is clear that
compositional factors are not as significant in isoehermal.
decomposition of austenite as they are in CCT reactions,

although why this is has never been explained (2).

Isothermal heat-treatment procedures: are alike for all
alloys, cooling from solution temperature (1000°C to 1100°C)
to transformation température is controlled at 14 to 16°C

hoer-l. Components are held at transformation temperature
for a few hours then control cooled to 550°C at 28°C hour™

?

Below 550°C final cooling to room-temperature can be fast (1).

2.3 Welding and weldability of Super 12% Cr Mo steels

2:3.1 Recommended welding procedures for Super 12%
Cr Mo steels

2.3.1.1. Selection of welding parameters and filler wires

These steels are amenable to all welding processes, although
it is more common for arc welding to be used. Manual metal
arc (MMA) is the most common process in use, whilst metal
inert gas (MIG) and tungsten inert gas (TIG) processes are
used.for thin or sheet material. Thick and very thick
sections have been welded by both submerged-arc (sub=-arc)
and electro -slag techniques (5,7 10 11,12,13,35,36,37 38).
High quality welds in critical applicatlons usually have

root passes made by manual or automatie TIG with separate

™)
L
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cold filler wire fed into the weld pool (37, 88,39,40)

Further passes can be put in by TIG, MIG.or MMA, depending
(37 - 40)

on the service use of components

Filler materials used to weld these steels are not critical,
being defined more by weldment usage-than the parent steel
.£4’36’38’ 40 41?. Where weldments are for critical service use,
both major standards (AISI and DIN) require matching filier
materials, although for general usage many differing fillers
have been used. Such materials are 3%Cr i%Mo, 21%Cr 1%Mo,
9%Cr 1%Mo and 18%Cr 8-10%Ni, the latter being used where

hydrogen cracking may be found (38,40).

Argon is the generally recommended shielding gas for inert
gas weld?ng precesses (TIG and MIG) although argon/002

and argon/oxygen mixtures have been successfully used with
MIG welding of all filler materials (40) ' 1n am1 welding
processes, forecasting welding parameters is easy as welding
conditions for mild steel can be directly applied to these

steels (38’40’41?.

Recommended welding procedures at all
levels for these steels emphasise the need for pre-heating,

interpass temperature-control & subsequent post weld heat-treatment.

2.3.1.2 ° Welding procedures used for Super 12% Cr Mo steels

Pre-heating is always applied to weld materials of over 2 mm. .

thickness Many different pre-heat temperatures are

recommended, these vary between 150 C to 425 C (4,12,14,35,36,

40,42,43, o o
44), although the best temperature range has been

shown to lie around Ms temperature (;4). Pre-heating is
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employed to prevent cold-crack formation and is thought to
Sﬁcceed in a number of ways. The three most important reasons
are 1) above Ms matrix is austenitic and can plastically ¢ef6rm
thus leading to rapid stress relief (14’44), ii) weldment

kept above the hydrogen cracking temperature (44) and iii) some
high temperature austenite decomposition to form bainite may

occur and thus prevent cracking (44)_

;n'multi-run welds, weldment temperature is controlled between
each successive deposition. This is termed "Interpass

temperaturé" control and is universally applied (14’36’37’43'44).
Close agreement exists on temperature level, for classes 1 and 3

steels interpass tempefatures around Ms are used (14,36,37,43)
whilst class 2 materials are usually kept at 425°C to 450°c,

ie above Ms, to prevent bainite formation (12’13), The
problem of baiﬁite’formation in the weld HAZ occurs only in
class 2 materials and results from the bainitelzhump" found in |
the Ms line in CCT diagrams (see figure 5). Maximum bainite
formation temperature 1is about 400°C hence interpass
temp?rature control aims to keep weldments above this
temﬁérature and within the austenite stability region.

Temperatures in the 425°C to 450°C region achieve this (12’13).

On completion of welding weldments are rarely allowed to cool
immediately to room temperature (44).

. Controlled cooling to
100%¢ to 250°

C is performed during which time partial trans-
Iormation to martensite occurs.- Wéldments are then'stress

relieved at 650°C to 750°C and allowed to cool to room
temperature (3,4,6, 12 13 14 ) ' SR LT

f
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This heat treatment is used to relieve welding stresses

(3,4,6,12,13) and diffuse hydrogen out of austenite-(14)

but causes some pearlite formation in regions of untrans-

formed austenite (44). Stress-relieving in this fashion

is used to further prevent crack formation in addition to

pre-heating (3’4’6’12’13’14).

After stress relieving, weldments are tempered at 590°C to
780°C for 30 minutes per centimetre of wall thickness (4,10
12’13’14’36’42’44). Tempering temperature is determincd by
service application of  the welds. Where highly ductile welds
are required extendec tempering times may be employed (4,12,

13,36)  This treatment tempers martensite which forms on

‘cooling from stress relief and thus increases weldment

ductility and reduces martensitic hardness(4'12'13’36).

-

2.9.9" Microstructure of untempered weld bead and HAZ

Weld beads in the as-deposited state have a duplex structure
consisting of martensite and § (ferrite); the amount of §

within the structure being unpredictable (1,4,5,6,7,8,9,11,
12,13,36,37,41,43,44) 10 quantities of § within the
'wcld\bead are primarily controlled by filler composition

although welding parameters have been shown to be significant
(1,3.6,7,8,9,13,41 | -
S ’ ’ +43) " Ynere control of & has been attempted,

it has:bcen found that welding current has a great influence
and thus, for rigorous é§ control, must be kept within close

6
tolerances ( #Tid0) Specific weld metal compcsitlons have

'been developed to produce either small quantities or no 8

when correctly dePOSited (6~ 10) R
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Untempered weld HAZ's in Super 12% Cr Mo parent steels consists
of three affected zones. Immediately beside the fusion line
and extending a short distance is the mixed s-martensite region
abutting this .is the homogenous martensite zone with the

secondary hardened and tempered area running from martensite

and fading out into unaffected material (3_13’16"21’36’37)5

The duplex martensite-ferrite area forms close to the fusion
line because only in this region is the peak temperature
sufficient to decompose some austenite and form some § .
Austenite decomposition. of this type is not confined only to
12% Cr type steels, small quantities {4 ~ 8%) form in the HAZ's
of-austenitic stainless steels where it is customary to control
welding conditions to maintain 5 - 10% § in the HAZ to prevent

(44,45,46)

cracking In martensitic stainless steels

(e.g. Super 12% Cr Mo, Al1S1 41Q, 416 types) both quantitative
and qualitative information on ¢ formation and its effect are

lacking and no attempts are made to control its formation in

the HAZ.

The second heat affected region, homogenous martensite, forms
from material heated above Ac3 but not Ac4. This material
has the eeﬁivalent of a re-solution treatment and is the

region predicted by welding CCT diagrams ¢2+3) 14 this

region some austenite grain growth and coarsenlng may be
(5)

noticed

Abutting the homogenous martensite field is the secondary
o eias .'tu ey

hardened and tempered zone. This region 1is connected to
I , _

EATTE S T .
G tl e Tl Ak s,.u\



- 21 -

the martensite area by a semi-transformed field consisting

of fresh martensite and heavily tempered old martensite

which represents material having experienced peak temperatures
" between Ac3 and Acl. (This area is so small that it is not
separately identified and is included in the tempered region (5)).
The secondary hardened and tempered zone is marked by increased
carbide size, carbide agglomeration falling with peak temperature
experienced until unaffected material is reached (16). Within
this region secondary'hardening occurs, although no visible

indications can be found, and is due to increased M2X phase

(2,3,4,6,11,15,16 31)

precipitation Micro-hardness surveys

easily find and measure the extent of secondary hardening in
these steels but little‘published work exists indicating the

extent of this occurrence in weld HAZs.

2.3.3 Microstructure of tempered weld bead and HAZ

Tempering of weld bead and HAZs occurs when either subsequent
passes are laid on earlier ones (when the earlier regions
temper) or where weld regions are externally heated to
deliberately temper freshly formed martensite. In both parts
(bead and HAZ) carbides precipitate from fresh martensite whilst

carbide agglomeratlon proceeds in the HAZ secondary hardened
(5 10 13)

T

e osial

region

In 5;precipitates . have been found after tempering regardless

of itslocation in HAZ or weld bead (1 16 19 20,21,24,25 26)

Investigators have 1dentified them as carbides (26) and Laves

(20
phases ) and they have been blamed for, the unexpectedly

low. impact results of tempered HAZs (?P 26) ’
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Post-weld tempering of bead and HAZ is generally used to
improve toughness, ductility and shock resistance and

is universally applied in industry for these reasons (1,3,
4,10,26,36,37,38,40,41,42)

2.3.4 ‘Susceptibility of weld HAZs to metallurgical
welding defects

These materials are readily weldable although subject to
three forms of cracking. Two forms, liquation and re-heat
have been found only in extensively modified steels (class 3)

whilst the -third, HAZ ¢old cracking has been found in all

classes of these steels.

Liquation cracks form solely in the weld bead, starting
~ from craters and are known to be strongly influenced by
(1,12)

compositional factors Re-heat cracking is found

in both weld bead and HAZ when weldments are téﬁpered before
full transformation of austenite (to martensite) has occurred.
Tempering at this stage forms sigma carbide (MGC) around ¢
ferrite, consequently reducing overall ductility subsequently
.leading to crack formation during tempering. Both liquation

and re-heat cracks form only in extensively alloyed class 3

materials.

All classes of these steels are susceptible to HAZ cold

-(hydrogen induced) cracks. These cracks form and propagate

~at, Oor around, room temperature, the p:obiemfbeing‘

-exacerbated by the presence.of diffusible hydrogen within

‘a transformed microstructurei(4?:?2?. ‘A1l transformed

microstructures, whether martensite or bainite, are
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susceptible to these cracks (48,49)

so two regions within
the HAZ of these steels are possible crack sifes. The
extreme sensitivity of these two regions (martensite - ¢
and homogenous martensite) of untempered HAZs to very low

hydrogen concentrations has been demonstrated (51,52)

Cold crack formation temperature is debatable, as is the
stage of microstructural transformations when they form, so
accurate knowledge of stresses involved is difficult. Both
long range (contractional) and short range (transformation)
stresses have been blamed (47-52) but recent work has shown
these steels to possess excellent ductility in fhe austenitic
raege and good ductility whilst transforming (below Ms) so
crack forming stresses are probably overall contractional

(53)

ones .

-

When cold cracks form in the HAZ their propagation can be

delayed (4,6,7,9,10,13,14,35,36,41,42) and may be associated

with the presence of § ferrite (6’7'9’12). Cold crack

formation is therefore equally likely in both martensite
regiorswhen hydrogen and stress are present. Crack prevention
is ueually by pest-weld heat treatments, using controlled
cooling and holding above Mf, to retain austenite. This absorbs

- stresses, diffusesaway hydrogen, and tempersmartensite (to

increase structural ductility) (3’4’6’12’13’14) , Where

hydrogen problems may be encountered it is common industrial
_practice to use austenitic steel'filler matefiais which

act as hydrogen "sinks" absorbing hydrogen from the trans-}

forming HAZ, to alleviate these cracks (40, 41)
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2.3.5 Prediction of weld HAZ microstructure

Weld HAZs in these steels have a definite three zone structure,
acknowledged by many workers (3,4,6,11,16,21,22) (see figure 8).
Only one zone, that of homogenous martensite; 15 consistently. ...-
predicted (usually by CCT diagrams) whilst the other zones are
often found although not predicted (1,4-14,36,37,42)

Existing CCT diagrams predict only the formation of martensite
and not the duplex high temperature region which surrounds

the weld bead. Conventional CCT diagrams have frequently =
been used to predict weld HAZ microstructure (1,26,42) (see
figure 5). Such diagrams cover typical weld cooling rates
but have not been produced from a sufficiently high temperature
to either show or predict §. It is necessary tolbe able

to predict & quantities, as this phase may be detrimentol

to the weldment.: It is reported that ¢ 1is involved in cold

(6,7,9,12)

cracking , reduction of impact properties (26),

reduced hardness (1,7,42)

, effects on tensile properties (1,

5,6,7,8,9,10,12) whilst thought to cause re-heat cracking (1)
by providing an easy fracture path (9). Cold cracking

-propensity has been thought to increase because § reduces

matrix ouctility (7,9) thus making the matrix less able to
wighstand contractional strains. This matrix embrittlement

probably accounts for the effect § has on impact (26) and

tonsi}g,properties (1'5'10’12). Re-heat cracking in steel

occurs because ¢ phose forms very rapidly at the G/marteosite
interface during heating and thus prevents any deformation
occurfing (1). Increasing quantities of & have been shown
to promote brittle failure fractures having preferentially
passed through the G regionec??.f:3 Trans-d fracture paths

may explain the embrittling effects on tensile and impact
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properties. \

No other HAZ region appears so potentially detrimental to
weld service properties. The homogenous martensite zone is
(51,52,53)

involved only in cold cracking , whilst the

secondary hardened zone appears to have no effect on weldment.

properties.

Duplex regions could be predicted by CCT diagrams produced
from material treated at high temperatures (ie above Ac4).
Construction of such a diagram suitable for welding requires
extremely accurate knowledge of weld thermal cycles, a
technique to simulate weld HAZ heating and cooling rates

and high speed dilation measuring apparatus. This approach

is not new, having been adopted on many occasions and found

suitable for a wide range of metals (3,54-63)

2.4 Methods available for construction of weld
HAZ CCT diagrams .

Four areas of information are required if accurate weld HAZ
CCT diagrams are to be produced. These are i) Weld thermal
cycles and the conditions producing them; ii) HAZ micro-
Structure produced by a given thermal cycie; iii) a

simulation technique to reproduce weld HAZ heating and

cooling rates; 1iv) a high speed dilatometer to reéord phase

transformations during thermal cycling (54’55'57'59’60'61'
62,63) ' '

Weld thermal cycles have been produced:both experimentally.,,

58,60, ©59:62 6
( 61) and numerically (57’59’62’63'64’65). Each system

¢ .
L
R



- 26 =

has its own advantages and disadvantages but the current

-

trend is towards computer modelling using complex numerical

(64,65)

solutions Mathematical modelling of dynamic

processes using cbmputers is an increasing trend having
reached a high degree of sophistication and accuracy which
supersede more established hand-computed equation

techniques (64’65).

2.4.1 Numerical solutions of weld HAZ cooling rates

Heat transfer through solid metallic bodies and the factors
affecting it have been ﬁnderstood for many years.‘ Adap-
tation of this steady state model to welding has required
modifications to account for edge effects, mobile heat

source and other factors. These were made and equations-
for both two- and three-dimensional heat flow conditions were

(65)

calculated by Rosenthal and Rykalin (66). These

given here are-by Rosenthal: -

Vx
1
Two dimensional (2D),T = 3— 2a

Vr
57K ¢ Ko (53

=V(r+x)

5
TE e

Three dimensional. (3D),T

where T = peak temperature required

o] rate of heat emission from

point source

q = rate of heat emission per unit
length from a 1ine source

\' #,relative veloc1ty of heat source
‘to solid body

x‘
!l

distance from” source" ‘along-'line
of arc travel

2
L]

thermal diffusivity.
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Ko = Zero order Bessel function
second kind
K = Thermal conductivity

r = (x2 + yz + zz)i

(From 65)

Both equations are widely used although limited to certain

i
cases, modifications were made to deal with cases between
2~ and 3D and utilise information more appropriate to welding

)(67—71).

(eg. melting point and weld bead widths | Although

these equations are widely used their accuracy is suspect
and their use tends to result in cooling rates considerably

(64)

faster than experimental observations The inaccuracies

in these results are produced by the equations insensitivity -
to specific heat and thermal conductivity variation with
temperature. Such problems are, however, easily overcome when

more complex techniques are computer solved (64*55).

2.4.2 Finite element solution of weld thermal cycle

The most powerful computing technique dealing with dynamic
or trahsient situations is that of finite element array

(ie matrix algebra) In this technique the object is
modelled as a three dimensional vector array, the solution
being found for each cubic region within the overall limits,
A widely dsed weld thermal history program is '""Variab'", a
flnite element amﬂwsis developed by Westby, which provides

solutions for heat flow from 2- to 3-D inbead—on plate or

close bUtt joints (64). This program has been modified

by other workers to determine heat flow in Welding preparatlons

- ; ';‘\,_ . fo },
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and was shown by them to be very accurate (65).

This program uses temperature dependant material properties
and latent heatsof trﬁnsformation and fusion to model the
welding situation, which contributes to an accurate solution.
This modelling process has been shown to be accurate by both
measured tempefﬁtures and metallurgical phase transformation

(64,65)

data A complete thermal history of the whole weld

is produced, with heating information, by this program, a task
not equalled by other numerical solutions (6% = 70) = ppop

this thermal history the thermal cycle of any peak temperature

may be easily determined.

2.4.3 Weld thermal simulators

Weld thermal simulators which use electrical resistance for
heating have been in use since about 1954 (3) although
other simulators have been used before and since this date
(55'59'60). Resistance heating simulators use the sample

as the fuse in a high current short circuit. This means that

very rapid heating rates can be achieved (3’55’59). Other
types of.simulators use either induction heating or thermal

radiat;on to heat the sample and these techniques give much

slower heating rates (56'58!603.

Water cooling the copper sample jaws enables fast cooling

rates to be achieved in resistance heating machines (3,

55,57,59,61,62,6 -
R v e 34 78), however faster cooling rates can

be:achieved by.gas quenching in other types of simulator - -
99,96 .
(ERasD:00.80), Dlinderea and Adams haye. shown. that for,. . .
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accurate weld HAZ thermal simulation an ability to reproduce
the full thermal cycle, on both heating and cooiing, is desired
and that‘it is insufficient to reproduce only peak temperature
and cooling rate through a given temperature range (78).
Resistance heating simulators are capable of fulfilling these

requirements whilst induction heated'types are not (55,57,59,
61,62,63,74-78)

During simulation temperature control must be accurate within
¥50¢ throughout the whole sample cross-section (59’72'73),
The cross-sectional temperature plateau must be ascertained
before any worthwhile work can be performed (73) previous

work has shown that resistance heating simulators can fulfil

this requirement with many sample sizes (55’57'59'61*62'63'74'78),

2.4.4 High speed phase transformation measurement

Two techniques are widely used for phase transformation
studies, These are dilatometry and thermal analysis. In
resistanéé heating weld thermal simulators, thermal analysis
can only be uéed during natural cooling ie. cooling from a
given teﬁperature atlthe saﬁples' maximum rate,. During either
heating, or controlled cooling, heating current flows through
the sample in short bursts and is sufficient to cause problems

with thermal ‘analysis, so this technique is rarely used in

these simulators.

It is common to find high' speed dilatometry used on these

welding simulatofs‘to-determiﬁefpﬁasé”transformationé‘(3’54’ﬁ

55,57,59,61,62,74- e e 1 _ A
o ) 474 78).‘ When”usingtdila;ometry‘on:a'simulated
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sample to produce welding CCT diagrams, three criteria must

be considered. | There are i) only a short sample 1eﬁgth is

at temperature, therefore both posifioniné and measureﬁent

must be very accurate; 1ii) no scale must form on the sample
thus dilation must be performed in either vacuum or inert

gas and iii) account must.ﬁe taken of the transverse temperature

(59)

gradient The first is satisfied by locating the meas-

uring device at the control thermocouple circumferential line
and using accurate transducers to measure the dilation

7,59,61,62,63

produced 3+ »73=78) 1o fulfil the second criterion

requires that either a controlled atmosphere box or a vacuum

chamber is used to contain the specimen (59’74'78), The

problem of transverse temperature gradients can be overcome .
by either selecting appropriately sized samples which have
little or no gradient or by accurate calibration work to

establish centre and surface temperature relationships (59,
72,73)

Having satisfied these criteria, accurate welding CCT diagrams
have been produced for many materials using resistance heating

simulators and high speed dilatometry since the first used
in 1954 (3,54,55,57,59,61,62,74-78)

2.5 Final summary

From this litefature survey it can be seen that the HAZ
microstructure in Super 12% Cr Mo steels compriseslof three
regions, which are a martensite/§ ferrite duplex, an homogenous
martensite area then a secondary hardened region, The extent

of each zone depends upon the alloying elements in the steel
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and the welding variables employed during welding. Little
quantitative information is available about the proportions
and extent of each region, neither is there information on

the effect of welding variables on each area.

Since the HAZ results from the interaction of composition

and thermal history, it is evident that there is an outstanding
need for accurate prediction of weld HAZ microstructure and
hence, for representative welding CCT diagrams. Whilst most
data is suitable for predicting low-peak temperature HAZ fegions,
nothing is available for high peak temperatures which involve

§ ferrite formation. There is evidence that § ferrite

forﬁation may be significant in determining weld HAZ performance
and properties. Thus, it is apparent that a requirement exists
for a systematic: investigation involving the determination

of represéntative welding CCT diagrams which cogfespond to

/the peak temperature ranges found within-each area of the weld
HAZ. This involves accurate deteémination of weld HAZ thermal
cycles applicable to each region and high speed dilatometry

during weld simulations, techniques which have been shown by

the literature review to be suitable for this purpose.
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CHAPTER THREE EXPERIHENTAL TECHNIQUES AND RESULTS

3.1 Introduction

The first stage of this work involves assessment of the
"as-received" microstructures of these ailoys and their
response to heat-treatment; one material was then
studied to determine the effects present in‘weld HAZ's,
This work is followed by a detailed description of the
techniques used and results obtained from isothermal,
continuous heating and continuous cooling studies of the
principal phase transformations which occur. On the
basis of this information and theoretical calculations
of weld thermal cycles a representative weld CCT diagram
is determinedt Comparisons are made between real and
simulated weld HAZ's, particular attention being given
to § ferrite formation in weld HAZ's since it is evident

that its presence in regions close to the weld fusion line

is unavoidable.

3.2 - Microstructure of Super 12% Cr Mo steels
S and their responses to heat-treatments.

3.2.1 Identification of basic microstructures after
TR solution treatment and subsequent tempering.

The chemical compositions of both steels are given in
Table ‘2 fogether with manufacturers recommended heat-
treatment. These recommendations were followed and samples

from each material were taken immediately 'after oil quenching

for ‘metallurgical examination. Tempéring followed, again

5 - I K
-1 . ".__x..!,._ . ‘.*_ __,'{ 3
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as recommended, and further samples were taken for
examination, The Schaeffler diagram (fig 1) predicts

that both materials ought to be completely martensitic

after quenching; this was shown to be correct. After
polishing, various etchants were tried in order to identify
constituent parts of the microstructure. Two martensite
etchants were used, 25% nital and Adlers reagent (see

Table 3), both of which attacked only martensite. No
unetched areas were found, but samples were re-polished

and electrolytically etched in oxalic acid to etch
ﬁntransfofmed austenite, but none was located. This
process was then repeated after sub-zero treatment, again
with a negative result. Electrolytic etching in NaOH was
used to identify free ferrite, but again proved unsuccessful,
thus thP microstructure after quenching was lath martensite,
in both Class 1 and 2 steels. in each of thqse.materials
some free carbides were noted, these being more noticeable
in Class 1 steel and were thought to be due to auto-

(1)

tempering A carbon extraction replica of the "as-
quenched" Class 2 steel was prepared and examined by high
resolution T.E.M. and the typical features of lath martensite

were observed. A few very small carbide particles were

noted on‘lath\Poundaries (figure 9).

-?émpered Specimens were examined in the same way and found
to have coarse carbide particles within martensite laths.
Carbide identification. in Class 2 material was performed by
X-Ray diffractometry analysis on'solid-specimgns which
identified two M C6 carbides in the matrix. "“The.-strongest

P Tk, ot . " “"~"-"'. . ok T e ' Lt
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response, and hence the predominant type, was from Cry.Cg,
(Fe,Cr)ZSC6 responded weakly, but was still discernable.

No traces of M703 carbides or Laves phases were detected

during this survey.

Bulk quantities of both materials were in the tempered
state ("standard state") and were used throughout the work
in this form. All succeeding experiments used these
materials all of which had been heat-treated at the same
time as the base material. The unaffected microstructures
were thus‘known to bé-tempered lath martensite containing

predominantly Crzsce, but with no M703 carbides or Laves phase

present in detectable quantities.

3.2.2. . Phase-transformations occuring during solution
treatments.

This work was performed on a conventional metallurgical
dilatometer. Small samples, each 20 mm long X 5 mm
diameter,. of both steels were made and were subjected to
appropriate re-solution heat-treatments (1000°C for 1 hour
for Class 1 and 1050°C for 1 hour for Class 2). Heating
rates were slow, taking 2 hours to reach maximum temperature,
whilst cooling rates were varied from 1500°C min~t

_(25°C séc"l) to 100°C min-l (1.690 sec"l).

On heating, both Ac, and Ac, were found, whilst on cooling

only Ms and Mf appeared. . In the case of Class. 1l steel,
these temperatures were found to be thus:- Acl 830°c,
)

- Acg 8977C, Ms 323°C and Mf£.140°C. Minor variations in

Acl and A03 were also noted, due to élight variations in
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‘3.2,3 The effect of short time, subcritical heat-
: treatments on Class 2 steel

Highly alloyed Super 12% Cr Mo steels secondary harden
after tempering, due to MZX forming as a fine, dispersed
precipitate which impedes dislocation movement (dispersion
(1,2,21,22,31,32)

hardening) As Class 2 steel was the

most highly alloyed type available, short ‘duration, sub--
criticai heat treatments were used to assess its secondary

hardening capability.

Thin samples (3 mm thick) were produced from standard state
material and were surface ground to size.- Vickers micro-
h;rdness measurements were performed on each sample and
averaged to give a pre-treatment hardness for each sample.
They were then placed in an air circulating furnace at
pre-detérmined temperatures, for either 5 minutes or 1 hour,
after which they were removed and cooled on a large steel
block. When cold, each sample was surface ground to 2.5 mm
thiékness apd then re-tested for hardness, at least five times.
The results of these tests show that this steel secondary
hardens yerydrapidly (figure 13 and Table 4.) Long holding
times prodpce lower hardening, due to sz agglomeration or
even matpix_goftening caused by carbide coarseniqg, whilst

short treatments can elevate hardness towards untempered

martensite levels (520 min.Hv),

I

3:2.4 L

High temperature furnace heat-treatments.
A series of high temperature heat-treatments were undertaken

< to obtain approximate location:of Ac, (when & production

starts from austenite) over the range 1100°C to 1450°C
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using Class 1 material, Small test coupons, 10 mm square
x 3 mm thick, were produced. Platinum - platinum/13% rhodium’
(hereinafter abbreviated to Pt/Rh) thermocouples were welded
onto sample edges and checked for calibration by immersing
in boiling water and measuring the e.m.f.generated.
Thermocouples were removed and replaced if the measured-
milli-voltage was greater than :'0.0148 mV different from

0.644 mV (which represents 100°c 2

2°¢C).

A muffle furnace was used, the hearth of which was filled
with fire beicks so that sample insertion did not cause
rapid temperature loss in the furnace. Once the furnace
was at the pre-determined temperature, the test coupon with
attached thermocouple was rapidly inserted through the door
and the temperature rise of the samples were monitored by
thermocouple output. Once at temperature, samples were
left to transform, for either 5 or 10 minutes, before being
withdrawn and quenched in oil. All samples were metallurgi-
cally examined after severe eletrolytic etching in NaOH,

which blackened martensite but left ferrite unattacked,

1& both materials, the onset of ferritisation was regarded
as the temperature when an unetched constituent could be
found when examined at 400x magnification, The trans-
foraatiOn‘temperatures were located by noting the highest

tempesatare sample which did not contain visible quantities
of & ferfite Sufficient samples were used to enable
transformation temperatures to be determlned with reasonable
accuracy and the values obtaiaed‘aere 1250°C io; Class 1

steel and 1320 C for Class 2 materials..'
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During examination it was noticed that & always appeared

in similar places in both steels, and this was observed as
being on prior austenite grain boundaries and triple points.
The morphology 6f this phase was consistent between materials
and it was élways found along prior austenite grain boundaries
(see figures 14 and 15). An anomaly noted during this

survey was that once § formation began, austenite grain

growth ceaséd, therefore austenite grain size remained constant
from 1250°C to 1450°C in Class 1 materials. This fact was
attributed to § formation pinning austenite grain boundaries

and thus preventing further grain growth.

3.3 Microstructure, defects and properties of i
weld HAZ's in Class 2 steel., .

3.3.1 Microstructure and defects found in commercially
: welded joints

The preceding study of the heat-treatment reSanse of this
steel indicates that three zones were likely to exist within
a weld HAZ, These are i) a region of martensite/sferrite
duplex microstructure, ii) an area of homogenous martensite
and iii) a secondary hardened zone (as schematically
illustrated in figure 8). Each region represents an area
wherg some minimum temperature value has been exceeded.
The:qup;gx region, which consists of martensite and $§
Ie:r;;g forms where austenite has been heated above the
Ac, temperature (ie approximately 1320?C), hence quantitiés
of austenite transform to § (c.f. 3.2.45.;. The region of
homogenous martensite is found where temperatures have .

exceeded Acg but not Ac, (ie 900°C to 1320°C).  Throughout

P
wta an gy

this- temperature range only-austenite-exists-and-this-. -
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subsequently transforms to martensite on cooling. Below
Ac3 (ie below 90000) the temperature is unsufficient to
transform the parent microstructure, but it is sufficient
ta precipitate sz particles in the otherwise tempered
matrix. This precipitation process is sufficient to
reverse the softening trend and, in fact, increase matrix

hardness ‘27(q.f. 3.2.3).

Welds were obtained from industrial sources and were
examined metallographically, the three zone HAZ structure
being verified at once. Commercial welding of these
steels is not performed extensively in the UK at present.
This is not a reflection on the weldability of these .
steels but more an acknowledgement of the specialised
usage of these weldments. - Two major companies * having
fabrication experience with these steels Weré_yisited and
both supplied test welds and information. Only one defect
consistantly re-appeared at both companies, and this was
small HAZ cracks which occurred at room temperature and

were found in about 1 - 131% of fillet welds, butt welds

being completely free of this fault (40).

To eliminate these cracks, which both companies believe to-

be hydrogen induced, very careful control of welding

Parametersis exercised, Specified pre-heat and interpass

:;mperatures were similar and close to recommended values
’4'7’12'13'14’35’36’37*40*42'43'44)(3.5in figure 7)
» . iea . ]

whils
t Practices op post weld tempering diverged... One-7 ‘"
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were Clarke—Cha;nmn,uGateshead and International Compﬁstion:-
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company stress relieved before temperature fell below

100°C, whilst the other allowed full cooling to occur and

stress relieved within 24 hours. Neither practice seemed

to affect crack susceptibility for Eoth suffered similar
cracking level. In numerous attempts to eradicate cracks,
various changes have been tried, including extreme precautions
to prevent hydrogen production by high standards of cleanliness.
The most successful palliative in both companies has been

"found to be filler material composition. One company will
only butt weld with matching filler wire but prefers

austenitic electrodes which preferentially absorb hydrogen

when fillet welding. The other uses lower chromium fillers
(20% or 9%Cr) believing that reduced transformation temperatures
of these alloys allow greater stress accommodation within the
weld bead and prevens cracks by thus reducing stresses.
Lowerchromium fillers are also less hydrogen sensitive

(being less hardenable) and are capable of accepting hydrogen
from the HAZ without detriment (40). Some work has been
perfermed on untempered weldments which indicates'pre—existing
efack,growth occur's . very rapidly under low stress levels

- in the presence of hydrogen (52:93)

'ifnie :hefexﬁerieneelof_both fabricators that cracks nucleate -
7_£r6m st;ess”faisersf . Thesefcould be. caused by undercut,

1ack of fusion,.incomplete fusion or

-bad fit-up. | Where no stress concentrators ~occur, no cracks

form even in fillet welds (40) . All cracks examined

”during the course of this work began in the duplex martensite/

"‘fferrite region, close to the weld bead and not . in the more

'"-‘1ikely homogenous martensite area.

Crack paths appear to,

. v o
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have some relation to § shape, closely following the shape
of the ferrite network (figures 16 - 18). Cracks may

entef'ierrite but‘never'follow completely ferritic paths.

Two theories have been advanced for this behaviour. The
first is that § reduces Ms temperature into the range of

increasing hydrogen activity (=0 - 20000) and thus renders

weldments more suéceptible to cracking (14). The second

is that § "weakens'" the martensite and having both lower
yield point and ultimate tensile strength, fails during
either transformation ‘or cooling, when stresses of some

magnitude are generated (7'9’12).

In commercial situations, all cracks occur as small.HAZ

cracks generated from stress raisers(see figures 19 and 20);
Weld defects become operational when long-range (contractional)
stresses accumulate at temperatures just above Mg (80, 94,

95). At such temperatures these materials are very ductile

being basically austenite(54) and when transformation starts,
stress levels are reduced as is ductility (94’95). Further

cooling increases general stress level (94’95), which, around
Stress concentrations, exceed matrix ductility causing

crack nucleation to occur., The presence of hydrogen in

the HAZ will tend to exacerbate this situation by reducing

martensite ductility still further, especially in stress
concentration localities (49’50).
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3.3.2 Production and examination of thin and thick
plate weldments

Butt welding small diameter tubes is a widely used fabrication
process for these steels, as they are mainly used for cooling
plant, heat exchangers or steam generators., Circumferential
butt welds between tubes or in tube~to~tube sheet positions

are made using TIG, MIG or MMA processes (40) In this

situation industrial practice is to pre-heat to 250 - 30000
weld continuously to completion, cool to low temperature and

then stress relieve (40).

A series of experiments were formulated in which tubes were

TIG welded with and without pre-heat, using 1 to 4 runms,

some welds being subsequently tempered whilst the rest were
not (40). An industrial tube weld preparation was used
(figure'zl) and 1.- 4 runs,each representing different stages
of completion,were deposited to attempt toldetermine which
part of the process produced problems (40). Cold wire
automatic TIG welding was used for all runs. This was
achieved by rotatingthe tube under a static welding head,
tube rotation being accomplished by an industrial manipulator,
the apparatus is illustrated in figures 22 and 23 Tubes
(38 mm O, D 24 mm I.D.) were accurately aligned on a mandrel,
carried by the manipulator Which rotated them between two
three-point steadies that controlled overall axial alignment
(see figure 23) When pre-heatlng was used commercial
resistance heatlng pads were employed temperature oontrol

[R50 T

was automatic using a 3 mm chromel-alumel thermocouple to

monitor tube temperature. Visua.l weldnent temperature neasure:rent was

accomplished uslng a digital thermometer no recording
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of'pre-heat temperatures being made.

Each tube was machined to form the welding preparation and
a distance of Sém from each preparation was cleaned to base
metal before degreasing. After mounting on the mandrel,
rotation speed was set and the welding torch positioned

o]

5° advanced (ie on the "uphill" side) and wire feed set to

pre-determined levels (Tube and wire composition given in

Table 5).

ﬁn—pre-heated welds ﬁére performed with the tubes at room
temperature. This proved to be no difficulty for single.
‘and multi-pass welds, as both were deposited in singié run
increments, the weldment being allowed to cool fully before

further.déposition. The welding conditions used throughout

this work are given in Table 6. -

Tubes for pre-heated welds were assembled as before and heating
pads were then wrapped around and clamped in position. The
thermocouple was placed in hole located 5 mm from the weld
prepafatién (as in figure 21) and the heaters turned on.
Heating Eb pre-heat tehperature was accomplished in about

20 minutes and maintained at 300°c¥5°C (as in industrial

practice ( O)). When at temperature, heating power was

turned off, thermocouple removed and welding performed

CIET I I gt P s . . y S oy i -
immediately.  Where multipass welds were deposited, the
weldment was allowed to cool to 300°C before subsequent runs

were deposited. After the final pass;weldments were'allowed
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When cold the welded zone was removed. from each assembly
and sectioned to produce both microstructural and bend test
samples. During sectioning, the start and finish region of
each was discarded as non-representative, whilst the remainder
was sawn into pieces approximately 4 mm thick. Samples with
the best weld profiles were retained for bend testing,
whilst others were used for metallographic examination,
Optical examination of these weld HAZ revealed all the same
zones as those which are found in commercial welds, although
of a somewhat smaller ‘size. Only one major visible differencé
was noted between pre-heated and un-pre-heated welds and this
was the fact that the pfe-@eated HAZ's were larger and the
untransformed areas of the HAZ were more tempered. Further
specifig stud;gs-of single pass HAZ's, however, were difficult

because of their small physical size (at best 2.5 mm wide).

During metallographic examination the major portion of the
time was spent searching for HAZ cold cracks, which necessitated
multiple polishing and re-etching to prevent metal flow hiding

any cracks. .Despite this, no HAZ cracks were located in any

weld by. this investigation,

After the crack search, microhardness surveys were performed

on all metallurgical samples. This showed that pre-heated

wéldS-were generally slightly softer than unheated ones.
Thishis:due to increased auto-tempering of freshly formed.
martensite and:increased tempering of. untransformed material.
Figpre.24;111ustrates this fact by.comparing the;hardness .

values;off§ing1e run welds produced from-both;pre-heated
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- and cold tubes.

Once hardness testing was complete bend tests were performed
on selected samples. The best four pieces of each weld

were marked and surface ground to 3 mm tﬁickness. During
grinding all samples were arranged so that square section

test pieces were produced, the inner and outer curves of these
being so small as to be effectively flat. After grinding,

a random selection of two pieces o0f each weld was made..

These were then tempered for 1% hours at 610°C in an air
circulating furnace. ~This was performed to discolour and
oxidise pre-existing HAZ cracks so that during testing,

accurate location of ﬁre-existing cracks would be simplified:

Once cold, all samples were bent in the equipment illustrated
in figure 25. Bending point on each sémple was individually
set at the weld bead/HAZ interface on the inner face. Slow,
continuous bending to failure was used, care being taken not
to apply sudden loads to any sample. Bending was stopped
when samples broke or reached a 90° angle, samples were then

measured to determine bend angle, and location of failing

crack determined.

The results of this work were inconclusive (see Table 7) as
no HAZ cold cracks were found in any sample. Most failures
occurred through the weld bead and were pre-existing cracks
formed on weld bead cooling but no brittle HAZ cracks were

found. The effect of tempering increasing weld ductility
was, clearly visible, whilst.the value Of. pre-heating weld-

ments to prevent HAZ cracks was not'demon$tfated.“'Weld
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restraint was high, illustrated by the fact that #fter
mandrel removal weldmenf distortion was frequently
sufficient to prevent replacement. Even with contractional
stresses of th#t magnitude no HAZ cold cracks were produced

in unpre-heated steel, This finding is contrary to current
thought."(1’5'8’9’14’18'28’32'61).

Microhardness surveys were performed across the untempéred
metallographic specimens with a view to correlating hardness
and HAZ microstructure. Testing commenced at the fusion
line and moved into the HAZ in 0.1 mm increments. During-
the survey, hardness path was kept parallel to a section
edge. Each hardness.was recorded as was the microstructure of
the! region‘tested; =~ Testing finished in the parent material
when four similar results were successively recorded.

Each weld was tested in this manﬁer, typical results being
illustrated in figures 26 and 27. Correlation of micro-
structure and hardness was straightforward in unpre-heated
welds, where martensite zones finished at about 520Hv,
whilst secondary hardened material was between 520 to 320Hv,
the parent material ethbiting.a hardness of 320i10Hv. Some
hardness variations were noted in the martensite regions
close to the weld fusion line and were due ‘to.8. The small
size of ¢ did not allow for direct hardness measurements
although. it lowered hardness in the. duplex reéion.
Attemﬁts~were made to calculate the-peak temperature -

distr;bution in the weld HAZ from:.a.theoretical;equation

aL b gy s ;
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based on two dimensional steady state heat flow (¢8),

The results did not correlate well with the observed
microstructure except in the one run, unpre-heated weld.

In this case, the theoretical heat flow results agree quite
closely with the observed microstructure (see figure 28).
Large plate, three dimensional (3D), welds were thought
necessary for further work, therefore thick walled material
was welded. These welds were produced to provide large
size HAZ's for examination and also sufficient information
to calculate thermal cycles for later weld HAZ simulation
studies. Four weldiﬁg processes were used to deposit the
welds and all weld parameteré were recorded for later use.
All welds were deposited as bead-on-plate on 17 mm thick
tube using two current ranges of all four processes (TIG,

MIG, MMA and submerged arc). Material composition is given
as Class 2 steel in Table 2, -
Semi-infinite welding conditions were desired so an estimate
ofjplate size required to achieve these conditions was made.

(81) ’

from published literature In this method, plate

length and. width are. described as increments of weld bead
width (w.b.w.), hence an estimate of w.b.w. for each process
was required. Weld bead widths are related to electrode
‘diameter and welding speed and have been previously
identified (#8) . thus by using published charts w.b.w. of
-10'mm were expected from the TIG, MIG and MMA processes

. whilstjzo mm wide weld beads were predicted for sub-arc welds.
Mafgfial'd;mensionS'ior semi-infinite 3D situations are-
'_;given'ggséo_w.b.w.lwide and 30 w.b.w. long (ie 200.mm x-

r j§091mmﬁ£pr MIG, TIG, MMA and 400 mm x 600 mm :for sub-arc). .
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Plate thickness invariate at 17 mm (1.7 or 0.85 w.b.w.)

producing 3D heat flow down to 250°C isotherm (from the

Temperature isotherm-
Melting temperature,

expression X Wb W) Tubes from

which the test plates were cut were 175 mm outside diameter,
so the actual width of TIG, MIG and MMA test pieces were \

975 mm (ie } tube circumference) and 550 mm for sub-arc

(full diameter tube slit down 1 wall).

After cutting, all pieces were given the standard heat-
treatment, then wire brush descaled along the welding line.
Before welding any teet piece conditions were established

on pieces of 19 mm thick mild steel plate. During set

up of each tube piece care was taken to ensure that the
welding torcp always passed along the top of the curved
section, so that no arc length changes would result. After
set up, test plates were welded without pre-heat and welding
conditions automatically recorded (these parameters are given
in Table 8). Two 'single pass welds were made'by each
process one being high power, the other low. After welding,
all plates were allowed to cool to room temperature before

being moved Onoe cold all samples were cut at the weld

bead mid-point to remove steady-state microstruotural specimens.

On examination, after etching,all HAZ's showed the same three

regions as before but on a larger scale, as schematically

shown earlier in figure 8. Areas Of 6 were located in

each weld in close proximity to the fusion line (within

about 0 5 mm), typical 111ustrations are given in figures |

.29 and 30 Ferrite quantities were measured in each weld

by point counting at a constant depth of 1,4 mm below the

{
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'upper surface, and recorded. This depth was chosen as
it coincided with an element in the computed heat flow
solution (see 3.5.1). During this work S2 was found to
have a large HAZ crack, nucleated from bad weld bead -
profile, passing through the §/martensite duplex region
(figure 31). .

After microstructural investigations, hardness surveys
were performed across HAZ's on one weld from each process
and again at 1.4 mm depth, running from fusion line to
parent material in 0.2 mm increments. The results of
this work are given in figurés 32 to '35 and show similar
hardness profiles to unpre-heated tube welds (c.f. figure 26),
which is to be exﬁected. The oniy physical difference
“found bptween.both series of HAZ's was the increased size
of the thick plate weld HAZ's,

3.3.3. Quantitative study of § contents in real
weld HAZ!'s

Micféstructufal investigations performed on the thick
piate weld HAZ's showed a general trend of increased §
contents with increasing heat-input. The variables, §
content and heat input mm *, were statistically examined

by uéiﬁg multiple linear regression analysis, the weld para-

meters are shown in Table 9.

‘Analysis showed that a relationship did, in fact, ‘exist
between § content and heat input, the resulting equation was:

%8 = 2,9620 + 0,001885 x heat input and had a correlation
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co-efficient (r)-of 0.8752. This result is shown
graphically in figure 36 and illustrates the strong
relationship between the two variables. From this

result it can be seen that weld HAZ § content in closel
proximity to the fusion line is'directly dependant

on the heat input per unit length of weld.l ther i;vest-
igators have reported similar trends in a variety of

materials (3,5,6,7,8,10,12,13,44 - 47) -

- ., . oy

3.4 " Production of isothermal, continuous heating
and continuous cooling transformation diagrams
predicting 6 formation and decomposition behaviour

3.4.1 . Introduction

The foregoing section has shown that § ferrite is found

within weld HAZ's even at room temperatures. The conditions
under which § forms in these steels havenot been studied,
Neither are the circumstances for the retention or
decomposition of § known. To undertake this work a high
speed dilatometer was required, operated in conjunction

with a welding simulator., ' Only the simulator was

immediately available, the remainder of the desired equipment
had'to‘be construéted specifically for this task, The

first part of this section deals with the design, construction
and calibration of the relevant components. Later sections
detail investigations undertaken to study the formation and

effects of § on subsequent transformations, These studies

were performed under a variety of thermal conditions.

s A



- 51 -

3.4,2 " Design and construction of equipment for
weld simulator

To produce phase transformation diagrams under representative
weld heating and cooling conditions, it was necessary to
design'and construct specialised pieces of equipment. .Two
differént'pieces of equipment were needed, the first

involved sample jaws to hold test pieces, the second was a

high speed dilatometer..

3.4.2.1 Sample jaws

The pieces of equipmeﬁt were designed to serve three purposes,
a) to_hold the test pieces

b) to carry heating current to the specimen, -and

c) to provide fast cooling of the samples,

The jaws were .made fram oxygen free high conductivity copper
and they were continuously water cooled throughout the test.
The design of this equipment was restricted by four further
factors, these being i) the jaws must fit the existing
vacuum box, ii) they must give increased sample cooling
rates.over existing equipment, iil) they must carry high
currents with minimal resistance to maximise sample heating
rate and iv) they must be usable as hot tensile/ductility
Jaws.  These restrictions are now discussed in greater

detail and their solutions are included.

, 1 -Vacuum box L
This box was d951gned around jaws of 57 1 mm diameter
(2}") and 203 2 mm in 1ength (8" .p New jaws were desigued |

[

to these sizes SO that no modifications to vacuum seals were
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required. New jaws also used the same length and

diametric tolérances as the old equipment to ensure no

loss of vacuum performance.

ii) Increased cooling rates

In the new jaws, cooling water was circulated through an ..
annulus surrounding the sample to reduce heat flow path.
This entailed a major re-design in the sample mounting
area but this was overcome at the expense of some

manipulation ease.

111) Minimal electrical resistance
This is conventionally achieved by using oxygen free high
conductivity copper (O.F.H.C) and was used for the new

equipmenht. OFHC copper is also an excellent thermal

conductor. -

iv) Hot tensile/ductility capability
The use of hot tensile or ductility tests was proposed and
therefore the jaws had to withstand reasonable loads without

permanent deformation. ‘Water channels, carrying cooling

‘water to the low annulus, reduced cross sectional area to

no less than 6.5 sq cms, giving each jaw a maximum load

capability (before plastic deformation) of 8.5 tonnes.

('S

3.4.2.2  High speed dilatometer

Dilatometric measurements in weld simulators are made across

- J

the Sample dlameter in the hot zone of the test piece. " This

L ETy ’l_, LA
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fact effectively determines the high speed dilatometer

arrangement. Two transducers, set in water cooling

jackets, were used and were located in the wvacuum box ‘

wails through vacuum seals at sample mid point and diametrically

opposite each other. Each transducer was calibrated to an

accuracy of ¥ 0.000254 mm (.0001 inches) by the manufactﬁrer

and the pair were matched to remove inequalities, so the

final resolution of thedilatometer should be about 1,27.10'4mm.
Both transducers carried a 2 mﬁ diameter fused

siliéa p;obe which contacted the test  piece and transmitted

sample‘size changes. - The dilatometric arrangement is shown

in figure 38. Coarse transducer adjustment (to cater for

various sample diameters) was by means of screw collars on

the inside and lock bolts on the outside. The arrangement

also prevented transducer movement during.evaéuation;'

3.4.3 Description and operation of weld thermal
simulator and high speed dilatometer

S.4:3.1 Description of weld thermal simulator

Weld thermal simulators are machines which rapidly

resistance heat the metal specimens, and cool them quickly
whilst closely controlling sample load. These requirements
often mean that simulators are based on mechanical testing
machines, which carry large copper jaws to hold test pieces
through which high currents aré passed to resistance heat them,
These. features can be seen in figure 37.

Sensitive operation requires certain refinements of the

mechanical testing frame such as load control capability,

thermal cycle control, high current availability and good



cooling of sample jaws. These features are visible in
figure 37.and will be more closely identified.  The
mechanical control console (a in figure 37) comprises two
parts, positioﬂ control (1) and load control (2). The
former causes large displacements of the lower (mobile)
jaw and is used for mounting and dismouﬁting specimens,
the second channel accurately loads the test pieces before

and during thermal cycling.

The thermal control equipment (b) consists of 2 pieces,
the first (3) a programmable drum onto which heating and
cooling rates are drawn, then beneath this (4) is the

temperature controller onto which desired peak temperatures

are pre-set before cycling commences. /

High electrical heating current is produced imr the transformer
(c), being conducted to the jaws (d) by heavy copper cables.
Current control occurs by monitoring sample thermocouple
output (control thermocouple) and comparing this to required
values (generated by temperature controller (4)). Effective
control of both heating and cooling rates are achieved in

this manner.

Water cooled copper jawsd(d) provide both electrical contact
to, and cooling for, the specimen under test. Sample
temperature control is.the balance of current heating and

constant cooling by the water flow through the jaws,.



Also visible in figure 37 is the vacuum box carrying

the dilatometer and the associated amplifiers and recorders.
A detailed description of this apparatus will be given

later (section 3 4.3.3).

3.4.3.2 Operation of simulator

Before operating the simulator, thermocouples must be
welded onto the specimen, one of which is at mid-point of
gauge length and is the control thermocouple. Thermal

programs must be checked at this stage to ensure consistency

and accuracy.

When these points have been checked, a sample is mounted in -
tne upper (fixed) jaw and the thermocouples connected. The
mobile jaw is moved so that the specimen can belinserted and
then a slight tensile load applied to give good fit up of all
connecting surfacest Control is transferred into load
control to allow accurate load adjustment and control
throughont the subsequent cycle. (At this stage the

dilatometer chamber may be evacuated if required).

Heating current, to specimen is turned on manually with

the switch situated on left-hand side of-temperature
controller (4), and henceforward controlled by the programmed
thermal apparatus (3). The rotation of this drum causes the
programmed thermal cycle to be reproduced in the specimen,

temperature control being by the attached Pt/Rh thermocouple.

,l_ ‘.u- . 1 N -
at the end of the program, power is manually turned off

'\

drum rotation stopped and position channel brought into



operation. Sample removal can be undertaken and the

simulator is ready for further work.

3.4.3.3 Description and operation of the high speed
dilatometer

'This equipment is shown in detail in figure 38, The

two water cooled transducers (A) carry fine fused silica
probes (B) which are held in light spring contact with the
sample at its mid-point i.e. on the same circumferential line
as the control thermocouple. These transducers are mounted
on the sample vertical centre line and opposite to each

other so that diametrical size changes are always recorded.

Both transducers enter the dilatometer box through vacuum
seals, thus enabling adjustment of transducers to accommodate
varying sample diameters without loss of vacuum performance.
The.transducers are water cooled to prevent thermal drift

and the silica rods are ball ended to produce minimal

contact area and hence reduce heat pick-up. These two
precautions are used to retain calibration even during long

periods at high temperature.

Before operation commences, transducer output is brought to

.\A :

zero on the transducer monitor (M in figure 37).

Output of this amplifier is relayed to the-_ axis of an XY

graph plotter (N in figure 37) then to one channel of a two-

pen Yt recorder (O in figure 37) Control thermocouple

output is registered on the Y axis of the graph plotter and a
"slave" thermocouple (on sample gauge length mid-point)

is used for the second channel of the two-pen recorder.



Once the thermal cycle commences, sample dilation is
recorded automatically against time and temperature
(actually thermocouple output), throughout the whole
cycle. When cold, both transducer probes are removed to
facilitate sample removal and are re-attached to the

transducers after the next sample is mounted.

This dilatometer is termed "high speed" because it

constantly monitors and records all transformations occurring
even over very short timelperiods, its detection ability

is enhanbed by using very accurate transducers, the total

‘measurement accuracy of which is guaranted to be better than

2.54.10—4mm.

3.4.4 Selection and calibration of simulator samoles

-

Previous experience indicated that acceptablé cooling
rates and dilation changes could be achieved using a
10 mm diameter sample (3’57’59’61'62’72). Hence, a sample
diameter of 10 mm was chosen but this did not prevent
‘reduced size samples being employed. The gauge length was
not finalised. An essential further stage involved
calibration of the control thefmo-couple and a systematic

- investigation of the temperature distribution existing in

- the sample during thermal cycling. This was done to ensure

.that an adequate proportion of the specimen accurately,énd

consistently, followed the prescribed thermal program.



3.4.4.1 Temperature gradient along sample gauge length

Three sample gauge lengths were used for this work (15,

25 and 35 mm) all were 10 mm diameter. Pt-Rh control
thermocoupies were -resistance welded on gauge length
mid-point, whilst similar measuring thermocouplesS were
attached at various distances from the centre point. These
measﬁring thermocouples were spaced 10, 5, 2 and 1 mm from
control couple and 1100°¢C holding temperature was used.

A slow heating rate was used (15 seconds) and peak temperature
held for'5 seconds to;aglbw sufficient recording for
scrutiny. One measuring thermocouple per sample was used
and each sample was discarded after one test.This work was
repeated.using 1200 and 1300°C peak temperatures, the results

being given in figures 39, 40 and 41.

1

It was found that samples '‘mecked" during 1300°C cycles
with subséquent thermocouple displacement, unless very low
loads were used. This was because 1300°C is within the
"Nil Strength Range''(NSR) of the Class 1 steel which was
used for this investigation, higher temperatures were
subsequently excluded because of possibility of brittle
failure in the '"Nil Ductility Zone'" (NDZ). Studies had to
be made in this temperature range later so this problem had
to be surmounted. Two small screw jacks were used in the
Jaw cavity to drivé\home the bontact wedges so that good
electrical and thermal contact was established and maintained

under very small tensile loads. These screw  jacks are visible
in figure 38, .



3.4.4.2 Sample natural cooling rate

Four sample gauge lengths were used for this work,

15, 25,.35 and 65 mm, the first three at 6.3 and 10 mm
diaméter, the latter at only 10 mm and were tested -7

with peak temperatures of 1100, 1200 and 1300°C.  The
reduced diameter samples were produced to a previously
employed design and is shown in figure 42 (61). Each
sample was heated to temperature in 10 seconds, held for

20 seconds and cooled by turning off the heating current.
Samples'thus cooled at their maximum possible rate (natural
cooling rate) and the fall in sample temperature was recorded
by a Yt pen recorder.. Adjustment of recordiné paper speed
.travel in the pen recorder allowed very accurate cooling .
times to be recorded for each sample. Typical results are

given ih figure 43.

Sample size selection was possible at this point, the 25mm
gauge length specimens were selected because thelr natural
cooling rate was faster than the expected rates of the
test thermal cycles and therefore quite acceptable for
programmed cooling rates in the simulator. The strong
influence of sample digmeter on cooling rate is obvious

in figure 43 -but 10 mm was selected because of the larger

area available for later examination, If more rapid

cooling rates werefrequireé, reduced diameter samples
(25 mm gauge length x 6.3 mm diameter) could be employed with
subsequent diminution of examinable surface area (3);~;wz o
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3.4:4.,3 Thermal gradient across sample diameter

Measurement of diametric thermal gradients is usualiy
performed\using a radially inserted sheathed thermocouple
(72, 73). This method was utilised for this work using a

0.5 mm diameter chromel-alumel sheathed thermocouple inserted

into a 0.52 mm diameter hole, which extended completely through

the sample. The sheathed thermocouple was inserted to a
depth of 10 mm, i.e. completely through the sample until
its tip reached the opposite face, and the sample cycled
to 1200°C, being held at this tehperature for 5 seconds
before being cooled. The thermocouple was withdrawn in

1 mm increments, being taken to 1200°C for 5 seconds after

eeefy withdrawal. This was performed until insertion was

1 mm.

All. results were recorded on a calibrated Yt recorder, one
peﬁ monitoring control thermocouple output, whilst the other
pen recorded the inserted thermocouple output. From these
results it was possible to compare surface and centre profile
temﬁeraturee, the results are given in figure 44, Temper-
ature £all off, on small thermocouple insertions, is due to
the heat-sink effect (72’73). The results of this work
show that a gradient of less than 10°C exists at 1200°C
betweee'eentre'and‘eurface of the specimen, thus these
saﬁﬁles”are;suitebie fof'dilatometry (59);-

e

t. b,
5

3:41414 “Celfbrat{en“of centre againet'surface temperature

1Calibration of centre temperature against surface

A,

temperature over a wide temperature range is necessary for-
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accurate recording of phase transformation temperatures.
I1f reproducable correlation does not exist between'surface
and centre temperatures, all transformation work requires

inserted thermocouples to measure temperature directly.

Two techniques were used for this work, the first being a
stepped program with three steady temperatures, whilst the
second was cyclic, peak temperature being increased by 100°C
increments up to 1300°C. In the first work a radially
inserted thermocouple was located 5 mm deep, the sample then
being held at 1100, 1200 and 1300°C each for 20 seconds.

. This work was replicated twice more to produce statistically
'valid results and comﬁarison of surface against centre

temperatures are given in Table 10,

The second technique for surface-centre calibration again

used a 5 mm deep radially inserted thermocouple but the sample
was cycled between 100 to 1300°C in 100°C increments and “was
held for 5 seconds at peak temperature. ' Heating rate was

slow (30 seconds) to avoid overshoot, this rate being used

for all samples.

Ong'specimen'was used which was Subjected to all peak temper-
atures before removal from the simulator. Once completed, "a
replicate was tested under identical conditions. These
results were correlated by using multiple linear regression
analysis, and were shown to ﬁave a correlation co-efficient
“(r) of 1, The resulting equation was y = 1,0049x - 5.051377

(where X 1s centre temperature and y is surface temperature).

Tis is plotted as a graph in figure 45. From this graph
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it can be seen that effectively surface and centre

temperatures are equal.(sg)

Calculations taking a
surface temperature of 1350°C shows centre temperature

to be 1351.5°C - an insignificant difference.

3.4.4.5 "Effect of dilatometer probe contact on
local sample temperature

During dilatometry two fused silica probes are held-in

light contact with a hot specimen. Although point contact
exists between sample and probe, an obvious temperature gradient
is preseut. This may cause heating of the probe by localised
oooling'of the sample. This effect was measured by using a

measuring thermocouple located at the point of probe contact-

(as illustrated in figure 46),

The sample was heated to 1000°C in 6 seconds aud held for
120 seconds, then cooled. The same sample was re-exposed

to 130p°C for the same time and cooled. Overshoot occurred
in ooth cases, followed by temperature stabilisation, and
produced two areas at each temperature for comparison,

which were peak and steady temperatures. In neither

case, at both temperatures, was any difference noted between
control or measuring thermocouple output This indicates

that no 1ocal cooling of the sample occurs in either dynamic

or static situations due to probe contact

W

The correlation

between measured temperature and actual surface temperature

beneath the transducer probe was shown to be satisfactory.



- 63 =

3.4.5 Phase transformation measurement using fast
heating and cooling rates and short
austenitising times at low temperatures

Microstructure and phase transformations occurring, at low
peak temperaéures, had already been determined by a conven-
tional metallurgical dilatometer. However, the influence
of more rapid heating and cooling, coupled with shorter
austenitising times produced by the weld simulator, was
unknown.. Samples of both Classes 1 and 2 steel were

produced in gauge lengths of 25 mm at 6.3 and 10 mm diameter.

Two Pt-Rh thermocouples were welded on each sample,
diametrically opposite each other, at gauge length mid-
point. Che was the control thermocouple, the other was
connected to the Y axis of the XY graph-plotter. (It was
found at an early stage that the control couple output,

<15 mV, was insufficient to power two recorders and provide
accurate temperature measurement; so0 an independant
measuring thermocouple was used for the XY plotter). Once
mounted in the machine the thermocouples were attached and

the dilatometer prepared (as detailed in 3.4.3.3),.

Heating rates were between 3 and 30 seconds to austenitising
temperature (1000°C for Class 1, 1050°C for Class 2)with

holding times between 1 and 100 seconds, then cooling followed

at each sample's natural cooling rate. ConsStant dilatometer
recording was used on heating and cooling, so that all

phase’ transformations could be studied.

“ X AR o Has : t
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was-found in both materials that Ac, and Acy temperatures

e varied with heating rate, both tending to occur at elevated
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temperatures with more rapid heating. On cooling,
transformation temperatures in both steels (ie Ms and Mf)
were found to be invarient with cooling rate, agreeing with
T (Ms323°C, Mf£140°C:- Class 1, Ms275°C, Mf£60°C
- Class 2), These temperatures are the same as determined
-by earlier dilatometry, showing that the high speed
dilatometer attached to the weld simulator was performing

satisfactorily.

.Metallographic work performed on these specimens showed

the existence of lath martensite in both materials, with
some carbides visible in Class 1 material. These findings
duplicate results found by conventional dilatometer work.
Prior austenite grain size measurements were made on Class 2
samples’ and showed slight coarsening due to increased
austenitising temperature. Generally little change was
noted from earlier measurements (average sizes were still

0.25 to 0.3 mm) and no effect of austenite grain size was

noticed on Ms or Mf.

3.4.6 Variations of Ac, and Aog occurring with differing
: heating rates ana isothefmal treatments

Equilibrium phase transformations have little value in the

T

welding situation as non-equilibrium situations dominate

i

the whole process. Process variations can occur which may

seriously alter the heating rate experienced in the HAZ and

rate dependant processes will be subsequently affected.

Prev1ous work showed tnat austenite formation appears to be

‘heating rate sensitive and therefore a series of ; "

-
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samples of Class 1 steel were heated to 1000°C using

times from 6 to 120 seconds. -Variations in dilatometrically
detected Ac1 and Ac3 transformation temperatures were noted.
These results #re tabulated in Table 11, which shows that both
Acl and Ac'.are somewhat elevated, with increasingly rapid

3
heating rates in Class 1 steel.

A similar investigation was performed on Class 2 steel and
show the same trend, which prompted a systematic isothermal
investigation into austenite formation in order to enable

ieasonable estimates of “thermal behaviodf to be made,

All samples were heatéd in the simulator to 780°C and held

for 10 minutes, to produce a cbnstant homogenous -
starting structure, before being heated to transformation
temperature, in 1 second. Transformation behaviour was

noted on the Yt recorder and was shown as a céntraétion
commencing (Acl) and progressing until no further contraction
occurred (Acé). Further monitoring continued in all cases

for a minimum of 10 minutes to ensure transformation was
complete. After this, samples were cooled and
metallographically examined.  The results of this investigatior
are given in figure 47 which shows that between 812 and 836°C

a ferrite-austenite miscibility gap exists and the transformati
déeévnbt'go to comple%ibh; ‘'Microstructural sﬁmplés taken

from this region show co-existence of austenite and tempered
martensite (figure 48).° |

AL
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These findings indicate that during rapid heating,

L}

enlarggment of the austenite-ferrite miscibility gap occurs
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with subsequent elevation of Acy and Acs temperatures.

Only when heating rates are very slow will this miscibiltily
gap be minimised with constant A01 and Acg values. These
results also caét some light on the transformation mechanisﬁ
of austenite formation. The temperature dependence of both
Ac1 and Aca are clearly shown which indicates a diffusion

mechanism producing this transformation (79).

3.4.7 § phase formation during continuous heating
and isothermal heat-treatments

Kinetics of & formation were studied by two means in both
steels. Class 1 steel was first examined using continuous
heating. techniques with 1320°C peak temperature, heating

taking between 6 and 120 seconds and was linear. During
heatingf after austenite formation, sudden fapid-expansions
occurred, This was § formation (see Appendik} )& Replicate
results were obtained for each heating rate and the § formation
temperature (Ac4) obtained. All results were compared,

found to agree and recorded, graphic presentation being
simplified because linear heating rates had been employed
(therefore temperature was directly related to time, thus

time required to cause.transformation was easily determined).
All samples were retained and subsequently metallographically
examineq to verify the existence of § ferrite.i

It was soon

noted that the dilatometer.-and optical observations agreed
very closely. . Optical .investigations at high magnifications
(1000 x +) showed the presence of very small quantities of &

in samples that had shown the barest dilatometric evidence
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‘of § ferrite growth. Estimates of § ferrite quantities
in these cases were statistically poor (eg 0.2% z 0.5%)
hence dilatometric evidence was accepted as indicating

the observable-ﬁetallographic start of transformations.

It was decided to investigate the isothermal transformation .
behaviour of Class 1 steel in order to be able to compare it
to continuous_heating formation of §. A constant linear
heating rate was employed, this being 0 - 1320°C in 4.5
seconds and was the maximum possible heating rate consistent
with accurate peak temperature control. All samples were
heated at this rate to their pre-selected transformation
temperature (within tﬁe range of 1250°C to 1320°C).

Once'at temﬁerature all samples were left until § formation
commencéd (noted . from time V's dilation recordings), the
samples were then cooled and later metallurgically examined.

Replicate tests were performed at each temperature and were

found to be in good agreement.

The results for both continuous heating and isothermal
production of § in Class 1 steel are given in figure 49,
From this graph reasonably good agreement on § formation
kinetics can be seen between both techniques, It was also
noted that isothermal short time transformations (ie 1 - 40
seconds) seemed to be almost on a straight logarithmic line
so a regression qnaiysisywa3~performed on these points.

The resulting.equation had.a high correlation co-efficient
(0.934) and was.y = 41.93--0.0319x (where .y was log time

- to,transformation,and x was}traﬁsfq:mat;qn temperature Ob)(

A sample was transformed at 1270°C to check this equation,



- cooled and _pr_e__served formetallographic study.

v
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predicted time being 28.99 seconds, experimen; result
was 28.25 seconds, a difference of 3.08%. On this basis,
the logarithmic short time linear relationship was

validated.

The same experimental methods were used to study 6 formation
in Class 2 steel. It was soon found that 1326°C was too
low to cause § formation, especially on very short heating
times, so 1360°C was nominally chosen for subsequent work.
Heating to this temperature took between 4.5 and 180

seconds and all heatibg rates caused subsequent § production.
Ac, temperature was 1ocated,las in Class 1 steel case,

from the XY granh plotter results. A typical dilation
curve- for this steel is shown in figure 50 along with the
tangent. method used to locate change points. Once more

replicate tests were performed to enhance accuracy.

An attempt was made in the isothermal treatmente to produce

§ from a uniform austenite matrix and see if this fact

~ affected transformation kinetics. Samples were heated to
.11500c in 30 seconds, held at this temperature for a
. further 50 seconds and then heated at BOOC secfl to

pre-decided transformation temperatures between 1315 and

1480 C where they were held until transformation was

\underway. Whilst 5 formation was proceahng Samples were

These results

_are given in figure 51 from which 1t is noticeable that

P

zero transformation times are some 30 C different Tbis

[

..can only be explained by increased austenite stability :
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rémoving, or reducing, austenite compositional gradients.
As § production 15 essentially diffusion controlled, the

effect of local inhomogenities is important and could enhance

transformation (79). The representative transformation

behaviour for & fofmation during welding is therefore the

continuous heating case which.regisfers the effect of

inhomogenities.
3.4.8 Isothermal decomposition of § ferrite to
austenite .

Although the formation of & from austenite occurs rapidly
at high temperatures, re-transformation of this & back to
austenite on pooling is. delayed. This much is obvious
since quantities of & remain untransformed in Wéld HAZ's,
Little is known of § decomposition kinetics, some authors
believing that re-transformation bégins during cooling,

even after welding (13). -

Decomposition kinetics were examined by dilatometry during
isothermal heat treatménts. . Two ferritisation levels were
investigated in Class 2 steel which were approximately 48
and 65% §, produced by 50 andﬁ32d seconds respectively

at 1360°C, this latter valﬁé'reﬁfééeﬁting equilibrium

content at 1360°

C. A bohs%aﬁ%vhéafing rate of 9 seconds
to 1360°C was_uséd aﬁd éampiés'héld for the requisiteltime
(50 or 320 Seconds) and then cooled at half natural cooling
rate to'transforﬁhtiéﬁftéﬁﬁéfature} " Time was measured
frbﬁﬁthe péint"ﬁgghisamplgs reached temperature until g

constant contraction occurred, signifying the commencement

- of 8 decompogition to v. This time was located for ferritisation

groups
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between 1050 and'1250°C, these results béing expressed in
figure 52.

Metallogféphic éxamination of each specimen was performed
to determine transformation mechanisms and quantities
%pvolved. All samples showed some § regibns where the
sharp § grain boundary became "gauzy'" and indistinct and
martensite laths projected into the ferrite (see figures

53 and 54). In these areas austenite has formed from §,
often on diétinctly different‘orientation to existing -
austeﬁite, so that ﬁhén transformation to martensite occurs
lath orientation between "o0ld" and "new" austenite is

clearly'visible.

One random sample was shown to have transformed about 8% of
the § to austenite - this sample having been left transforming

for some time before being-cooled.

These results show that long periods of time are required
to decompose § eveﬁ under isothermal conditions, with time
extending as § content increasgs. It is unlikely that
even in very high heat‘inpdfiwélding situations (when
cooling rates are at their lowest) decomposition of &

will occur. To remoﬁé; brxredﬁce,'ﬁ in a HAZ a treatment
edual'toﬂé supercritidal‘heéf;freatﬁent is required,

Even when transformed immediately after formation, extended

ey 2

times are required.
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3.4.9 Effect of 6§ on low temperature isothermal
decomposition of austenite

Under slow cooling or isothermal conditions austenite
can decompose to a mixed microstructure of a ferrite and

(1)

carbides . This reaction is composition dependant,

although the accepted values for this transformation in Class

(1)

2 materials are widely known Determination of
homogenous austenite decomposition kinetics for Class 2 steel
was performed by heating samples to 1050°C for 20 seconds
before cooling at half natural cooling rate to the
transformation temperature and leaving to transform. On
cpmpletion of transformation (as seen by completion of
expansion on the dilatometer) samples were cooled and

- metallographically.” examined. Beginning and completion

of the Feactign was timed from Yt recordings and these

are given in figure 55. The graph is of the ‘wsual T
shape with the "knee" at 795°C and 13.minufes (typical

values for this transformation in Class 2 material (1),

and is thus in good agreement with accepted values for

this transformation.

Metallogréphic work was performed on all samples to confirm
dilatometric evidence, all structures showing similar
details.. Fully'transfqrmed samp}es showed heavy carbide
precipitation on prior austenite grain boundaries extending
deep into the grain structure, of which the centre is ferrite
(see figure 56). ;Examipatipq,oﬁ.the}ieqyite and carbide
interface under high magnification show them to lie in a

pearlite-type relationship (see figure.57)
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These results indicate the slowest eooiing rates that
achieve a martensitic matrix. They are also valid for
the exclusively martensite zone in weld HAZ's which will
decompose to ferrite and carbides if cooled too slowly

" or tempered before full transformation.

In the high temperature region of weld HAZ's some § exists
and the effect.of § on austenite decomposition is not
known. Consequently samples were heated to 1360°C in

nine seconds and heldlfor 320 seconds before being cooled
as before} to similar transformation temperatures (580

- 76000) and left to transform. Transformation monitoring
and recording was'asrbefore, the results are illustrated

in figure 58 and a compound table to compare transformation
behaviour between austenite and austenite/s§ duplex
microstructure is givem in Table 12, Figure.59 shows the
results of this tablejgraphically and illustrates
transformation retardatien behaviour of § ferrite, Within
the 600 to 700°C temperature range transformation rare
differences_ere not very'markee, but above 700°c dﬁplex

material becomes inereasingly_etabilieed.

Metallographic work was performed on all transformed structures

(see figures 60 and 61) and 1s remarkably similar to the

LI'

transformed austenite structures (figures 56 and 57) except

i,

e

that more grain size inhomogenity exists. In both

"

transformations high magnification examination of grain

boundary regions show the lamellar pearlite type structure

{rl N

| of ferrite and carbide (figures 57 and 61)

R R
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3.4.10 - Effect of § on the martensite transformation

Formation of § from austenite in these steels is by a
diffusion mechanism involving, at least, carbon and

chromium (this is predictable from figures 2 and 3).
Chromium diffusion into § must océur.whilst carbon rejebtion
from & (0.02%C) into austenité also happens. This increases
the carbon content in austenite, wﬁich should be evenly
distributed throughout remaining austenite because of high
carbon diffusivity. On cooling, martensite ought then

to form at reduced temperatures depending oh § content,
because carbon depresses Ms by 474°c per 1% (1'2).

This gives a basis for calculation in order to find Ms

depression by & content, the results of these calculations

are given in figures 62 and 63.

This hypothesis was tested by austenifising samples of

both steels at their respective solution temperatures (1000°C
for Class 1, 1050°C for Class 2) then cooling and thus
defermining Ms and re-heating to produce various amounts

of §, followed b& cooling and rermeasufement of Ms. Class
1 materials were held at 1320°C for 5 - 60 seconds (producing
5 - 35%5) whilst Class 2 steels were treated at 1360°C for
ﬁp‘to 60 seconds (=50%5): ~ On cooling, no Ms depression

was noted in any'sample of either steel. All samples
transformed at their pre-determined Ms temperatures although
ﬁs*reductiohéésﬁiaféé as-60°C had-been expected:~ These
results were unexpected but' replicated each time. They do,
however, disprove a:previous theory' that Ms depression

occurs, which then'results in martensite formation within

e o T ) —



- 74 -

the hydrogen activation temperature range (14).

An explanation of this phenomenon was attempted on the

basis of limited carbon diffusion. This theory étates

that carbon diffusion is insufficient to cause homogenity

in the austenite but just locally enriches austenite near
ferrite. On cooling, bulk Ms temperature is noted

because this reflects bulk austenite carbo? levels and the
enriched austenite transformatioﬁ is "hidden" in mass reaction.
This idea fits experimental data but is undermined by new
views on fhe diffusivity of carbon. It is thought that
carbon diffusivity is high enough to remove free carbon
inhomogenities (as Opﬁosed to combined carbon) at temperature
levels of 900 to 1000°K; thus carbon levels should

equalise throughout bulk austenite: (figure 64),.

Another suggestion has been that carbon combines with some
metallic alloying elements to form carbides, hence surplus
carbon is removed. This mechanism, although theoretically
sound, was not substantiated at this stage. High
magnification optical microéCope examinations located no
visible carbide particles at, or near, the é/mértensite

interface. Further attention to this‘aSpect is documented

in a later section.

- 3.4.11 - Results of -§ phaéé tfahsformation survey

N From this work it is clear that 5 formation and retention
“_15 to be expected in an area of weld HAZ's in both steels

'._.I_'j"_’st_.udied. This & forms on heating to tempera.tures below

[
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the solidus value and will not decompose unless very

slow cooling occurs. Further decomposition of austenite
to a ferrite and carbides is retarded by the presence of
§, Therefore éven slow cooling rates should result in
_the retention of a §/martensite duplex zone remaining
within the wéld HAZ. Occurence of § within an HAZ

" does not affect the martensite transformation at all,
this reaction occurs at the same invariant temperature

whether ferrite is present or not.

The application of suﬁh results to welding situations

is obvious, although no considerations of possible
variations in weld hééting and cooling rates, due to
welding parameters, or processes, have been considered.
Results obtained from isothermal, continuous heating and
continuous cooling studies may not be directly applicable
to critical weld HAZ simulation studies, although they may
clarify subseguent findings,.,

3.5 Production of welding CCT diagrams

3.5.1 Introduction

It has been shown that & ferrite always forms on heating
Class 2 material above 1360°C although slow heating rates
may cause its production at temperatures as low.as 1320°C.
This § ferrite:is then retained to room temperature,

at 'the c&oiiné“}ateé encountered in weld HAZ's 'and may
influence-subsequeqt-transformations.. Effective
application of this information to weld HAZ's requires

':the determination_of representative CCT diagrams produced
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with thermal cycles typical of the range of welding
processes envisaged. A necessary first step is the
determination of weld thermal cycles, These were

performed theoretioally using numerical techniques.

This made the simulation of the high temperature regions y
of the thick plate weld HAZ's possible and hence-enabled

the determination of a representative welding CCT diagram.

3.5.2° Theoretical predictions of weld cooling rates

As only limited quant}ties of suitable material was

available for welding work, experimental measurement of

weld thermal cycles was not possible, a finite element
computer program was used instead to predict weld cooling
rates from welding parameters. This program (Variab)

is the most sophisticated computational technique

available to predict weld cooling rates (64) idnd was

modified to soit 12% Cr Mo steel. The program has been
widely proved by its originator (64), and others (65),

and has been shown to be very accurate for peak temperature
determination and produces cooling rates identical to
experimentally measured values (using implanted thermocouples.
(64, 65)). It achieves ;his.aocorocy by using temperature-
dependant properties and also making allowance for latent

heats of transformation and solidification rather than by

lusing thermal propertiessnitable only for one temperature
(64 65, 66 67)

range Accurate thermal properties of

_? steel when used in Variab produce true reflections of
' (65) '
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Inputs: required for Varisb arei arc time (seconds)

m = 7

plate thickness (cms), welding current (A), welding
voltage (v), arc travel speed (cms sec -1) and arc
efficiency. From this information, and pre-programmed
data within the program, a.full thermal history of the
weld‘areé is calculated. . A fuller description of

Variab is given in Appendix?2”.

Variab output.is in terms of temperature at finite,

three dimensionally defined ﬁositions within the weldment.
ﬁapid ingpection of such an output approximately locates
the extent of HAZ regions and size. Determination of
spécific peak temperature thermal c?cles is more complex
requiring, eventually, integration of a three dimensional
matrix. The whole feéhnique is described in detail in
AppendixZ.

All information supplied to Variab is real, ie accurately
known or measured from real welds, except the arc efficiency
factory which is a value based onpublished data (64, 82)
The arc efficiency effect was determined for sample S1
(see table 8) by calculating thermal cycles using arc
efficiency factors representative of low, medium and high
levels of ‘the published values. " The resulting thermal
.cycles were compared and it would found that for two given
peak tepperatﬁres-(136ooc'andi750°C) theoretical isotherm
pldéement_variatibns were ‘less’ than 0.3 and 0.75 mm
respectively at a constant depth (0.14 cms). On this
basis an average of the published arc efficiency values

was taken to calculate thermal cycles for all welds (e.g
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1 0.95 was used for sub-arc welds, published values

being 0.9 to 0.99).

Variab uses arcing time to calculate the thermal cycle

for that time, so in all cases arcing time to metallurgical
sample position was determined (and termed sample equivalent
time, S.E.T.). This term (S.E.T.) was not important

when quasi-steady state conditions existed but was used

to determine the sampling range of weld available, Computer
runs for weld TI were performed with arcing times of 25 and
100 seconds (SET = 50 seconds). These results show that

at SET and beyond, quasi—steady conditions existed, whilst

* at 3SET unsteady heat flow conditions occurred, thus

| defining approximate sampling limits.

" -

3.5.2.1  Selection of peak temperatures for thermal
simulation and production of respective
thermal cycles.

Two peak temperatures were selected for simulation, tnese
were 750°C and 1360°C The former is in the secondary
hardening field whilst the latter is in the 6 formation
field and also renresents practical machine limitations
Theee thermal cycles were determined for each weld ueing
the methods detailed in' AppendixZ | Once each thermal
cycle was determined it was converted to a time basis

as distinct from distance and plotted on to program
cnarts for the thermal controller.

-

NP . . , .
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3.5.3 Production of representative weld HAZ CCT diagrams

3.5.3.1 Phase transformations occurring throughout the.
range of weld HAZ thermal cycles

The thermal cycles used for this work were produced, as
described, from the computed weld thermal history of each
individual weld. Comparing thermal cycles with the

natural cooling rates of simulator samples, it was noticed
that samples T1l, T2 and M1 were required to cool faster

than 25 mm gauge length x 10 mm diameter samples. Reduced
diameter samples, of 25 mm gauge length, 6.3 mm diameter
were theretore used'fer these similations. These smaller
samples cooled faster, allowing closer simulation of teermal

cycles without risk of under cooling. -

Simulations were performed as before, dilation being
simultaneously recorded. Each cycle was replicated until
four accurate simulations were obtained, samples in which
overshoot of 10°C or more occurred on peak temperature

were ignored. Transformation information recorded for

each sample was the average value of all four accepted
simula?ions,.few differences in any information was found
rhroughout the whole work, Formation of § ferrite was
noted in all 1360°C peak temperature runs as was expected
and no phase transformation occurred in the 750 °c Simulation

-,
peee to_study secondary hardening.

The results from this work are given in figure 65 and

i B

show clearly that no. unpredictable phase transformations

Al
‘occurithroughout_theIrange-of_welding processes surveyed.

- This.finding agrees wjih_earl}er;results and confirms that
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once § is formed in the HAZ during welding, it is retained,

untransformed, to room temperature.

3.5.3.2 Continuous cooling transformation. of two
hypothetical welds

All weld cooling rates previously considered fall within
the y+§ continuous cooling field and hence to the left
of any line depicting § retransformation, Data from
two high heat input Welding situations were obtained
(80,83) and their cooling rates predicted by Variab for
welds in Super 12% Cr Mo steel. These welds were

i) aldeep penetration submerged arc weld and ii)

a vefy thick plate electro-slag weld, both of which
could be ﬁsed in fabricating these steels. The welding
perametersfor both welds are given in Table 13, These
| are the' values used in _Va.fiab, whilst figures 66 and 67
illustrate the sub-afc and electro-slag weld HAZ thermal
cyeles. As expected botﬁ welds cooled more slowly than
the other welds and simulation showed both to lie to the

left of any critical coo}inglrate. Metallurgical
examination of both simulated microstrucfures showed

no evidence of § retransformation.

In an attempt to determine approximate cooling rates to
cause su?sequent transformations some isothermal work was

performed.

Ieethermal!ﬁeComéoeifion of G‘te auefeﬁite"
in representatively ferritised steel

3.5.3.3

The material utilised in this work was ferritised by

1sothermally transforming samples at 1360 °c for either
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0.5 or 2 seconds produéing,Q.S and 16.6% ¢ respedtively.
These two time periods were selected to represent near-
fusion regions of the lowest power weld to the highest

power weld (ie Tl and S2), based uﬁon the earlier

computer predicted weld thermal cycles. This technique

was used to scan the whole range of ferrite contents existing
within weld HAZ and hence rapidly determine overall

transformation time ranges.

After the ferritising treatment, samples were cooled at

half natural cooling rate to transformation temperature,
wpich'was between 1000 to 1200°C. Once at temperature,
samples were 'left until no further size change occurred .
(as defined in 3.4.8), - Transformation time was

accurately meqsured from the Yt dilating recording, the
sample cooled=and subjected to'metallographib{pnalysis

This experimental technique was applied to both ferritisation

levels,

The results from this work are very similar (Table 15) and
are given in figure 68, This sﬁdws that there is a very
small decoﬁpbsition raﬁgé of § for all welds considered.
The inference of this finding is that continuous cooling
rates to cause § retfﬁnsfarmétidn'wili be vefy siﬁilar

for all weids.

- Ema

3.5.3.4  Isothermal deébmpésition'of:mixed‘yaustenite
s .. matrices to o ferrite and carbides

The two. ferritisation:levels used  in section 3.5.3.3 were

.. 2lso-utilised for'this investigation (the ferritising
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treatments being isothermal holding at 1360°¢€ for 0.5

or 2 seconds), similar heating and cooling rates were

also employed. Transformation temperatures used were

in the range of'675°C to 875°C and samples were held until
transformation finished (as defined in 3.4.9) when the
samples were cooled and metallographically examined.
Transformation time was taken from the Yt dilation
recording (as before) and these results are given in

Table 15 and figure 69.

Once again’the similarity of results is obvious, thus
samilar cooling rates will cause transformation to a
ferrite and  carbides fhroughout_the-whole welding range.
Metallographic studies were undertakeu on all samples
and showed great similarity to previous structures

(figures 56 and 60) and are illustrated in figure 70.

3.5.3.5  Continuous cooling transformations in .
ferritised steel at very slow cooling rates

The two previous ferritisating‘treatments consisting of

0.5 or 2 seconds at 1360° C were used in this work and

after 1sothermal transformation cooling commenced at
pre-selected linear rates. Five rates were used and were

2, 1 36 1 13, 0.8 and 0 68 C sec 1; replicates of each

test at both ferrite levels were performed Transformation
temperatures of all reactions were taken as the average

of both specimeas (ie.first andﬁreplicate), but little
difference’ existed between the two’ results. After testing,
eacﬂ’saablé‘wéé*sééfiaﬁéd‘éhd metallographically investigated

‘to substantiate dilatometric findings,
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These results are illustrated in figure 71 and listed

in Table 16, once more the striking similarity between

both levels of ferritisation is noticeable. Figure 71

‘also includes the isothermal transformation information

for § to vy and & +y to a '+ carbides, and it can be noted that
the isothermal reaction kinetics fall within the corresponding
CCT envelopes. This is especiaily true for the § to vy
transformation, whilst the decomposition of remaining §

and austenite to o ferrite and carbides is accelerated,

which could probably be due to reduced austenite stability
in the continuous cooiing*éituation. Formation of
guantities of o ferrite and“oarbide elevate Ms‘temperafure
whilst depressing Mf,.This is probably due to compositional ~
gradients generated by formation of a ferrite. This
phenomenon also_ocogrs ii homogenous austenite matrices
decompose to form some a during continuous cooling (1)

It is probable that carbide formation on a massive scale
bcauses austenite to be 1ooally denuded of some carbon thus
oaasing Ms elevation (34), Mf reduction results from

Ioarbon rejection during o forﬁation, regionaily enriching
austenite and hence reducing transformation temperature.

_Ms therefore refleots transformation temperature of a
jreduoed oarbon austenite whilsthfLis.the end of higher carbon

martensite transformation range (c f 3 4 10)

N laar o R,

'“3*5'3i6 Effect of oooiiag_rate‘on 8 finieh temperature

* Rapid.cooling rates from, 1360°C causes § growth to cease

-abruptly at.various temperatures, ie.samples T1 to, I1 show
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this behaviour. Slow cooling rates allow & gfdwth to

occur at a lower, invarianf temperature, probabl?
equiiibrium temperature, and is 1320°C (£3°), whilst

faster cooling éauses this reaction to stop between 1347

and 1323°C. These results are given in Table 17 and figure
72. On low arc power welds (e.g. Tl, T2 and ﬁl) § production
ceaées abruptly, whilst slower cooling enhances § growth.
This effect of elevated § finish point is of little
consequence in the real welding situation, for it means

§ is produced for about 0.2 seconds more in S2 than M1

and any 5 increase due to this elevation will be swamped

by the effect of heating and cooling rate differences.

3.6 Comparison of real and simulated weld HAZ's

3.6.1 . Microstfuétures

The thermal qyclg‘simulgted in larger test-piéées is only
valid ?or}a particular point in the real weld HAZ, and
because of the thermal gradient across the HAZ the
simulated sample is representative of 0.5 mm (at best) on
either side of the mean point in the real HAZ. Rapid
1ogation”§f_this very,sma;} :ggign was requirgd for
reference and comparison purposes,. therefore careful
measurement was used to locate the mean point and a 1 mm
square was outlined around.this point by micro-hardness
1nd§§§ation§. . This task was performed twice on eacﬁ real
weld HAZ to.locate both 1360 and 750°C peak temperature
regions,  This,facilitated comparison of real and simulated

~microstructures. . One simulated sample for each peak
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1

(
temperature (each one being taken at random from each

group of simulations) .was mounted and polished and then
_ examined metallographically. . Photographs were taken of
significant features, especially ferrite shape and quantity

in the 1360°C sample.

Real weld HAZ's were likewise inspected and photographed,
figures 73 to 76 show comparisons between real and simulated
1360°C zones, from which it can be seen that a close
similarity egists between the two types of microstructure.
The major;feature such as § shape, quantity, distribution,
and prier-austenite grain size were all comparable, Quantities
of § were measured by point counting in both microstructures.
and found to agree very cloeely despite the fact that more
points were counted in the simulated HAZ's than in real HAZ's
because of the small nature o: the representative area of
the real HAZ. | In &11 microstructures, both real and
simulated, § was always found on prior austenite grain

boundaries, especially on triple points.

In the low peak temperature zones both areas (real and
simulated) looked alike, etched darkly,’ and were composed

of tempered lath martensite containing large carbide
agglomerations. X-ray difffaﬁtohetr#”analysis, as performed
in section 3.2.1,was used to identify basic microstructural

' components'and both zones were shown, “once agaln, to contain only
M23C6 ‘carbides (almost exclusively CryaCe). “No visible
differences could be noted between either real or simulated

secondary hardened‘zones, =~ = SN . v S RO SRR DR

L P e T LI DA I S . ot
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Hardness of real and simulated microstructures was tested
andlcompared in both high and low peak temperature areas.
Small differences were found between real and simulated
microstructure of an insignificant nature, In this
respect both real and simulated HAZ's are comparable (see

Table 20).

3.6.2 Properties of simulated weld HAZ's

Physical property determination in real weld HAZ's is
fraught with difficulyies beoause of the small volume of
representative materiol available and metallurgical in <
homogenity of HAZ's., Simulated samples, however, are
larger and more homogenous and for this work they have
been shown to be essentially larger HAZ regions. Physical
properties of ‘'simulated zones should therefore represent

real HAZ properties very closely. T

‘3.6.2.1 Tensile properties

Simulated Samples wore machioed into Houndsfield number 11
'test pieces having gauge lengths of 11. 33 mm, the sample
Igauge length centre corresponding to middle of the tensile
:specimen gauge length. Tensile test-pieces were made from
_T1 - S2 1360 and 750 C zone simulations fully hardened
samples (100% martensite) and standard state material
'(Class 2). ' They were tested on-a 20kN (2Jtons) maximum
"load machine, producing a maximum stress of 2464 N mm~2
%(160'£ons*1n"2)”on3511’sampiés.“giEaCﬁ sample ‘was tested
at a coﬁétaﬁtfétféiﬁffafé_ofoé%5ﬁiﬁ"1;*’ Rééulto'wéfe’only
”?;;oounted"ffoﬁ Spéoiméﬁs'foixioé wifhin the 11.33 mm gauge
- N -

——
-

= - - .
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leegth. 'After fracture each sample was checked to
determine eiengetion and area reduction'af fracture, maximum
-load and yield point being determined from each load-

~ extension graph: Results of this work are tabulated in

Table 18 cross indexed with % & content.

In these resﬁits,-a weak relationship between yield point
(YP) and & content emerges, with resulting yield point
decrease as § increases. Ultimate tensile strength
appears'fo be affected weakly by 8 quantity, increasing

as § increases. IUGtility, however, is definitely reduced
by &, both elongation and area reduction falling with |
increased § amounts. Samples T1, T2 and M1 were produced
from reduced diameter specimens and appear to be highly
ductile.. This'is, however, incorrect. Tensile failure

" occurred at gauge length extremities which were not regions
of the correct microstructure (due to extreme thermal
gradients) and which deformed preferentially to material
within the gauge length, . Ignoring these three results,

it may be seen that ductility (expressed by elongation and

reduction in area) falls drastically as & content increases.

o B

(see figure 77)*

ke o

3.6.2.2 "~ Corrosion Resisfehde

These materials are used in applications where their

_cerrosion resistance is of great value (1 39) Welding

.w"'h'\.(- l.‘

-produces stable microstructural changes, the resulting

4ty e T

' phase 1nhomogenity may. be sufficient to seriously affect

%

_ the cerrosion resistance of the steel

s\
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-The effect of a. strong corrosive agent on differing
HAZ‘areas'%eSAinVestigated using simulated spedimene['
'Samples.of all 1360°C,peak temperature simulations were
used as were homogenous martensite, secondary hardened

and standard state specimens. All samples were cut
through at gauge length midpoint and this face polished.
Aﬁ identification number was stamped on, tﬁe polished face
lacquered and the sample heavily copper plated. Each
sample was weighed after plating and then introduced into
the corroding medium which was 5 wt % NaCl, 0.1 wt % FeCl3
and.0.0l wt % H Cl1 in ‘de-ionized water.  The test was
performed at 25°C for 100 hours in non-aerated conditions
to simulate crevice corrosion (which may result from poor
penetration welds), After 100 hours exposure the samples
were removed,‘yashed in-distilled water, dried in warm
air and re-weighed. Weight losses were calcu}ated in

grammes em™2 of exposed face and the results are given

in Table 19 and figure 78.

From these results, it appears that corrosion:rate increases
as § contentliecreeses but not linearly, corrosion acceler=-
ating raﬁidly_above_aggregimetelyus%, ~ Highest corrosion
level was in secondary hardened material, with standard
state material being very similar. High corrosion rates

in this material ref{eetnehnggum‘dep;etion inlsome_regionsﬂ
Tniehis opv}eus in secondary hardened and tempered meterial
as carbides are almost exclusively chromium carbides with
_M2X precipltation (which is also Cr. rich) in secondary

hardened ma.terial S (This mechanism is pa.ra,lle]_ to the

P .

| cause of weld decay in unstabilised 18/8 auStenitic
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stainless steels (43)}. Increasing 6 contents also deplete
matrix chromium levels (chromium content of § is about
'16% - from figure-2). Therefore as § increases, martensite

chromium levels fall thus corrosion rate increases.

3.6.2.3 -Hardness Surveys

Hardness surveys on several areas of'éach simulated

weld HAZ (both 1360 and 750°C simulations) and their
respective areas iﬁ each real weld HAZ were performed.
More hardness measurements were possible on the simulated
specimen fhan the real HAZ, and were used to compare

microstructural hardness.

Only microhardness comparisons could be made between real
and simulated.structﬁres because real zones were of very
small extent. Microhardness results are given in Table 20

and show close correlation between the real and simulated

microstructures.

Macrohardness measurements taken on simulated specimens
should represent macrohardness values in real HAZ's.
Therefore a macrohardness-survey ﬁés performed across

‘the simulated samples. - Some differences were hoted'betweén
micro and macrohardnesses but were thought only to reflect
‘the larger area tested by ﬁacrohafdness thus showing 1less

sensitivity.

* .
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3.6.2.4 ' Correlation’of predicted weld thermal cycle to
) ;miggohardness'and microstructure in thick plate
welds N ——— .,

~ Examination of tube welds (Section 3.3.2) showed that
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microhardness .and microstructuré were related. Subsequent
" ‘work has shown that the weld thermal cycle and weld
microstructure correlafe closely together (see 3.6.1).

This prompted an investigation into the intérrelationship
of all three variables (weld thermal cycle, microstructure

and microhardness).

Reai weld HAZ microstructures display the effects of a variety
of peak temperatures, in a direction normal to the welding
bead. Unfortunately, the thermal cycle information already
to hand répresented the position of only one random temper-
ature (1360°C). Further information was necessary and was
thus produced from the Variab outputs by using the &ifferential
solution to the Fourier series orthogonal equation, which

is desc?ibed.;n detail in Appendix 3. When using this
technique to determine specific isotherm location, the
mathematical matrix is revolved through 90° and, hence,

may be imagined as looking at the plﬁte'end onT This

method is accurate, but it is arduous and time consuming
requiringia complete differehtiai solution for each
temperature. Thermal gradients were thus oﬁly produced

for one weld out of each'grbﬁbl " These were welds T1,

ﬁi; Rl and S1. ‘ The'rés;&%ing:§§aaieﬁfs.wérérdrawn ahd then
the results of the microhardnes$ and miéfosfructural'surveys
were superimposed. I -

The results show that in all welds, secondary hardening
is produced by peak temperatures of about 500°C to 900°¢C

(approximate Ac3 temperat_:uré), Whilst homogenous martensite
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' is found where temberatures have been between 900°C and
'1320°c.  Above 1320°C § formation is located both optically
‘and by reduced matrix hardness. The findings show a good
degree 6f correiatioﬁ, both between themselves and prior
dilatometric findings (Ac3 = 880 - 910°C, Ac4 1320 -

1360°C) and are illustrated in figures 79 to 82.

‘3.7 . § formation in Classl2 steel weld HAZ's

3.7.1 Objectives

The preceding work has shown that quantities of § form in
a weld HAZ and are retained, untransformed, down to:room
témperature. The extent of § formation in weld HAZ's,
the mechanism of formation and the effect of § on other
transformations are, as yet, unknown. An earlier part of
this work has shown that the amount of 8§ in a weld HAZ is
related to the heat-input per unit length, uséh to make
the weld. This and other relationships are investigated in
the first portion of this section and an attempt is made
"to indicate how weld HAZ & content can be predicted.

+The second part of this section will explain & formation
mechanism and thus, why formation of this phase affects
‘other phase transformations. - -Some later observations

-on the behaviour of ¢ under. conditions-likely to be

»experienced in multi-pass welding are also. included.



- 02 -

3.7.2 - Prediction of'g contents in weld HAZ's

3.7.2.1 Isothermal transformation behaviour of § formation

Earlier work shows that § formation is both time and-
temperature dependant, in both classes of steel studied.
Isothermal and continuous heating studies found that there
was no incubation period, thus there are ample nucleation
‘sites and hence the transformation is controlléd by diffusion
rates (79). During isothermal transformation, a period
should exist when a linear relationship exists between. §
ferrite formation and time (79). This assumption was tested
by performing isothermal transformations on Class 2 steel

inéolving quantitative determination of § ferrite formation.

Three peak temperatures were used, 1340, 1360 and 1380°c,

with traﬁsfo;mafion times between 0 and 250 seconds. To
aéﬁieve accurate temperature control a steady aﬁproach to
peak temperature was made. ‘The,prqgrammaiheating cycle
-involved heating to 1ooo°c in four seconds, then 11 seconds
to transformation temnerature, the last 60°C taking 5 seconds.
This technldue was found to produce very accurate peak

Bl

temperatures, i.e. to within -.1_C.

Transformation times were progmmmed and thus were machine

'-_ controlled. : .This‘ensuredvrepfoducibility of .the time

 . Variab1e at*allfpeak'temperatures.“; On ‘expiration of

’- trans£ormation time power was ‘automatically ‘turned off and

.“_:gthe sample cooled at” natural cooling rate to room temperature.

ff A11 .samples were monitored by the dilatometer throughout

" 'the whole transformation period;-although no ultimate use
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was made of these reoords.

After isothermal transformation all samples were
metallurgically examined; four random areas of each being

used for ferrite determination by point counting. These
values were averaged and recorded .as percentage transformation
in each specimen. These results are given in Table 21

and expressed. fully in figure 83. It can be seen in figure 83
that primary region (that of time dependant nucleation) is
missing. This 1is. due to slow heating, close to transformation
temperature, causing premature ¢ formation.  The secondary
part, that of linear transformation behaviour is clear in
figure 83 and exists for all three peak temperatures .
considered, Figure 84 reproduces this linear behaviour region;
the stra%ght lrnes used are regression analysis values.

'Also on‘figure 85 are 95% oonfidenoe limite‘(Taple 22 gives
valuee used in regression anﬂysis), all of which overlap

considerably. .. The regression analyses on the data in Table 18

produced. these equations:

1340°C'temperature.?y(time) = 0.214x(%8) - 0.625, r = 0,998
. 1360°C temperature. y(time) = 0.200x(%8) - 1.354, r = 0,999
'1330% temperature, y(time) = '-0.110x(%6) - 2,147, r = 0.995

> -'1“,;5 M

';When these lines are a11 drawn on a common graph with their

-

95% confidence 1imits extensive overlapping occurs which

L— ’\ “ =

frino;%ates that_oyer theee small temperature differenoes

”II},QtranSforming time is more important than temperature. This

L». & i 5

'”Qfﬁgmeans that it is probable that over small time periods

)'\J- '-."

'*7“transformation temperature is not important
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3.7.2.2 " DPrediction of weld HAZ & contents at the
13600 C isotherm from isothermal transformation
behaviour

There is sufficient information readily available from
simulated HAZ microstructure and weld thermal cycles, to
attempt a correlation of transformation to time above the
transformation temperature., A number of assumntions were
made in order to produce information for correlation, the
two most important being that heating rate to, and cooling
rate from, peak.temperatnre were linear above transformation
temperature and that & formation began and finished at
1320°C in both_directions. The time information thus derived ,
was correlated with 8 contents of simulated weld HAZ's _
by multiple linear‘regression analysis and produced the
following equation:-

y (time above 1320°C) = 0.2116x(%§) - 0.603224 (r = 0.990)

-

(The information used to .compute this equation is given in
lable 23). When plotted on an isothermal transformation

- graph the dynamic line falls between the 1340 and 1360
isothermal line (figure 85), demonstratingla close measure
of agreement. This substantiates'the experimental findings.
Although § formation is a diifusion controlled reaction

(see figure 86) and hence both time and temperature dependant,
':over the linear transformation region (figure 85) only time
reis important This empirical relationship reilects some
?Lexoerimental error, whilst the wide confidence limits on all
ff1ines are the direct result of.statistically analysing a

‘limited number of exoerimental observations.
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-The-foregoing work has also demonstrated that weld HAZ § content
can be accurately estimated from knowledge of the weld thermal
cycle. This equation has been validated'by isothermal
transformation work and is usable over the linear region of

the isothermal transformation. Time periods involved in

this linear paft.exceed‘four seconds, which, in weld heating/ -

cooling terms, covers a wide range of possible welding processes.

3.7.2.3 Elemental distribution occurring during 8 formation
and its consequences

During 6§ formation, at least two elements must diffuse
either into or away from &, these elements are chromium and
éafbon, the extent to which they diffuse is estimable from
figures 2 and 3. To investigate elemental redistribution,
ferriéised samples were examined by electron probe

microanai&sis-téphniques.

pg;geisamples_(12.5 mm xhlg.s mm x 3 mm) were ferritised

by furnace heat-treatments for 5 minutes at 136000, then oil
quenched and sub-zero treated to transform any retained
austenite. SFmples were surface ground_tp 1 mm thickness
_b?h?quving“equai_depths_qf material from both faces, This
wgs;to remove any effects,of_dqurbur;satioq..- Polishing, -
gq;lgwpérby‘etching,_ppenlpiprps;ructural examiqatipn was
used. to locate & areas. Su?t,ab.i?- for. further examination,
prﬁlgrge.&Eregiqng_Weyg‘}pqateﬂlanq_Qut}ineq;by micro-
hardness indentations and then photographed before being

E gent1y re-polished .to remove the etched surface, but not

'7_the identifying hardness indentations. After de-greasing

777;fand ultrasonic cleaning, both.areas. were examined in the
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electron.probe'ﬁicro-analyser (E.P.M.A.). Scan analyses
were-performed conéentrating in the centre of the martensite
'-region,-cldse to martensite - & interface, and also on the
interface nroper and the centre of the § area. Only heavy
elements (i.e. heavier than Na) are readily detected by
" this. technique, so carbon distribution was not accurately
determinable. Concentration profiles for chromium, molybdenum
and vanadium were produced and are given in Table 24 and
figure 87.. From-this it can be seen that Cr, V and Mo
increase in §, whilst C falls even on the outside 5;
This. decrease in C is matched by a slight Ho reduction in

the austenite-close to §.

Carbon detection is not accurate by E.P.M.A. techniques,
for-thelx-rays‘gmitted from C atoms during testing are very
low energyand easily absorbed (even by the detector window).
The inherent inaccupacy;of this technique for C-determination;
was thought to be responsible for the anomalously low result
for carbon in martensite close to the § boundary (ie within
20 microns). To verify this finding, microhardness traverses
were: performed across both analysed areas, ffom deep within
the martensite to & centre, the.results being given in figure
88. - - These results indicate that a carbon gradient does
indeed exist within martensite adjacent to é§, and is in the
order of 200 Hv softer than the hardness of bulk martensite.
This produces:a  layered effect, with a-low ca?bon martensite
film.surrounding-é and extending for some:25.-: 30 microns

deep .into bulk martensite. ...
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These results are not readily-fesolvable with other.
experimental facts because no carbon increase in bulk martensite-
has 5éen located, nor is the reduced carbon martensite

"halo" easily explained. These regions which initially

exist as diminished carbon austenite therefore transform to
martensite above bulk' M_ temperatures (because of the carbon
reduction, although increased metal concentrations will
diminish this effect), but this has not been noted (1:2),

It could be that small amounts of this low carbon austenite

do transform but are not noted by the dilatometer. Whatever
the effect of the lower carbon austenite film on transformation
bepaviour, the mechanism causing carbon reduction demandéd

further investigation. - : .

Formatio? of G_QStaplishes concentration profiles of various
elements normal to the austenite - § interface._ These

gradients form because of diffusion rate differences in austenite
and ferrite (Cr diffuses 100 x faster in & than y (90))

and the resistance to diffusion presented by grain boundaries,

On cooling, these gradients are '"frozen" in, and have been
measured, However optical microscopy cannot detect any
significant effect of these composition inhomogenities. High
resolution. transmission electron microscopy (TEM) was used to

overcome. this difficultg; S

Carbon.extraction replicas were taken from a number of §. -

containing samples. and were examined:in-the TEM.. . The -

replicas were:both 1sotherma11y‘trahsformedfandfsimulated;srx |

‘microstructures.nz.ln a11:6:regionﬁstudies,{précipitates;1:'
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alyihg;parallél tb the~8 interface were found. ‘ These

precipitates were much finer in simulated specimens.. (smaller
§ regions and shorter transforming times) than in isothermally
transformed specimens. (see figures 89 to 93). ' It was

suspected that .these precipitates were carbides, since they

‘appeared -to be located as an interphase nrecipitate; for it

is. known that final carbide formation.in this mechanism can
locally denude austenite of some carbon (86, 87, 88).
Consequently, ;electron diffraction studies were performed
on selected fine carbides and many diffraction patterns were
found to be mixed ie. two different phases were present
(see figure 94 for an example). Eventually two clear
individual patterns were found, both were F.C.C. but of .
differing lattice parameters. One was shown to be probably
(CraNbazc (seg-figpres 95.~ 97) whilst the other is almost
certainly Moec (see- figures 98 - 100)(84’85). _It is probable
that only small quantities of the former carbide (CrSNbSC)

are present because only 0.1% Nb is present in this steel

whilst the latter one is possibly the overwhelming' carbide

present.

parbide*format;on'occurs in response to the element concent-

fdfioﬁ-gfddieﬁfsiat the & — v interface and controls the
forward movement of the ferrite boundary. At some stage a
sharp partition of ‘carbon occursacross the’ interface which
results in carbide formation in thé ferrite, *' Tﬁié éafSide
production occurs all along the interface”and depletes ‘the

adjacent austenite of ‘carbon’ and by doing so enhances forward

interface movement. “As a result carbon concentration in ©

b.gustgnitg~re-establishés;’intertaéfal movement ‘slows ‘and " -
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carbon partitﬂxﬂnéeecurs once again. This is schematically
illustrated in figure 101 (after reference 86). This growth
mechanism accounts for the carbide rows found within ferrite
and for the carbon depletion zone found around § regions.

It should also be stated that this precipitation process
increases mechanical strength and hardness of ferrite (by
dispersion hardening) but at the cost. of much ductility
(87388). Where vanadium is present, ferrite becomes enriched
' in this element and is subsequently solid solution hardened.
1his.procese alone can ‘elevate ferrite yield point from 250

to 500 N mm~2 (87D

Areas of § ferrite in Class 2 steel,
therefore, are both dispersion and solid solution hardened. -
This accounts for the high ferrite hardnesses, of about

260Hv, feund earlier. The increased strength of ferrite is
sufficient to. affect tensile strength and significantly ‘

reduce ductility.

3.7.2.4 _Effect of prolonged holding around M__temperature
' on a ferritised matrix

Many authore report that bainite formation in weld HAZ's

in these eteeleiieuéaused by prolonged holdingxat interpass
temperatnresiS?'%flo’23'42’§%’51’63'8;).‘( Bainite forms
when untransformed weld regions,(i.e.. undercooled austenite)
are‘helq at temperatures,close,to M for some, time (ten

minutes to 1 hour depending on steel composition)(1 4 42)

which makes hydrogen diffusing heat treatments difficult to.

- PR
- """. ‘\--Jn'\

onerate.;j An investigation was launched to, determine the

ook
HER

vtime Ior bainite formation in a mixed, a/austenite matrix,

because it was thought that 6 would retard bainite formation_,‘

~
! .
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as it does in other reactions.

Weld cycle TI was used with pre-programmec holding
temperatures between 430°C and Ms (27500). Scmples were
held at the programmed temperature for no less than eight
hours (tc.represent 1 working day) and were constantly-
monitored by dilatometry (40); After this time samples

were cooled and metallurgically examined.

No bainite formation was located by dilatometry nor by cptical
micrcscOpy.‘ It is unlikely, therefore, that interpass
holding will cause bainite formation in the duplex region of
an untransformed HAZ. During such a treatment bainite -
formation within the homogenous austenite zone is likely,
BSpecial%y if held at temperatures close to MS (1,10,23,

42,44,51,63,83) Industrially, the problem of.interpass

and hydrogen diffusion temperatures is solved by using
temperaturés of 425°C, which does not form bainite in

reasonable time periods in the austenitic region (1’51),

400"

3.7.2.5 Effect of subsequent weld thermal cycles on a

_ ferritised matrix

Most welds made are multipass welds, during which.

underlaying weld beads ‘and HAZ's are subjected to a series’

of heating and cooling:cycles with a declining peak

tempefature. Only the first one or two succeeding runs
‘re-austenitise part of the.ferritiséh HAZ, Subsequent deposition
'témpers both weld bead and HAZ. Re~ austenitisation caused

J by succeeding passes, means that § and austenite once mcre

_ co-exist for some time and the erfect of this co-existence
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on either-phasé.is not known.

Two éamples were ﬁeated to 1360°C in 9 seconds and held for

2 seconds then cooled at natural cooling rate to room
temperature. Once cold, it was re-austenitised at 1100°C

for four seconds, then cooléd and metallurgically examined.
Throughout the work both samples were monitored by dilatometry

and no sign of change (besides Ac1 and A°3) was found.

Metallurgical examination showed that no & transformation had
occurred, but it was sdon noticed that § ferrite was no longer
explusively on grain boundaries but located within priof
austenite grains. This means that & does not pin priof
austenite grain boundarieé on re-austenitising but allows them
to wande?, the;normgl behaviour is for precipitates tq prevent

grain boundary motion (79).

It is unlikely that & transforms to high chromium austenite
during austenitising, reforming ferrite on cooling through

Ar3 and Ar1 because no dilatometric evidence was noted.

It is more reasonable to assume, that due to cﬁromium segregation
between austenite and §, the duplex zone behaves (for short
periods) as a higher‘chromium-alloy where austenite and §
co-exist at elevated temperatufes (c.f. figure 2), Examples
of § re-location are given in figures 102 to 104.
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CHAPTER FOUR - DISCUSSION

It is evident tnat the most significant feature of the heat—
affected zones found after welding the Super 12% Cr Mo'steels
is the formation of § ferrite.  An extended consideration is
therefore given to § ferrite formation in weld HAZ's and its
effects on both subsequent trausformations during the weld
thermal cycle and the physical properties of the HAZi This
is followed by a discussion of the microstructure of the whole
weld HAZ, Finally ‘attention is given to the practical

implications of the investigation.

4.1 § ferrite formation in weld HAZ's of Super 129 .
Cr Mo steel

Dilatometric data, supported by metallographic results, shows
conclusively that § ferrite formation occurs when. these steels
are thermally cycled into the austenite + § phase field, i.e.
above the Ac4 temperature.. The threshold value of this
temperature, and.hence for § formation, depends upon the heating
rate employed.'  Heating rates below -8°C sec™} caused § formation
at 1320°C, whilst heating rates above 300°C sec™) showed § to

be formed at 1360°cC. Intermediate heating rates caused §
formation between the two limits, . This is illustrated in

figure 51. A similar occurrence has been identified in oiass 1
steel;«Ac4 varying between 1250°C ‘and 132000.,7,This~is¥shown-
inzfigure=49._-;8uch transformation;hysteresis is typical 'of.-
diffueion-controlled reactions, as the Johnson-Mehl-graph agﬂfﬂ;
_shows the o to § -transformation .to’be (fig 86) The heating

rates empl°yed to study ¢ formation on continuous heating.;:'----

. “cover the range of heating rates encountered in welding processes;1
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Tﬁey;.therefore indicate: that § ferrite formation is unavoidable
in some region of the weld HAZ during welding. This fact is
confirmed by metallographic studies of real weld HAZ's as the
metallographs in figures 29, 30, 73. - 76 show, which cover

a wide range of welding processes.

Isothermal heat-treatments, performed over the temperature ranges
of 1280°C - 1320°C (class 1) and 1320°C - 1360°C (class 2)

will also produce § ferrite. Values for the TTT results are
illustrated ;n,figures 51-(class 2 steel) and 49 (class 1 steel).
8§ ferrite is retained on cooling even over a wide range of
cooling-rates, This ié obviously the case in weld HAZ's where
8§ is retained (see figures 29, 30, 73 - 76) and can be seen to
occur by studying the dilatometry recording (see figure 50).
Cooling rates which cause decomposition of § are-in the order

of 2°C sec'."'1 (see Table 16 and figure 71), cooling rates slower
than. those found even in electro-slag welding (see figures 66,
67 and .71). - Thus, all 6§ ferrite formed in the HAZ during
welding, will be retained to room-temperature. Hence, the ~
quantities of é ferrite formed in the duplex region and the
width of this region will be related to the peak temperature
distribution. |

_ Hence it should be a function of welding Qariéﬁles
..and, in fact, an empirical relapionshiphhas been found and has
also been explored using a statistical analysis technique.;

‘The results from real weld HAZ's were compared‘with'éachwheat
vﬁinﬁut- using linear regression analysis, the information:- given

-in'Table;Qlwas-analysed and a valid relationship’ was found.:,
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Figure 36 shows this. result and the resulting equation shows
that heat input (in kilo-joules per m.m.) multiplied by
0.001885 is directly proportional to the é content (the
equation is given‘in section 3.3;3). Low heat input welds,

of say 1000 J mm'l, would be expected to have 4.85% & whilst

a high heat input weld of 3000 J mm~* should have 10.5%s.
A further technique, which can be used to predict weld HAZ §
contents,-is the empirical expefimental relationship which
relates time above 1320°C to weld HAZ § contents. This
relationship has been demonétratgd practically in section
3.7.2.2. using'theoféticﬁlly,pre&icted weld thermal cycles and,
graphically represented,nagréeshvery closel? with 1sotherﬁal
transformation data.(figﬁre 85). A wide overlap of confidence
'1imits exists between the isothermal and dynamic (weld thermal
cycles) data, hence the actual value:of the dynamic equation is
somewhat uncertain, The relationship expressed -in the
equation is valid and is useful over a sufficiently wide time
' scale to cover most wéldihg'conditions and processes from
TIG to high current submerged arc (see tables 8.9.13.17 and 23).
When & ferrite forms from austenite heated above the Ac,
temperature, its location and morphology is constant. Early
high' temperature work showed that' § forms on, and around,
ﬁf&dff?éustpdite grain boundaries, this point being made by
~figures 14 and 15, “In weld HAZ's, s is located in ‘the same
‘-;bléééé (i.e. on prior austenite grain boundaries and triple
Jfpbihféjxiﬁd?thléhloﬁatighLbf”s'ié*foﬁnd“inﬁthermally cycled

" simulated specimens ‘(see ‘figures 295 30, 73 - 76)" °
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§ morphology remains constant but is affected by the

amount of § being produced. Its form is always as stringers

. along prior austenite grain boundaries, . all of which radiate
from triple points (this morphology is clearly shown by

figures 14 and 15). Where small quantities of § form, its
morphology is less stringer like, being found at triple points
and having only ,shallow penetration down austenite grain bound-
aries, as shown in figures 29 and 30.. As the quantity of §
increases so does austenite grain boundary penetration length,
the effect being clearly illustrated in real weld HAZ's by
comparing figures 74(B) ‘and 75(A). In these two. figures

§ content rises from 5.6% to 7.9% whilst the shape of §

becomes more elongated. Thus & is always identifiable by its-
characte;istic shape and positioﬁ, whether in real weld HAZ's
or'wroughq mater;al subjected to high temperature heat-treat-
ments.

Once & forms in a weld HAZ it is retained, requiring long

time, re-solution heat-treatments to remove, or reduce, its
quantity. The parameters for:.these heat-treatments can be
gauged from the information supplied in figures 69 and 71 and
Tables 14 ang_lﬁ. - To remove § completely, heat-treatments
similar to full re-solution heat-treatments are necessary -
(see figure 69). The short time peri0ds for which the matrix
is re-austenitised during multi-pass welding thus have no

~ effect on the s ferri?e.:ﬂgDuringﬁ;e-auspenitisation, austenite
f)grgip,boundariesﬂare?not;ﬁiﬁned,bygﬁ_aqg some grain boundary
';movement occurs, .:No.§ retransformation occurs although

ssubsequently some § regions may be located within prior austenite

_ zrainS: as shown in figuresaloz - 104, Post weld heat-treatments
: : . »
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often performed to soften commercial welds, are carried out
at temperatures below the 6 retransformation range and hence,

‘'serve only to temper the freshly formed martensite (1'13’26).

When austenite is heﬁted beyond the Ac4 temperature a free-
| energy driving force exists to cause some austenite decomposition
to § ferrite. The actual production of § ferrite occurs by
elemental diffusion and this process may be recognised in
nmmerous“way5g A transformation hysteresis has been identified
for both Class 1 and 2 steels, figures 49 and 51 respectively
illustrate this occurrence. Isothermal transformation rate
of y to § has been shown to be a typical "S".type difrusibn
controlled reaction (see‘figures 83 and 84) whilst the Johnson-
Mehl graph (figuré 86) is a linear form with a slope of 3.6.
This is the expected shape and approximate ‘'slope-~for-diffusion
controlled reactions ¢(7?)_  Direct evidence of the diffusion
of some metallic elements into § ferrite has been obtained.
Concentration profiles for chromium, molybdenum and vanadium
have shown large increases of these elements in § ferrite.
This information is given in Table 24 and illustrated schemat—
ically in figure 87, A carbon-denudation zone was also located
around 6§ ferrite regions by microhardness testing and E.P.M.A.
_analysis; the results of which*are’also included in table 24

and figure 87, 0 o maonio

- High resolution electron microscopy was used to examine carbon
" extraction replichs“oE'béthﬂisafﬁérmaliy transformed samples
~ and’simulated specimens. ‘' “Both groups showed'similarities

o s i R T if'.t."'.. w £
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in that small carbide particles were located within the §
ferrite and were positioned in regular arrays parallel to

the G/martensite interface (figures 90 - 93). This mechanism
.for second phase proeuction is well known and is termed
"Interphase precipitation” (86’87’88)-and is also known to

cause a carbon denudation zone around.ferritewcas),

The
carbidee:roduced by this process, act as a "sink" for carbon,
and absorbs all carbon released from the ferritising area.and

(86),

also some from the sSurrounding austenite this mechanism

of carbide production and interfacial advance is shown

schematicallj in figure-lOl.(Bs).

This § ferrite formation mechanism operates very rapidly and
has been identified in weld simulation specimens and isothermally
transformee samp%eSg_ Figure 90 is taken from a simulated
specimen which used 1360°C as. peak temperature, whilst

figures 91 and 93 were produced from isothermally transformed
material. The only differences between the two types is in
their physical size i.e. the simulated samples show finer-:
ferrite layers. Both show the layered carbide structure
within ferrite and, once more, the simulated sample has a finer
structure. It is thus reasonable to assume that this trans-
 formation mechanism operates within the weld HAZ where § is
'“Q-pféaﬁééd even though times spent a; neak temperature may be

'e;very short

R " Yo LEE T ety

"ﬁfOne carbide type has been located within 6 ferrite and has

; '-'been shown to exist in two forms. The carbide type is M C

C”:fand has been noted as both (Cr3Nb3)C and MOSC (see figures 95 -

efd;yloo), whilst some mixed phase precipitates have been found
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(figure 94) which may be mixtures of both carbide forms.

4.2 . The effect of & ferrite on solid state trans-
formations in the weld HAZ

Cooling these steels from the homogenous. austenite region
can result in ‘any one of three solid state transformations

(1,2)

occurring depending upon the' cooling rate These:

transformations are i)y to & + carbides; 1ii) y to martensite?fﬁ
and iii) y to bainite. When a §/austenite duplex structure

is cooled,. the only fact‘tnat.is'knownis that a bi-phase
martensite/Gi mixture results (as confirmed by weld HAZ
metallography), although the three following further
transformations.could,belpossible:- i) § to v; ii) § + vy to - .
o + carbides; and iii) § + y to bainite..  Consequently
experimente were undertaken. in which a range of § contents
from.9.7% to 67% were produced in samples and their trans-
formation behaviour monitored by dilatometry. The range

of :§ .contents used,. covered all contents likely to- be
encountered .during welding and thus, the CCT and TTT diagrams.
resnlting from this work are applicable to welding situations.

O

4.:2.1, r» TTT studies _ e ey

5_;- ‘-".’. . - -
Wi ~ 3 4

Three transformations were investigated in this way and these

r'n-"‘"

E 0 T

were a) 6 to Y, b) 6 e Y to @ + carbides ‘ and c) 6 + y to

bainite. The Y + 5 to martensite reaction was not investigated
. 0 - "‘\r ']
e,because martensite production is athermal (79)
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_iisothermally over the temperature range of 1000°C to 1200 C

HERY R 5“'.,.,1. FARE A d . .
1y -‘ " .‘_.4 . . P “‘; ‘:‘ - %, i i‘ "I‘-j-’.".'



- 109 -

and reaction times were found to be very similar over a
‘range of 9.7% to 16.6% & (see figure 68 and Table 13). As
§ contents increased above 16.6%, transformation became
increasingiy delayed (see figure 52). However, such levels
(up to 67% &) are very unlikely to be found in weld HAZ's
thus the two lower levels of § content (9.7% and 16.6%) can
be taken as being representative of welding conditions since

welding produces similar & ferrite levels (see Tables 9 and 14).

Solid phase transformation may occur over a lower temperature
range when the mixed structure of & and y decomposes to form
o ferrite and carbides. The conditions under which homogenous
class 2 austenite decomposes fo a and carbides are widely known

) (1,2,36 44)and have been

and well documented (see figure 6
determined for this particular material (figure 55).  After
decomposition, the resulting microstructure consists of a ferrite
grains. with carbides randomly dispersed throughout the o, and
dense carbide films at o grain boundaries (see figures 56 and 57).
When a mixed & + y microstructure is isothermally transformed,
the transformation times again increase as § content increases,
This is shown by_Table 12 and figures 58 and 59. Table 15
'shows that when two austenitic matrices containing 9.7% and
716 6% 6 ‘are isothermally transformed to o ferrite,'a retar-
‘dation occurs once more, but it is only a small amount (see
'also figure 69). This behaviour where transformation

4’

5_incubation periods increase with increasing s ferrite contents,

B ,

~ is similar to that of the 8 to Y. transformation. (A possible
;-fmechanism for this retardation Will be mentioned later in this
;7nsection) ) After transformation, the microstructure of the

o R
mixed 6 - Y. samples is strikingly similar to that of homogenous



- 110 -

austenite samples (compare figures. 56 and 57 to 60 and 61).
Thus, although the presence of § markedly affects the
transformation kinetics of low temperature austenite decom-

position, it hardly affects the resulting microstructure.

Isothermal holding of a mixed §/austenite sfruoture is likely
to happen.. during the course of multipass welding when a newly
deposited weld bead and its HAZ is held at the interpass
temperature. This treatment has been thought to cause bainite
formation within short time periods at these temperatures
(1,4,10,23,42,44,51,63,83) (see figure 5). This was investi-
gated using thermal simulated samples which were not 1mmediare1y
cooled to ambient temperature but were held for eight hours. at ~
Ms to Ms + 150°C. The weld simulation sample contained 5.0% §
(thermal cycle for weld Tl was employed) and prolonged holding
produced no detectable bainite formation. .Thus, the presence
of small quantities of § ferrite retards bainite formation in

a. simulated weld HAZ, This'behaviour is, once more, analogous

to that found in the other isothermal decompositions studied.

4.2.2, CCT studies

Continuous cooling transformation studies are more applicable
to welding srtuations because welding is a dynamic, non-equil-
Iibrium process involving rapid cooling rates %hen low peak
temperatures ‘were employed (ie befween 900°C and 1320°C) an
‘homogenous austenite matrix formed which on cooling over a
-'-wide range of cooling rates, transformed to lath martensite

'(see figure 12) These results agreed with oublished data (1)

e consequently slower oooling rates were not investigated as
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published CCT diagrams aé&pately describe such transformation.
When high peak temperatures were employed (ie above 1320°C)
quantities of 4§ wereproduced, the formation of which is not

noted éy published CCT diagrams; thus, the existing CCT

diagrams become inadequate to describe solid phase transformations

on cooling of such matrices.

During'cooling; three possible phase transformations may occur,
These are i) § to vy reversion; ii) 6§ + y to a + carbides;
and iii) ¢ + y to martensite + § . Only one transformation is
known to occur in the weid»HAZ. This is the formation of the
martensite/é duplex structure (see figures 14 - 18, 29 - 30).
The effect of & on this transformation was examined by
produciﬁg'varying & quantities in samples (from 2 - 67% §)
and. cooling the samples over a range of rates applicable to
welding. Increasing & quantities should have. depressed the
martensite start (Ms) temperature by predictable amounts (see
figures 62 and 63) but no such dépression.was observed. Later
- work using & contents of 4.2% and 16.6% re-emphasised the veracity
ﬂéf these findings (see figures 65 and 71). The solution to
~ this unéxpected behaviour was determined later, and is a
‘direct result of the mechanism of § formation and the consequent
'ﬁicdrbide production (see figure 101 and section 4.1). Thus,
' ;ihcreasing quantitieé of § ferrité have no effect on Ms temper-

‘_,atu}e which remains complefeiy'invariént.

fITWb'other tfahsforméﬁions reméiheﬂ'to:be'QEServed and no
7traces of either had been detected over the cooling rates

l-employed for weld simulation (See Iigures 65-67 and 71).
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An eetimate of cooling rates likely to cause some transformation
of § to austenite was obtained by super-imposing previously
determined TTT results on to a CCT diagram. When this hypo-
thesis was checked it was found to be correct, the results for
CCT and TTT being very close (see figure 71). Slower cooling
rates also detected the lower temperature decomposition of
austenite to o« ferrite and carbides and the subsequent Ms
elevation (compare figures 5 and 71). This transformation was
found to occur under very similar time-temperature conditions
whether § was present or not (compare figures 5 and 71). Thus
G‘has little or no e;fecf on continuous cooling transformations

in these steels when some § decomposition occurs.

4.2.3 Explanation of the possible mechanism of the
effects of § ferrite on TTT and CCT reactions

When § ferrite forms, it does so on prior austenige grain
boundaries and thus reduces the available austenite to austenite
grein boundary area on which secono phase nucleation can occur.
Increasing quantities of § are accommodated by first broadening
the § stringer and then by extending the stringer length (see
figures 29 and 30 and 74B) and 754A)). Hence, increasing
quantities of § reduce the act;ve,y FQ\Y grein ooundary area,
'Ifrom which the second phases ( y or a or carbides) nucleate (79).
“"No second phase nucleation occurs. from the §/y interface as

. a) if it were then reactions would be accelerated and b) the
transformation morphologies would .commence from the 6/7 inter-
'1face ‘and not from the Y/Y 1nterface as observed (see figures

56 57 and 60 61) During the 5 to Tisothermal transformation,

decomposition of‘scan only commence at the 6/1 interface,
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where it does so along specific cryétallographic:df?ggfféﬂé‘(see
figures 53,54). Thus, during TTT reaétions, the available
ﬁustenite to austenite interfacial area dominates transformation
incubation periods. This is still true during CCT reactions
as the transformation of § to Y shows'by occurring over a very
similar time and temperature range to TIT reactions (see figure
71). Continued cooling at rates which cause some § trans-
formation to y eventually produces a ferrite. This phase
formation is not significantly retarded by the presence of §
during continuous cooling, because prior decomposition of some

§ to vy effectively increﬁses the available y/y interfacial area
(c.f, figures 5 and 71). Thus; during slow cooling of a
simulated weld HAZ at céoling rates where § retransformation
occurs, subsequent decomposition of y can be expected under
conditions which. are .predicted by existing CCT diagrams (ec.f.

A}

figures 5 and 71). - ' ' -

This mechanism has been proposed as a solution to the different

transformation behaviour between TTT and CCT conditions. Tt
has not been directly investigated as part of the research
programme and has been formulated after a study of resultant

thansformatiqn.microstructufés and diagrams.

4.2,4" " The effects of & ferrite on phase transformations
. “and their relevance to weld HAZ's

" ‘Isothermal transformations ‘are delayed by increasing quantities
 ‘of’s ferrite, whilst ‘continuous cooling'transformations are
| _ﬁbf;'if‘sbmé”alfétfdhsférﬁétidh.oééufélw: When cooling has

L

-\'2_,.._.__‘ . S . ‘__‘,,-( EU SIS SN R SN e d .
‘been sufficiently rapid to retain'all §'(e.g." during welding)
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then subsequent diffusion transformations. are retarded

(e.g. the f to bainite reaction). Diffusionless trans-
formations i.e. martensite formation, occurs at an invariant
temperature unless‘prior transformation to o ferrite occurs,

i.e. during very slow cooling (see figure 71).

After“welding:the heat-affected zone cools quickly, the actual
cooiing rate. depends npon the process, nlate thickness and
welding parameters employed, but always appears to be sufficiently
fast to retain all the & formed (see figures‘65,66,67 and 71).
Thus, the duniex §/austenite HAZ region shows only one phase
transformation (austenite to martensite) and this occurs at a
single, invariant temperature. Interpass holding will not

cause bainite formation to occur in the duplex region within

8 hours, nor will stress relieving (see figure 7). The

homogenous austenite area, formed at temperatures_between

Ac4 and Ac3, should undergo transformation to bainite if held

at an interpass temperature below 430 C for some time, any
remaining austenite may also transform to a ferrite and carbides
dnriné.stress-relief (1’4’10’23’42’44’51’63}83).

e ) . -
Pl } L

4.3 The effect of § ferrite on physical prOperties and
~behaviour f .

DI~ S . . . -
Loaa 3. ar e ————— ¢ % . R YOI S .. d e

. The 1nvestigations performed to” assess the effect of § ferrite

on mechanical properties were not exhaustive and were 1imited

"Jto tensile, hardness and corrosion tests._ The materials used

“h‘represented the 1360°C isotherm of each simulated weld: from T1

- to sz and martensite, secondary hardened (ie the 750°C

“isotherm simulations) and standard_state materials, No ‘efforts
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were made to extend the findings beyond the d ferrite levels
tested (4.2 to 8.4 % §) nor were real HAZ's tested, except

for.hardness comparisons.

4.3.1 The results of tensile tests

Three interesting series of results are quickly discernible
from tensile tests, these are i) ductility; ii) yield point_
and iii) ultimate tensile strength, the results of which are
illustrated in Table 18. Ductility can be measured by reduction
in area and elongation during tensile testing, highly ductile
materials show large values of both properties. Thus,

when samples containing over 5% & were tested ductility was
seen to fall, until at about 8% § samples failed in an almost
totally brittle manner (less than 5% elongation and reduction
in area) (see fiéure.77) Extrapolation of the line for %
elongation in figure 77 indicates that 12% § would produce
total embrlttlement " This phenomena has been previously noted
but these results were confined to only impact testing and
showed that where § is present transition temperature elevates,

_hence, the material becomes embrittled (1, 26),

" " ¥
R cent

Throughout the range of 6 contents investigated a progressive
increase in UTS values appeared as 6 contents rose. Homogenous

‘martensite (0 6) had a UTS of 1 7205 KN whilst sample 82

ko

(3 4%5) had a UTS ot 2. 048 KN (see ’I.'a.ble 18) At high &

'_ﬁcontentS (3%+) the increase in UTS is of the order of 20%

1 e,

-----

4
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and. shows little effect due to the levels of § ferrite

(see Table 18). Elevation of tensile strength has been
-,previouély noted in real weld HAZ's (1,37) bgt has not been

ekplainedh " That the effect is repeated in simulated HAZ's

where thermal gradiehts and microstructural differences are

not as severe as in real HAZ's, infers that the increase in

étrength is due to the prodﬁction of finely dispersed & regions.

A possible explanation for this behaviour is the mechanism of

dispersion strengthening, a well documented process(47s79s37}

100, 102)

Many. uses of these materials require a degree of corrosion
resistance from the steéi in the welded form. Corrosion -
tests were performed on 1360°C isotherm weld simulation samples
for welds T1 to S2, homogenous martensite, secondary hardened
and standard state materials. =~ The results showed that
corrosion rate was minimal in the homoéenous martensite material,
but the rate increased steadily with increasing § content from
4.2% to about 8% § (see figure 78 and Table'19). Above 8%§,
corrosion rates increase dramatically and approach the levels
of tempered and secondary hardened 'materials. - The upper
andlower corrosion limits are theoretically quite sound.

 When ‘chromium ‘and molybdenum are completely in solution
(Homogenous martensite) corrosion rate is' minimal, but when
quantities of these elements exist as carbides, corrosion

(47)

rates increase Where free ¢ ferrite exists, however,

corrosion rates'may*be“éxbécféd“td“fali-‘due to ‘chromium and

L

_molybdenum activity ‘in ferrite (90) “but ‘this-does not happen.

A possihle explanation is“that" regions of'8 ferrite are areas

of high chromium concentration (greater than 15% Cr) in a
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matrix of below 12% Cr, thus, the matrix becomes anodic
with respect to § and preferentially corrodes, Therefore,
real HAZ's will show increased corrosion resistance in the
homogenous marténsite region and,increased_attack in the
secondary hardened and duplex zones, ¢ e -
Weld HAZ hardnesses are reduced where § is present, the effect
being more clearly indicated by macro-hardness testing than by
microhardness tests. Table 20 shows that little difference
exists between real and simulated HAZ microhardness values,

but as § incfeases, simulated sample macro-hardnesses fall,

This effect occurs because the macrohardness indenter is much
larger and thus tests larger areas of sample and is more affected
by the lower hardness of § ferrite. Hardness surveys performed
across regl weld HAZ's, also show hardness values in the duplex
region below that of the homogenous nmmtensité zone, This |
feature is visible in figure§_26, 27, 28, 32, 33, 34, and 35.
Initially there may appear to be some conflict between the
hardness results and results from tensile testing as § reduces
hardness but increases yield point and UTS. A possible
-gxplaqation to this anomaly is t@atibquusg\§ is finely dis-
persed throughout the martensitic matrix, its present dispersion
strengthens the steel on tensile testing. Hardness tests,
‘however, examine: small regions and thus the softening effect
of.8 is determined,
bl SRS YER I RN (A O 5‘?1:v'~,;?':uh" N I
-3 5 ferrite has been noted ,to have .an. effect on HAZ erack

(7 9 12 14)
-’ LT

.....

! 'J';:route was allied to ¢ ferrite Shape (see figures 16- 18)
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All cracks examined, whether from commerciallor experimental
sources, were fouud to remain in duplex microstructural
regions (see figures 19,20,31). The region through which
all cracks passed; seems to be the low carbon-molybdenum
martensite halo which surrounds § and is formed as a function
of § ferrite production (see sections 3.7.3.2 and 4.1).
Behaviour of this type is typical of a stress concentrating
mechanisﬁ (102), thus HAZ fractures do not appear to require
hydrogen in order to occur. This finding, although not
conclusive, opposes previous investigators who believe that
HAZ cracks in these steels are exclusively hydrogen induced

(1,4,7,13,36,40,42,44,48,51,52,53) ¢ proposed mechanism

may be affected by hydrogen, and may even be a subtle modif-
ication of hydrogen induced HAZ cracks, but its effect is to
oraog.sensitise the steel to a greater degree than hydrogen.
As § is unavoidable in weld HAZ's the only way te avoid
crackiug is to reduce, or remove, stress concentrations which
initiate failures (40) (see section 3.3.1,and figures 19,21 & 31).
This approach has been ehown to be valuable in reducing weld bead
o:acking in filler metals of these compositions, where § has once

more been shown to be involved in the failure route (101),

4.4,‘ The microstructure of the weld heat affected zones
R in ‘Super 12% Cr Mo steels

"ot

During the course oI this project the vast majority of work
has been concerned with the miorostruoture of weld heat-

"affected zones both real and thermally simulated The

'production of thermally simulated HAZ'S has allowed high

U
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speed dilatometry to be performed and thus has aided in.the
production of representative welding CCT diagrams. Comparisons
have been performed between real and simulated HAZ micro-
structures. Hence, the inter-relation between real HAZ's
simulated HAZ areas and the CCT diagrams presented has been

determined.

4.4.1 Real'weld HAZ microstructures

The production of a HAZ region containing § ferrite has been
shown to be unavoidable during fusion welding, representative
zones are shown in figures 16-18,29,30 and'73-76. This
produces a three region HAZ, schematically shown in figuregs,
in which the duplex §/martensite area lies close to the weld
fusion line, the homogenous martensite region occurs outside
the duplei area with a secondary herdened zone finaliy being
formed A typicai HAZ is shown in figure 31, tﬁe darkly

etched region being the secondary hardened area,

The formation of each HAZ region is controlled by the temper-
‘ature experienced in that region. Duplex microstructures form

when temperatures exceed Ac4, whilst the homogenous martensite

A

region remains between Ac4 and approximately 900°C (see figures
12 50 51) These dilatometric findings were verified when

ifheat flow equations were fitted to single run weld HAZ micro-

-

structures and hardness surveys (figures 28 79 80 81 ,82).,

‘__When the heat flow approach was utilised it was found that

;.-: 2,

- regions containing 6 were formed between 1320°C and iusion
1 -y T

'point (1420°C) homogenous martensite existed in the 1320 c

- & Y
Taa ,\.‘.“..

B to 900 C region whilst secondary hardened areas formed between

3 B e LT
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900°C and 500°C, belowISOOOC'no microstructural or hardness
changes were noted (see figures 79-82). Thus, for ‘a single
pass unpre-heated weld HAZ, the phase boundaries readily

define peak temperature isotherms.

Pre-heating does not affect the microstructural composition
of a single pass weld HAZ, although i1t does increase the
extent of all three regions besides. further softening the
parent material (see figures 24 and 27). Therefore, for any
given heat input, pre-heated weld HAZ's are wider than unpre-
heated ones,falthough coﬁsisting 0f the same microstructural
regions (see figures 27 and 28). Post weld heat-treatment,

when performed at 600°C for 2 hours (1,4,13,16,36,37,38,40,

41'42'44'51), increases HAZ ductility by tempering the freshly

formed martensite in the duplex and homogenous martensite
regions (see Table 7). These heat-treatments perform :the
same- function for both unpre-heated and pre-heated weldments

(see Table 7).

Mult;:run welds were subjected to only an explﬁratory investi-
gatioﬁ (see section 3.3.2) but it emerged from this that
mglti-pass HAZfs_were\complicateq,sErpctgres. Much of the
complicatibn résults from the;paélfgéﬁ‘oi upper wéld:beads,
which 'changes the thermal conditions ‘experienced by the lower
HAZ's. However, it was possible to say that the first run on.
a 'HAZ caused tempering o;-some”fre3h7mhrténsité'in'GIOSe
proximity to the 'secondary hardened- layer, whilst re-austeni-
tising all the rest of ‘the HAZ." During re-austenitisation,
-:gﬁé;enite*graip”bouﬁd&ries"ﬁdﬁé‘aﬁdiéuiibund 6 although no

; _s'ld_ecomposition occurs,.(as illustrated in figures 102-104)
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The second weld bead caused all'the‘marfensite re-formed

in the initial beﬁd to-be tempered, whilst causing the
phadmrﬂydescribed changes in the first run HAZ. This process
continueé unfil welding is finished.‘ The underlaying HAZ's
become increasingly témpered and the finél run shows the usual

three zone structure of an untempered weld HAZ.

The secoﬁdafy hardened zone is formed as a result of low peak
temperaturés,'1nsufficient1y high to cause phase transformations,
which are experienced :qr only a short time (see sections 3.2.3,
3.5.3.1, Table 4). Hardening occurs because of sz phase
production in the already tempered material. This phase;

although not visible by optical microscopy, has been previously
identified (1’2). : |

The absence of bainite in-any microstructures exﬁhined.is
contrary to the expectations of previous authors (1’44’51),
Its formation was never noted even;on\long; low temperature
'iébthermal holding (section 3.7.3;3)'and ﬁés‘probably retarded

by the presence of § ferrite (section 4.2.1)

4.4.2 . Continuous cooling tfﬁnsfofﬁation.diggrams ‘

yTwo .of the three heat-affected regions.in the weld HAZ under-
~go phase transformation, whilst the third (secondary hardened)
,does not. The two regions undergoing phase changes both
fppqqs:prmfto austenite on heating-but one (the duplex region)
'_:egﬁppqs‘g.further transformation. ?\Two_CCT diagrams are,h

:  thep9f9;e, required(tg‘descnge weld HAZ microstructures
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completely. The region which forms homogenous martensite

must be described by a CCT diagram produced from steel heated

fo temperatures between 900°C and 1320°C (see section 4,4.1).
Many diagrﬁms exiét which have been produced from‘steel
austenitised within this temperature'regime, and a previously
published example is given in figure 5. A CCT diagram was
produced for the experimental Class 2 material, during the «
course of thiélproject (figure 12) and agrees with:the'previously

-

published diagram.

The duplex région consisfing of § ferrite and martensite has
never been previously described by a CCT diagram. Thereforé,
the diagrams produced by this work are the only ones suitable
for describing the effects of high temperature heat-treatments
on these steels (figures 65 and 71). The first diagram
(figure 65) is exclusively for  welding. Figure .71, however,
includes this\information'éﬁd'aiso illustrates subsequent
phase transformations which occur'dufing slow cooling. Thus
the information provided by this diagram is unique in its
description of phase transformations undergone by mixed y/é
.matrices during continuous cooling. CCT diagrams currently
éécépted, and in use, describe only the homogenous martensite
region and do not mention the duplex §/martensite region which

has been shown to influence weld HAZ properties.

‘Weld HAZ microstructure in the high temperature region can be

| predicted by either of the two CCT diagrams -produced in this

i ».-..-"...«-w....;-.

work (figure 65 or 71), although the former is exclusively for

'welding. ' This diagram’ predicts‘that'a regiqn‘cdntdiniﬁg'a

n . Lot
gremamas T e T en gl &
W B PIETROIEES S
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ferrite will exist in fusion weldsjproduced by any process
although it does not predict the extent of ferritisation or
thelwidth of the duplex zone. Allied techniques in the
production of welding CCT diagrams can be used to determine
HAZ region widths and quantities of ferrite formed. The
theoretical numerical process used to determine weld thermal
cycles has been,showp to be accurate in describing weld HAZ
widths (see figures 79-82 and Appendix2. ). The theoretical
results are presented as a 3-dimensional temperature-dimension
matrix; which, when analysed as in Appendix2!, determines peak
temperature ioqi for the whole HAZ region. Thus, HAZ width
and the spatial position of each constituent region can be

found to a reasonable degree of accuracy (see figures 79-82).

The quantities o? s :errite-which fbrm during welding may be-
determined directly from the- predicted theoretical weld thermal
cycle. An empirical relationship has been formulated, and
validated, in which the time spent above a temperature of 1320°C
is related to the quantity of § ferrite found at the 1360°C
isotherm (see figure 85 and section 3.7.2.2). This technique
appears to be applicable for a wide range of "super 1320°%c"
transformation times and therefore, . for a wide rangé-ot welding
heat -inputs. The relationship-between heat input, time at

" temperature and quantity of second phase formed has been
~investigated ~ ap.-andi.- .- and -has been theoretically validated.

:4;4.3 - Correlation of real HAZ's simulated -HAZ's and the-
- prediction of CCT dlagrams

k . ..

o

'-iReal 'HAZ's and simulated HAZ'S are- -best correlated by metallo-

'Tgraphic and hardness: correlations (58 59 60 61) This. has. .-
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been performed with the emphasis on the 1360°C isotherms of
both real and simulated samples and has demonstrated that a
olose correlation exists between the two types (see figures

73 to 76 and Table 20).

The CCT diagrams (figures 65 and 71) were produced from
dilatometric studies performed during thermal simulation or the
1360°C isotherms of real weld HAZ's. Thus, the predictions

of these diagrams directly illustrate the phase transformations
occurring-in the 1360°C peak temperature simulation samples

(see figure 65). Microstructural and hardness correlation

has been shown between real and simulated samples, therefore,
implicit correlation exists between the CCT diagrams and real
HAZ microstructures. Real HAZ microstructures can, therefore,
be-predioted by either CCT diagram produced (figures 65 and 71)
when used in conjunction with published CCT diagrams which
describe the martensite region (figure 5),. The extent and
location of each zone can be determined by theoretical numerical

methods (Appendix 2. and figures 73-76 and Table 20).

It has therefore been demonstrated that the HAZ of single
pass welds consists of the following three zones, §/martensite
duplex structure, homogenous martensite and a secondary hard-
,.ened region. The microstruoture of the transformed zones has
-been described and can be predicted by the CCT diagrams prod-
'uced during this work. HAZ Width and individual region size
*and ‘location is dependant on peak temperature distribution and
n.:hence, the heat input per unit 1ength employed during Welding
'l(48 )66 67) This parameter has been 1inked in two ways to,

f.jfthe amount of § ferrite produced in the duplex region (figures



36 and 85) and_thisrrelationship has been theoretically
demonstrated  .ppend:.: ., Thus, the prediction of micro-
structure and the extent and location of each weld HAZ region

of a single pass weld can be carried out,

In multi-run welds, the fresnly formed martensite in both

duplex and hOmogenous?martensite regions is prepgressively
tempered and secondary hardened. The § ferrite formed by the
initial weld run-remains untransformed, although temper carbides
may form witnin it (26); thus, a further region will eventually
form which consists of § ferrite disperseduwithin a matrix of

tempered and secondary hardened martensite.

4.5 Practical implications of this stﬁdy

All the points of greatest significance in the assessment of
HAZ miorostructure_andmbehawiour_are concerned with the role
played by § ferrite, _"Tnis phase always forms in_regions
close to the weld fusion line during fusion welding thermal
cycles. It remalns untransformed in the HAZ despite the usual

_ post-weld heat—treatment cycles The formatlon of ) ferrite

£

is unavoidable durlng fusion welding and 1t 1s always present

' .
- " A i 4 e
PR . .

in the HAZ along with all the associated harmful effects Its

preventlon 1s dlfflcult and would probably requ1re welds to be

performed by solid phase welding techniques These orocesses

are, however, not as flexible in their Joint design as is fusion

;e 43 iy i ‘J-G,"i

- h

welding and therefore will not completely replace fusion welding.

Ve

- " - L e !
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"

Development of totally martensitic Super 12% Cr Mo filler metals

e

has been successful _some types of these‘now being in Tu\sen(1 04

7,8,9 10) | i e 3o "
Thus Similar compositions could be employed as
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parent material to prevent & ferrite formation in the EHAZ.

Such an idea is, however, speculative.

It must be accepted that fusion welding will always produce
quantities of § ferrite in steels of tpis composition.

Efforts should, therefore, be made‘'to control the amount of

§ ferrite in; and the width of, the HAZ. Tec@piques have been
investigated which enable the amount oi_a-ferrite in the HAZ

to be controlled. One is to use the heat input per .mm -

of weid to govern the quantity of ferrite forming. This
relationship is illustrated in figure 36 and from this chart

it can be seen that low heat input produce small quantities of
§ ferrite and as heat inputs rise so do § ferrite levels,

The secona technique for § ferrite control is to manipulate

the time spent atove 1320°C during welding (see figure 85).
This technique, although more accurate than the previous one,
is more difficult to apply and requires some means of fore-~
casting weld. cooling'rates - It is implicit in this method
that control is exercised.by varying heating and cooling

rates above 1320 C This is in fact, control by heat-input,
thus both techniques are complementary and related Their
oopmoadpasis haying‘beeu iilustrated by the work of Appendiﬁ 1.
Control oi 6 ferrite should be aimed at producing about 5% &
in the HAZ 1ess than this requires such‘low heat-inputs that_
, welding is difficult whilst more than this causes substantial
degradation of mechanical properties (see figure 77) Tp do

AT {L
this, heat inputs of a maximum of 1 5KJ mm ; are required

-.x'

;(from figure 36) This therefore, suggests that low power T
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TIG. and MIG welds should be used to join these steels; thus,
to jéin'thick sections, multi-run welds would be required.
The use of ldélpower TIG or MIG welding would ensure that
small quantitieé of § ferrite were pféduced and that the
resulting weld HAZ was narrow, thus confining the potentially
troublesome material to a small region. Such techniques are
~disadvantageous from the fabrication timé'aspecf. The

value of § control must, theréfore, be weighed aéiinst the

increased welding time and cost.

Weld HAanidths have béén accuratély-predicted by using

the' computer program given in Appendix 3. This program
confirms that low heat input welds (e.g. welds T1, T2, M1

and M2) have small HAZ dimensions and high HAZ cooling rates. |
Réﬁid cooliﬁg rates are advantageous in keeping § ferrite
contents low (see ....-ndix 1 and figure 85). Traditionally,
slow cooling rates are preferred for alloy steels to prevent
martensite formation. Thus, when welding hardenable material,
high“heat input welds and pre-heating are used. This approach
is disadvantageous with this steel from two respects. High
héétfinput welds increase § content and eniarée the HAZ, whilst
pre-heating similarly widens the HAZ (see figures 26 and 27)
and will increase the amount of & ferrite produced. In this
SEéél;'thé slow coolihg'rafes‘ﬁradﬁéed‘b&'pre-hedting‘(or

hiéh heat input welding) afe!inéﬁfficient to prevent martensite
'farﬁdtioﬁiQ thué,‘tﬁey can only increase the quantity of §
ferrite formed in the HAZ, Most experimental welds were
produced from unpre-heated steel and were found to be quite
ﬁsouhd. Bend testing of both pre-heated and unpre-heated

'”.yelds, showed that pre-heated welds were a little more ductile

-
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than unpre-heated welds whilst neither type had HAZ cracks
(see Table 7). |

Where HAZ'érhcks were found, it was noticed that they all
initiated from stress raising defects within the HAZ (see
figures 19, 20 and 31). This finding is of some importance,
because’ if stress raising defects are removed then cracks
will not be able to initiate within the duplex HAZ region.
This fact is valuable in practical welding situationms. Such
defects are an easy parameter to control and are ones which

have a significant.effeét on weldment quality.

All results have been obtained for one particular Super 12% -
Cr Mo steel and, as such, are. accurate only for that particular
steeI; gbweveq; the similarity between this Class 2 steel and
a simpler Class 1 steel has been demonstrated for § ferrite
formation (see figures'49 and 51) and for the invariability

of Ms temperature with increasing § ferrite contents. Thus,
in many reactions; the two different classes may be expected

to behave similarly. The principle results, therefore,
determined by this work should be generally applicable to the
whole range of Super 12% Cr Mo steels. Transformation
temperatures will vary from material to material and certainly
from class to class, but the general principles expounded in

this work should be applicable to all steels in the Super 12%

Cr Mo classification.
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CHAPTER FIVE CONCLUSIONS

5.1 Some qﬁantities of § ferrite always form in Class 2
Super 12% Cr Mo steels in. regions of the HAZ where peak
temperatures have exceeded the Ac, temperature, On cooling
this ferrite is retained to room temperature, untransformed.
The threshold temperature for § ferrite formation varies

from 1320°C, on slow heating rates (about 8 — 10°C s'l) to

1

1360°C during rapid heating (¥ 300°C s~ ) 5 Therefore § is

always present in weld HAZs.

5.2 § forms at austenite grain boundaries by a

diffusion process involvingICr, Mo, V and C and is retained
in this position, to room temperature, over a wide range of
cooling rates. It exists unaffected in weld HAZ's despite

subsequent post weld heat-treatments.

5.3 The amount of ¢ ferrite formed increases as both
peak temperature and transformation time advance. The
quantities of § ferrite formed during welding may be
calculated from the time that the 1360°C peak temperature

region spends above 1320°C by using an empirical relationship

determined during this work. Hence, ¢ quantities forming

- in the weld HAZ can thus be estimated from a knowledge of

weld thermal cycles,

5%4 The presence of up to 16.6% & ferrite in an

laustenitic matrix does not affect subsequent decomposition
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of y to form a + carbides during continuous cooling.
Quantities of up to 67% § do not affect Ms temperature

in either Class 1 or 2 steel. The martensite transformation
begins at the invariant temperature of 323°C for Class 1

steel and 275°C for Class 2 materials.

5.5 The presence of § in an austenite matrix retards
isothefmal decomposition of austenite to o« ferrite and
carbides. Bainite formation, at temperatures between

275°C to 400°C, is also retarded by the presence of §.

5.6 The properties and behaviour of weld HAZ's are
affected by the presence of §. When quantities of §
increase, ultimate tensile strength, yield point and
corrosion rate rise, whilst hardness and ductility fall,
Presence of & ferrite reduces the HAZ tolerance to weld

defects and thus increases the risk of HAZ cracking.

5.7 A CCT diagram has been produced using standard

thermal cycles, which involved heating to 1360°C in 6
seconds, holding at this temperature for either 0.5 or 2
seconds (which produced 9.7% 6 and 16.6% & respectively),
followed by cooling at various rates. These boundary
conditions haée been shown to be adequate to describe
phase transformations occurring in a series of HAZ's

produced by a wide range of welding processes,
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5.8 It has beeﬁ demonstrated that the microstructure
and properties of thermally simulated and real HAZ's

are in good agreement. High veak temperature regions

(ie 1360°C peak temperature isotherms) in both real and
thermally simulated HAZ's had similar quantities, shapes

and distributions of § within a martensitic matrix. Low
peak temperature areas (ile 750°C peak temperature isotherm)
in both types of HAZ's contained idéntical carbide forms

in similar dispersions. Hardness values between real

and simulated HAZ's, of both high and low peak temperatures,

are comparable.
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CHAPTER SIX ° = RECOMMENDATIONS FOR FURTHER WORK

&

6.1 An overall effect of § on weld HAZ cracking
susceptibility has been indicated by this work, although

a quantitative effect of § has not been demonstrated.

An invéétigation’bésed on fracture mechanics could determine
the effects of § quantity, morphology and distribution on
weld. HAZ toﬁghness. " Results from this work would enable
standards of acceptable § contents to be established for

weld HAZ's.

6.2 Weld HAZ cracks initiate from stress concentrations
within the HAZ and propagate through the duplex HAZ region.

A study of the effects of weld bead profile, weldment

fit-up and weld penetration variables on the HAZ cracking
propensity of these steels could be of use. Thé results of
this study would be of significance to fabricators and would

aid them in increasing weldment quality.

6.3 Super 12% Cr Mo steels are most frequently used in
high temperature oxidation resistant applications. However,
welding has been shown to produce regions of reduced corrosion
resistance, thus, premature failures may occur within the HAZ
during service. This possibility could be studied by a
combined creep and corrosion test, using weldments containing
differing ¢ quantities and tested at operating temperatures

and stress levels in harsh gaseous industrial environments.
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6.4 Variab SS, the computer progfam modified

specially for these steels, haé been shdwn to produce

accurate weld HAZ thermal predictions. Further modifications
are possible and'may result in weld HAZ hardness values

being predicted. If this were done, the newly modified

program would form a useful quality control tool,

6.5 The present applications of Variab and its
derivatives are limited to use on un-preheated welds and
thus, in this form are unsuitable for many applications.
A project té modify the.program to deal with pre-heated
situations and experimentally ﬁerify'the computed results
would be of wide use. ‘Suitably modified thus, Variab

would be available as a more accurate research technique.
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TABLE 1 i ’

Classification of Super 12% Cr Mo steels by either

composition or operating temperature

3

a) by composition

CLASS ' % Alloying elements present

N0 C Cr Mo Ni v Co
1 | .1-.2]| 1213 |.25-1.0 | 1.0 - &
2 A1-.3 11-13 Jo.1-1.2 | 1.0 |.25-1 |0.5-3 =
3 .1-.3 | 1013 |0.5-5.0 | .3-2.7| .2-1 2-13

b) by maximum operating temperature

CINgSS MAXIMUM mﬂlgEmm Ofgg.z;TmG o

1 510
2 595 - 620" Highly alloyed'
3 625 650" Predicted

it

(both tables from
reference 1)
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TABLE: 3

Composition of Adlers Reagent

Stock solution, made of:-

150 grammes Ferric Chloride
30 grammes Copper ammonium chloride
500 cc's Conc. hydrochloric acid

Made to 1 litre with distilled (or de-ionized) water.

Dilute 2 - 4 times immediately before use.

TABLE 4

Secondary hardening treatments and hardness values
for Class 2 steel

-

I'Il‘éﬁf’ TIME INITIAL HARDNESS | FINAL HARDNESS | INCREASE
(Scy | (uINS) Hv Hv Hv
400 5 385 402 17
451 5 385 410 25
470 5 396 437 41
501 5 385 . 460 75
544 5, 385 483 98
606 5 396 505 109
401 60 396 414 15
446 | 60 396 429 | 33
468 60 385 444 59
497 60 396 459 63
554 | - 60 385 411 26
615 | -.60 ' 385 ' 314 -71




.pajony) JoN = DN '

20°0

10°0

gs’0

0°T 2'11 200°0 €20°0 8F°0 2£°0 12°0 ~

. (emH
J{Tapueg)
_.n.oﬁam.

SE'0.

0°'1 0°2I ON ON GL°1 02°0

(DI - M°AN

02 J91Yog) -
© HHIM

aN

N

OR 10 S d uR IS 9

. £3111q13do0SNnsS }oBJIO pPIOM uo Jurledy-aJd JO S108JId 3yl

9uUIWId18p 03 pasn saqnj .kumE.mHu TIewS pue SITM JISTTTF TBIdW PIAA JO uot31sodwo)

.S d14dvL




GZ ze I c'g 0ST 21 (SSvd avd) SISSvd ¥
cz 62 I 0°¢ 0ST Z1 (SSVd ONITIII) SASSVd €
£2 8% G2 i LVT A | (SSVd ONITIII) SASSVd ¢
02 9°GZ L% (121 11 (NN I00Y) SSvd 1
R tﬂ—.. \
.,_wym.E.Ev (Cwu) AMmmm.mv Aalm.s.su (sdure ) (s110A)
IHAdS @IEd HALIAVIA ONIATOATY - aIAds JNTHHO FOVIIOA
SUIM JNANITIM JNANTTAM ONIQTIM ouv o4y

spIem aqnl [rews aonpoad

01 pasn m=0ﬁuwvﬁoo SuTpiaM

9 HI18VL




TABLE 7

Results of bend testing 1-4 run welds, in the as welded
and post weld tempered conditions
AS WELDED TEMPERED
BEND : BEND
WELD ANGLE WELD FAILURE | ANGLE WELD FAILURE
NO TO POSITICN TO POSITION
FAILURE FAILURE
(°) )
i 10 w.b. | 60 Ductile HAZ
1 55 Ductile HAZ 90 unbroken
2 34 w.b. 40 w.b.
2 20 w.b. 90 unbroken
3 30 w.b. 920 unbroken
3 20 w.b. 920 unbroken
4 44 w.b. 75 w.b.
4 30 w.b. 10 w.b.
5 30 w.b. 90 unbroken .
5 40 w.b, 90 unbroken
6 32 w.b. 920 w.b.
6 20 w.b. 90 w.b.
7 10 w.b. 75 ‘w.b.
i 15 w.b. 30 w.b.
8 5 w.b.(2nd run) 70 w.b.
8 60 Ductile HAZ | 15 w.b.(2nd run)
Welds 1-4, unpreheated 1-4 runs respectively

Welds 5-8, pre-heated 1-4 runs respectively -
w.b, = failure through weld bead. ¥,

L}



'TABLE 8

Welding parameters employed to produce the thick plate welds

gggﬁgg WELD | WELD | WELD WELD SHIELDING
oo IDENTITY| VOLTAGE | CURRENT | SPEED_, MEDIUM
(V) (a) | (mm.s™)
T.1.G (A.C.) T1 20 292 2 |Argon at 28.5 1s7]
T2 17.5 370 3 Argon at 42.8 1s
M.I.G (D.C. ML 3% 256 4 | Argon at 30 1s7
electrode +) M2 37 250 5 Argon at 30 1s
M.M.A. (D.C. R1 29,5 | 253.3| 2.5 |Basic Electrodss®
electrode +) R2 31 296.7 3.25 |Dried at 250°C -
2 hrs
SUB-ARC (D.C. s1 37.5 | - 326.7 5 Neutral Flukl)
electrode *+) S2 44.5 353.3 5 Dried at 300°C -
: L 6 hrs
TABLE 9
Heﬁf-inout for each thick vnlate weld and amount of 8§ formed
in the HAZ during welding
ARC
WEID |  WELD WELD | WELD HEAT 1 § CONTENT
ﬂ EFFICIENCY NPYT
No | VOLTAGE | CURRENT |SPEED FACTOR ( mm,” ) (%
%
m ' 20 292 2 32 | o934 5.0
T2 17.5 370 3 32 590.67 4,6
Ml 36 256 ‘4 60 11555,2 4,2
2 37 250 5 60  :|'1249.12 5.6
' R2 31 206.7 | 3.25) 75 2122.3 6.4
‘S1 | a5 326.7 | 5 95 23295 g
182 44;5 353.3 | .5 05 -|:2086.84 |ct 8.4 |




TABLE 10

Replicate tests of centre and surface temperature distribution

for 3 steady temperatures, performed for simulation sample

calibration
PROGRAMVED THERMOCOUPLE RECORDED TEMPERATURE (©C)
TEMPERATURE (C) POSTTION SAWPIE 1 | SAMPIE 2 | SAUPLE 3
1100 SURFACE 1140 1130 1130
CENTRE 1135 1140 1120
1200 SURFACE 1225 1220 1213
CENTRE 1215 1222 1210
1300 SURFACE 1317 1317 . 1310
CENTRE 1300 1320 1205
TABLE 11

Effect of heating rate on Ac, and Ac..3 phase transformation

temperatures in Class 1 steel

TIME TO HEAT HEATING, RATE Ac, TEIP Acy TEMP
TO 10009C (Secs) (°cs™) °c) (°c)
6 166.7 908 956
9 111.1 850 897
15 66.7 847 865
30 33.3 843 890
'37.5 26,7 830 s
‘ < 60 :-16 7 830, 865
120 _8-.3' 830 857 h
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TABLE 13

Welding parameters employed for the numerical

solution

of weld thermal cycles for high heat input submerged arc

and electro-slag welding processes,

ARC .| PLATE - WELD WELD ARC ARC
WELDING e | mr VOLITAGE TRAVEL |EFFICIENCY
PROCESS CRNESS CURRENT SPEED |  FACIOR
(secs) (ars) (v) (A) | (ams %)
SUB - ARC 60 2.5 30 1125 0.6 0.99
ELECTRO - SLAG 250 9.0 60 1800 0.1 0.99

TABLE 14

Times for isothermal decomposition of & to austenite using

two ore-selected levels of §

9.7 % ¢ 16.6 % §
ISOTHERMAL | TRANS- TRANS—- ISOTHERMAL | TRANS- | TRANS-
TEMPERATURE | FORMATION | FORMATION TEMPERATURE| FORMATION | FORMATION

START FINISH START FINISH
°0) (secs) (secs) (°c) (secs) (secs)
1213 126 1760 1206 220 1474
1141 141 970 1152 126 1026
1104 150 640 1095 180 792
1060 740 1690 1066 701 2090
1008 1050 1630 1019 780 3200
957 1345 2670 1008 1148 3542




- TABLE 15

Transformation start time for the vy + § to § + o + carbide

isothermal transformation of two austenite - 8§ ferrite
matrices
HOLDING TEMP 9.7 8 16.6% &
o) SECONIS | HRS MINS | SEOONDS | HRS MINS
660 18,600 5. 10 19,300 5., 21.6
720 7,950 2., 12,5 8,267 2 .,17.75
765 3,670 1. 10.1 4,990 1. 23.3
810 1,500 0.25 1,774 0.2.5
855 55,000 15 . 16.6 58,000 16 ., 06.6
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TABLE 17

Variation in § finish temperature with differing initial

cooling rates

SAMPLE INITIAL OOOLING § FINISH TEMP.

IDENTTTY RATE (°C s71) °c)
T1 120 1336
T2 160 1332
M 140 1347
M2 100 1328
R1 50 1323
R2 40 1327

. St 55 1330
s2 40 1328
1 . 20 1324
ESW 2 1321
A 2 1322
B 1.36 1321
C 1.13 1320
D 0.80 1320
E 0.68 1318




TABLE 18

Physical properties of various simulated weld HAZ regions

SAMPLE |  HAZ region | & content| Yield | U.T.S | Reduction| Elong.

IDENTITY | simulated % Point in area
-2 -2

(Nm )| (Nm ) [ (%) | (%)

1 5.0 [1755.6 | 1940.9 40 17
T2 e 4.6 |1601.6 | 1955.8. 46 20
il E g 4.2 [1771.0 | 2009.7 51 18
M2 28 » 5.6 |1601.6 | 1663.2 | _ 0 5
R1 LR 7.9 |1416.8 | 1416.8 2 2
R2 & 23 6.4 |1694,0 | 2063.6 16 1
s1 2 & 8.2 |1601.6 | 2017.4 5 5
S2 - 8.4 |1694,0 | 2048.2 5 5
MART. | 100%martensitd 0 1674.0 | 1720.5 38 14
SS | parent material 0 926,0 | 1174.0 63 33
H | . pegqRdey 0 |1081.0 | 1453.0 62 33




TABLE 19

The effect of simulated sample HAZ microstructure on
corrosion rate in a standard corrosive liquor

Sample microstructure Weight loss after 100 hours
| % & | exposure (grms 'cm"z)

S

T, 3 5.0 0.0693

T2, S g 4.6 0.0747

M, 8§ 073 4.2 0.0719

M2, ‘é 3 °§’ % 5.6 0.0830 -

RL, 5 9o & 7.9 0.0900

R2, g E § B 6.4 0.0811

st, S &7 g: 8.2 0.2012

S2, < @ 8.4 0.2108

Homogenous martensite 0 0.0640

Standard State 0 0.2263

Secondary hardened 0 0.2293 .




TABLE 20

Comparison of micro- and macro-hardness values obtained

from real and simulated samples

) AVERAGE Micro-hardness (Hv) | AVERAGE Macro-hardness (Hv)
Sample
Identity Real Similated Real Similated
T1 551 546 555
2 555 561 g 578
Mt 572 590 § vg 589
M2 551 549 % g - 491
Q
Rl 530 523 8 g 4@ 501
(- 2
R2 540 540 g S ¥ 504
. —
s1 560 556 %. ’?g' 507
: (=%
=< W
S2 538 542 504




TABLE 21

The isothermal transformation of austenite to § ferrite using three
transformation temmeratures at differing times

TRANSFORM. % transformed at each temperature
TIME (SECS) 1340°C 1360°C 1380°C
0 2.5 6.5 18.8
0.5 " 5.9 9.7 25.1
2 12.0 16.6 37.3
4 ' 21.6 26.8 43.7
10 34.6 37.2 54.8
20 | 7.4 41.0 " 61.8
50 41.3 44.4 —
100 50.6 53.7 _—
200 54.0 58.3 i
250 56.0 61.9 -

All transformation results given were measured by point-counting
techniques. Accuracy is better than  0.5%.
Note - 320 seconds at 1360°C produced 67% &

TABLE 22

Isothermal transformation information used for linear
regression analysis

TRANSFORMATION

tra.nsfoﬁﬁation at each time
TEMPERATURE (©C)

s

0 secs 0.5 secs 2 secs 4 secs
11340 2.5 5.9 12.0 21.6
1360 . 6.5 -, 9.7 16.6 26.8
1380 18.8 | 25.1.- | 37.3 -_




TABLE 23

Information used in linear regression analysis of the

amount of § formed and time spent above 1320°C

Sample identity Calculated time § content

spent over 1320°C (%)
15 & 0.5692 secs 5.1
T2 0.47347 " 4.9
ML 0.3698 " 4.3
w 0.55865 " \ 6.0
RL 1.0942 ™ 7.9
R2 0.08769 " 6.4
S1 1.0394 " 8.2
S2 0.7558 " 8.4
2SS 2.9685 16.6 .

TABLE 24

Alloying element concentration variations in close

proximity to 6 ferrite

REGION % of Element
ANALYSED C Cr v o
Matrix 0.21 11.3 0.29 0.95
Matrix
anE aliacsat || g e 15.01 | 0.389 | o0.927
§ edge TRACE 15.03 | 0.3 | 1.283
§ centre TRACE 15.57 | 0.%01| 1.953
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Austenitizing Temperature:

1850 F(1010C) Grain Size:4/5

TRANSFORMATION TEMPERATURE
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FIGURE 6 Typical TTT diagram for a 12% Cr Mo V type
class 2 steel (1)
FIGURE 7 Recommended temperature cycle for multi-
pass welds used to prevent HAZ cracking (1) eI :
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HOMOGENOUS MARTENSITE FIGURE 8

SECONDARY HARDENED
Schematic diagram

of weld HAZ in
Super 12% Cr Mo
steels which shows
relative location
: of all three heat
affected areas

PARENT
STEEL

FIGURE 9 Transmission Electron Micrograph of lath

martensite in the Class 2 steel (plate x 30K)
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FIGURE 10 CCT diagram for Class 1 steel austenitising
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FIGURE 11

Carbide particles found in the Class 1 steel, after

prolonged holding below Cs temperature
Note: Many carbides are on prior austenite grain
boundaries and thus outline parts of austenite grains

( x 400, Adlers reagent)
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FIGURE 12 ~ CCT diagram for Class 2 steel ‘
(Austenitising temp. 1050°C)
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INCREASED HARINESS (Hv)
MEASURED HARDNESS (lfv)

_ FIGURE 13 - The effect of short-time, .
: © . subcritical heat-treatments
" ‘on hardness of tempered
" Class 2 steel

e



FIGURE 14

FIGURE 15

§ ferrite formation in prior austenite

grain boundaries, class 1 steel, heat-
treated for 5 minutes at 1340°C (x1100,
electrolytically etched in 0.1M NaOH at
6V *14)

10w

As figure 14, different area
(x 1100,electrolytic NaOH etchant)




FIGURES 16, 17 and 18 The effect of § on crack path
of weld HAZ cracks, note fracture
follows along edge of §.
(all x 1000, Adlers etch)

FIGURE 17




FORCE AFFLIED
(for £it up)

|

C) TUBE TO TURE SPACZIR ATTACHITENT ,
AND METHOD UTILISED

FIGURE 19 ~ Schematic drawing of cracking situa.tfoné
" found in commercially welded joints




FIGURE 20 Macrosection of tube spacer attachment weld
(as in Figure 19c) showing HAZ cracks which
initiate as a result of bad weldment fit up

(Etched in Adlers reagent, x 3)

FIGURE 21 Industrial welding preparation used for all

tube to tube welding experiments S

a=038<-10m
Des Q0 «0.,5mm
c= S50m

d e 3 mm TECRMCCOUPLE 0L
(in 1 tubde only)
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FIGURE 22 General view of small diameter tube

welding apparatus




1

i

FIGURE 23 Close-up view of tube weldingJequipment

showing position of TIG torch and pre-

heating arrangements
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FIGURE 25 Schematic diagram illustrating the arrangement
employed for bend testing small diameter tube welds
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single pass unpre-hédated small

. diameter tube weld
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FIGURE 27 Hardness and Microstructuré of é

single vass 300°C pre-heated small
diameter tube weld,
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' ' . single pass weld fitted onto hardness and
"and microstructural survey
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‘and Ac temperature points and
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FIGURES 29 and 30 § located at prior austenite grain
boundaries in thick plate weldments

§ ferrite in unetched phase, matrix
is lath martensite). Both x 1100,
etched in Adler reagent

A
e A B

N,

FIGURE 30




FIGURE 31

Macrosection showing crack in test weld S2

Note: failure initiates from sharp angle
produced by bad weld bead profile. Failure

route remains in duplex region before entering
weld bead.
(Adlers reagent x 3.5)




3+0

2:5

15
DISTANCE ¥VR(M{ FUSION LINE

240

1°0

630 -
580 -
530 ]
480
&.50“
380 -
330

" (AR)SSIRIETE

FIGURE 32 Microhardness survey verformed on thick
plate weld T1
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FIGURE "33 Microhardness survey nerformed on thick
plate weld Ml
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“FIGﬁRE'34 Microhardness  survey éefforﬁéd on thick
plate weld Rl




DISTANCE FROM FUSION LINE

FIGURE 35 Microhardness survey performed on thick

plate weld S1
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FIGURE 36 Correlation of the 8§ content in the weld

HAZ and the heat-input used to form the weld

NB. This graph is statistically based and cannot be extrapolated

beyond the experimental range.



FIGURE 37

General view of thermo-mechanical

weld simulator




FIGURE 38 Close-up of dilatometer box showing

sample prepared for high speed dilatometry
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FIGURE 39 Thermal gradients along guage length

. of a 15 m.m. gauge length x 10 m.m.
diameter svecimen
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FIGURE 40 Thermal gradients along the gauge
length of a 25 mym, gauge length

x 10 m.m. diameter specimen
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FIGURE 42

and thermal simulation (25mm G.L x 6.3
or 10 mm diameter),
er)




FIGURE 43 Natural cooling rates of various size
simulator samples from 1350°C peak

temperature
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reperATURE(C0)

12CO'|/ » = _\
~
& ‘11834
.
% 11704
(-]
1155‘1 i T T T T

o 8 6 5 2 0
: THERMOCCUTLE INSZRTION IEPTY (mm)

FIGUEE 44 Thermal gradient across a 10 mm diameter
sample, measured at gauge length mid-point
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FIGURE 45 Centre v's surface temperature calibrarion chart



MEASURING CCUPLE

TRANSDIUCER
»~  PROEE

FIGURE 46 Schematic view of thermocouple arrangement

employed to measure the effect of trans-

ducer probe contact
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"FIGURE 47 The isothermal transformation of tempered

martensite to austenite




FIGURE 48

Microstructure of class 2 steel held for over

1000 seconds in a-y miscibility region
(ie 812 - 836°C)

Note:co-existence of tempered martensite and

regions of freshly formed martensite (from vy).
Darkly etched material is tempered martensite,
lightly etched material is fresh martensite.
(x 400, Adlers Reagent)
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FIGURE 49 Isothermal and continuous heating transformation
of austenite to § ferrite (Class 1)




FIGURE 50 Typical dilatometry test result for Class 2

steel

N.B. Method for identifying change points
schematically illustrated

< Ac4
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S d
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line and curve
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FIGURE 51 Isothermal and continuous heating formation

of § ferrite from austenite in Class 2 steel
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“in Class 2 steel for § ferrite contents




FIGURE 53 Micrograph showing regions where § has

partly retransformed to vy

(Dark etched region is martensite, light
etched areas are § ferrite)

Note: common directions of y growth
(x 570, Adlers reagent)

FIGURE 54 Selected area micrograph of figure 53

near well defined S-martensite grain

boundary. Note:gauzy and ill defined
grain boundary edge caused by §
transformation to ¥y

(x 1100 Adlers reagent)
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FIGURE 55 Isothermal decompositibﬁ'of'austenite to
o ferritg and carbides in Class 2 steel




FIGURE 56

Microstructure of mixed a ferrite and

carbides which results from isothermally
decomposed y (class 2 steel)

Note:some o ferrite grain size in-

homogenity, a grains being surrounded
by carbides.

(x 420, Adlers Etch)

FIGURE 57

Carbides on o ferrite grain boundaries of

isothermally decomposed y. The lamellar

carbide orientation is similar to that
found in pearlite,

(x 2000 (optical) etched in Adlers reagent)
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FIGURE 58 ' Isothermal decomposition of a mixed
'y ¥ '§ matrix to form & + a+carbides in a
Class 2 steel | S
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FIGURE 59 = Comparison between. isothermal decomposition

\;".kinétics-of homogéhdus'Y and mixed y + §
© " matrices g .




FIGURE 60 Microstructure of isothermally transformed

Y+3§. Resulting structure is comprised of
§+a (ferrites) and carbides. Note extreme

ferrite grain size inhomogenity (c.f.figure 56)
(x 420, Adlers Etchant)

FIGURE 61 Carbides on ferrite grain boundary in

isothermally transformed y+§.

Carbides have the pearlite type lamellar
pattern as in figure 57.
(x 2000 (optical), Adlers Reagent)
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FIGURE 62 Theoretical depression of Ms temperature by
quantities of &. ferrite in Class 1 steel-
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FIGURE 63 Theoretical deoression of Ms temperature

by quantities of § ferrite in Class 2 steel
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FIGURE 64 Schematic representation of Ms depression

around § regions due to limited carbon
diffusion,
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TIGURE 65 CCT diagram produced from computed weld

HAZ thermal cycles

106 TIME (secs)
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FIGURE 66
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Thermal cycle determined for theoretical
weld ' I1 (high heat input submerged arc)
with a veak temperature of 1360°C
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FIGURE 67 Weld HAZ thermal cycle for theoretical weld
ESW (electro-slag weld) with a peak
temperature of 1 360°C
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FIGURE 68 Isothermal decomposition of § to y in two
- matrices containing 9.7 and 16.6% § ferrite
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FIGURE 69 Isothermal dehombbsition of two mixed
' Yy + & matrices to 6§ + a + carbides




FIGURE 70 Microstructure of slowly cooled ferritised

sample. Cooling rate was sufficiently
slow to cause some reversion of § to ¥
and then y to aand carbides.

(x 1100, Adlers Reagent)

Microstructure consists of untransformed §, some a
ferrite and carbides and lath martensite which
formed from untransformed vy.

dou 4
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FIGURE 71 CCT diagram showing & decompositions
on cooling for 2 matrices containing

9.7 and 16.6 % § respectively. Peak
temperature 1360°C

(NB § finish kinetics not shown)
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FIGURE 73(A) Micrographs of 1360°C peak temperature
isotherm in real and simulated samples
of weld T1

Note:similar quantities and shapes of
§ in both samples (§ is unetched regions)
(Both x 2000, etched in Adlers reagent)

Real

Simulated




FIGURE 73 (B) Micrographs of 1360°C peak temperature

isotherm in real and simulated samples
of weld T2

Note:similar dispersions, shapes and
quantities of 8§, the unetched material,
in both microstructures.

(Both x 1100, Adlers reagent).

Simulated




FIGURE 74(B) Microstructure of 1360°C peak temperature

isotherm in real and simulated samples
of weld M2

Note:similarities in the dispersion of
§ throughout the lath martensite.
(Both x 1000, Adlers reagent).

Simulated




FIGURE 75(A)

Simulated

Microstructure of 1360°C peak temperature
isotherm in real and simulated samples
of weld R1.

Note:similarity of both microstrctures
with equal § dispersions.
(Both x 1000, Adlers etch)




FIGURE 75(B) Microstructure of 1360°C isotherms

in real and simulated samples of weld
R2.

Note:close similarity between §

dispersion and prior austenite grain
size.

(Both x 1000, Adlers etch)

Real

Simulated
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Microstructure of 1360 C isotherm

FIGURE 76(A)

of real and simulated samples in

Note:both structure show very similar
shapes and dispersions of § with equal

prior austenite grain size.
(Both x 1000, Adlers etch)

-

weld S1.

Real

Simulated




FIGURE 76(B) Microstructure of 1360°C isotherm of

real and simulated samples of weld S2.

Note:similar prior austenite grain size
and § quantities in both samples.
(Both x 1000, Adlers etch).

Simulated
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FIGURE 77 The effect of § ferrite content on tensile
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values of the Class 2 steel
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PEAK TEMPERATURE DISTRIBUTION FITTED TO W
findings for weld Tl T e e B .

NB The ma.rtensite zone (M) begins at a.pproximately 900 C
. _-=~.- -and material softens (1e § fomed) at about 1320°C
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FIGURE 80 PEAK TEMPERATURE DISTRIBUTION FITTED T0 HARDNES
microstructural findings for weld M1,
NB The martensité zone (M) begins at -about
900°C and § forms.at about 1320°C. ..
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3



Pransforaation Time ( seca )

FIGURE 83 " Isothermal transformation- curves for

§ ferrite formation from. austenite -in Class
2 steel
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FIGURE 85
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The dynamic case (ie time above 132600)

" values plotted with the isothermal

transformation information

Vertical bars indicate statistical 95%
confidence limits. '
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FIGURE 88 The position of, and the values found,

during hardness traverses across the §
martensite interface




FIGURE 89

Transmission Electron Micrograph showing carbides
located within a § stringer, Taken from a carbon
extraction replica.

Note:presence of carbides at martensite/§ interface.

Plate x 40K, Sample etched in Adlers reagent, extracted
in perchloric acid.

I 1..35u |




FIGURE 90

Transmission Electron Micrograph showing carbide

at the é6-martensite interface (from carbon extraction

replica).
Probe shows carbide particle used for diffraction
studies.

Plate x 97K. Sample etched in Adlers reagent,
extracted by perchloric acid.

L_0.31u 1




FIGURE 91

Transmission Electron Micrograph showing carbides
as _dark layers within the § region.

Martensite lath is outlined by precipitates at
the §-martensite interfaces.

Plate x 36K. Sample etched in Adlers reagént,
replica heavily extracted by perchloric acid.

. 0.834y |




FIGURE 92

Transmission Electron Micrograph showing carbide
layering in § regions (micrograph taken from a
heavily extracted replica)

Note:two martensite laths are outlined by
interface carbide precipitations.

L

B SRR

Plate x 21.6K. Sample etched in Adlers reagent,
replica extracted in perchloric acid.

L 0.9u



FIGURE 93

Transmission Electron Micrograph showing carbide layering

_(micrograph taken from a heavily extracted replica)

Note: martensite lath outlined by two ferritised regions.

_Plate x 15K. Sample etched in Adlers reagent, replica
extracted in perchloric acid.



FIGURE 94

Typical mixed diffraction pattern
Two F.C.C. materials




FIGURE 95

Diffraction pattern of single F.C.C. material

Plate x 100 K



FIGURE 96

Carbide from which diffraction pattern in Figure 95

was obtained

x 100 K, Sample etched in Adlers reagent,

replica extracted by perchloric acid.

0.5u
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Solution to diffraction pattern'no 204

FIGURE 97




FIGURE 98

Diffraction pattern obtained from a carbide particle

x 100 K



FIGURE 99

Carbide from which diffraction pattern in

figure 98 was obtained

x 100 K, sample etched in Adlers reagent,

replica extracted in perchloric acid.

1 0.5“ ]
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FIGURE 100 _Solution to diffraction pattern No 260



FIGURE 101

Schematic representation of carbide formation

during ferritising period (from ref.86)
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FIGURE 102

Effect of re-austenitising steel containing

quantities of § ferrite

Note : some § no longer austenite grain boundaries

( x 1100 (optical), Adlers etch)

FIGURE 103

Effect of re-austenitising steel containing

quantities of § ferrite

Note: Austenite grain boundary movement has

occurred

(x 1100 (optical), Adlers etch)
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FIGURE 104

Effect of re-austenitising steel containing

quantities of 8§ ferrite

Note: Austenite grain boundary movement has not
been impeded, thus some § is now within prior
austenite grains.

( x 1100 (optical), Adlers etch)f._
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APPENDIX 1

Interpretation of dilatometric data in terms of
crystallographic change

Standard condition for both steels used in this work

was tempered marténsite. In this condition the
microstructure consists of a ferrite and carbides, the

a being Body Centred Cubic (B.C.C.) crystallograpﬁic
structure., Transformation to austenite (y), which

occurs over the Acl to Ac3 temperature range, is a ‘
lattice change from B.C.C. to F.C.C. (Face Centred Cubic).
This change can be shown to be an expansion in lattice

parameter accompanied by a reduction in unit cell volume.

When & formation commences, at Ac4, regions of austenite
begin to transform to § thus the F.C.C. structure of ¥
changes to the B.C.C. structure of §. This phase (&)
has a reduced lattice parameter and a subsequen%ly

increased unit cell volume (see accompanying figures ¢1997).

The volumetric changes involved in each transformation

can be calculated thus:-

i) Assume constant number of atoms.
ii) B.C.C. cell has 2 atoms pér"céli (N = 2)
iii) F.C.C. cell has 4 atoms per cell (N =4)
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a) For o to y transformation

a lattice parameter (aoB) at transformation temperature

is 2.90A%
y lattice parameter (aoF) at transformation temperature
is 3.64A°
Now: - Volume of unit cell _ a03 = Q
: No. of atoms in cell N
For B.C.C. For F.C.C.
24.389 : o = 12.1945 = 48.228544 . Q = 12.057136

2 4

% size change between o and y is:=

12.057136 - 12.1945
( e 12.1945 > x 100) = -1.1264% . (ie contraction

of 1.1264%)

b) For y to'd transformation

y lattice parameter (aoF) at transformation temperature

Q

12.459008

is 3.68A°
§ lattice parameter (aoB) at transformation temperature
is 2.925A°
So q = Volume of unit cell _ a03
No. of atoms in cell N
For vy For §
= é2;§g§222 = 12,459008 : ggéggéggg = 12.5126015
4 size change is (12.5126015 - 12.459008 x 100)

= +0,43016% (ie an expanéion of this amount)
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APPENDIX 2

Variab modifications, program listing, input data and
subsequent results and mathematic solution for accurate

peak temperature location

A2.1 Modifications to Variab to suit Super 12% Cr Mo

steel metallurgy

Variab, as first conceived, only modelled mild steel.

fo do this alfew minor assumptions were made, the two

most important being (i) that o to y transformation occurs
at one temperature (900°C) and not over a range-(Ac1 to
Aca) and (ii) on cooligg y to o occurred at the same
temperature as a to y on heatipg, thus no y supercooling

(64)  1n 1ow carbon, low alloy steels these

occurs
aSsumptions-are unimportant and modifications are limited

to ones resulting from different specific heats and thermal
(64) .

conductivities The metallurgy of Super 12% Cr Mo

steels is somewhat different. Once heated above Ac3 the
austenite remains supercooled to Ms temperature and below.
This difficulty was overcome by using a three dimensional
Boolean matrix set to "FALSE" in each element, which changed
to "TRUE" 1if at any time the element temperature exceeded
900°c(- "FALSE" values caused the material coolfhg rate to
be calculated using tempered martensite thermal properties

whilst "TRUE" values called supercooled austenite thermal

properties into cooling calculations (217, This step was

gseful”but‘did not solve the problem, final matrices are

martensitic, not austenitié, so allowance was made for Ms.
It was assumed that Ms occurred at 250°C, after which the

matrix was completely martensitic, so the latent heat of
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martensite formation was released at this temperature (92).
This broﬁght the heat content of the matrix equal to
untransformed martensite (ie material in "FALSE" conditions)

at 250°C. Further cooling was calculated using tempered
A
martensite values.

Thermal properties for 12% Cr steels were used, and were
inserted into the program during the Boolean series

modification.

A2.2 ﬁrogram listing

The program suitable for deterﬁining weld thermal history
of Super 12% Cr.Mo steel exists in both file store and
binary versions, permanently stored in the computer. The
file store (ie .FORTRAN source) version is termed VariabSsS

whilst the binary version (ie computer language) is termed

BNVariabSS. Both versions must be addressed by the correct

name otherwise the computer will reject the data.

When called forward the program is listed on 15K "words"
in a 32K disc compiler and is compiled (and line printed)
within 1 second. (When card listing of program is used-
before?palbulations 32K "words" and § seconds are required

before wpfg_starts)._ The program 1listing of VariabSS

is given below:
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A3.3 Input data

To perform calculations with VariabSS no knowledge of the
FORTﬁAN computer language is required. Apart from the computer
system job cards and finish card (****) only three cardé are
required. The first card is the instruction to load the program

and is typed thus:-
UA FORTRANV OWNPD,LOADVBNVARIABSS (v is space)

After this comes the data card onto which welding parameters

are put (Spacing in this is absolutely critical). Data is in
this order: arcing timé’required in seconds; plate thickness
in ‘centimetres; welding current in Amps; arc voltage in volts;

arc travel speed in cms sec-lj arc efficiency factor.

A typical data card is given thus:-—

VVS0.0VVV§.5V1125.0§30.0V0.6?0.99

-

The parameter card follows this and carries matrix definitionms,
initialising values etc. Once typed it usually does not
require changing unless the matrix is extended or contracted.
Information on this card is given‘in‘fhe following order:

matrix increment in x direction (width) (cms); matrix increment
iﬁj} diréé£16n“flehgtﬂ5”fcms); number of through thickness
calculation steps; number of width (x) steps to be calculated;
position of arc in y direction relative to number of y axis

steps; number of y axis steps to be calculated; specific gravity

of steel (gfammes cc*l); thermal conductivity (cal cm‘-lsecf1
degree C'l), tpermal diffusivity (cmzsed—l). Typical data on

the pa:ameter card is given below (spacing is once again critical)

v70.5570.6573v8v1591877.83070.06670. 074 ‘
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After this only the end job card (****) is required.
Calculation of the thermal history of the weld will be
performed in this case for 30 seconds arcing time using the

given welding parameters.

A2.4 Results from computer

Results of the computer calculations appear in mgtrix

form. Temperatures are given at depth/width intersections

at each successive length increment. The temperatures
calculated are not for the intersect points under which

they appear'but are in the centre of the rectangular matrix
block defined by these co-ordinates. This point is only

of importance when uudeftaking mathematical dealings to )
accurately locate peak temperature, in graphically determining
weld HAZ heating and cooling rates the time base is used.
Results from the computed weld thermal cycle appear overleaf
The input data was that given above on both data and parameter
dards, computation timé on an ICL 1904 S computer was 60

seconds, maximum core usage was 15K words.

i

Results are shown overleaf,

Pk
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A2.5 Mathematical solution for accurate peak
temnerature location

Graph plottieg-Variab results can be used to construct

most of the weld,HAZ heating and cooling information.

It was found that for accurate metallographic area positioning
a more subtle technique to accurately locate the required
isotherm was required. This was achieved by differentiating,
the respective part of the matrix in the following manner
(which will be illustrated by using information from weld

run T2)

i) Produce matrix containing. required peak temperature
(at a constant depth)

841(a) : 841(b) 158( ¢) (+1)
(y axis) ;
"1400(d) : 1400(e) 536(f) (0)
X :
1043(g) : 1043(h) 985(1) (-1)

(-1) (0) (+1)

(x axis) Xy (E defines weld centre line)

ot « m e -

1i) 'Calculation of curve contour equation

Since the nositions at which the temperatures have been

e » -

calculated are orthogonal it is simple to fit 2 2nd degree

.

equation to the temperature distribution.. Formula is:-

2 H 1.
O A AT 1 3.

crine 1Y 3B +b1x1+b2x2+b33‘1 *bg’ gy

where-’_‘l by = (5e+2b+2d+2f+2h-a-c-g—1) +9

H .
I

= (C + f'*i.- a-(i g) .



- f2-6 =~

b2-=(a.+b+-c-g-,~h-1)+6'

b3 =(a+d+g+c+f+1i-2b~-2e~-2h) +6

o'
[}
~
o

+b+c+g+h+1i-2d-2e ~-2f) =6

g
L]

5 (c+g=-a-1) + 4
In T2 this became:
b°_= 1345.8

b, = -350.8

-121.8

o
]

b, = -350.8
b, = -377

- 31.25 -

o
i

Contour equation for 1360°C_1sotherm is:

(a) 1360 = 1345.8 - 350.8x%, - 121.8x, - 350.8x° — 377%,° - 31.25%%,
or

(b) 0 = -14.2 - 350.8x, - 121.8x, — 350.8x,% — 377x,” - 31.25x;%,

iii) -~ ° To locate required temperature position

(ie the distance from the centre line to a point which
reaches a maximum temperature of -1360°C)

i

In the contour equation the 1360°C isotherm~is parallel to the 3
axis (direction of welding arc travel), and occurs when the

first differential (ie d“l) is zero. Differentiating with
respect to x fhe iest éxz
v _.g,

_ equation becomes.

2 _-‘!z. b
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'

o axy dxy axy
(e) 0= —350.8-&?2- - 121.8 - 350.8}{1 d_x; - 754){2 - 31.2!(23?(2-

(d) 0 =-121.8 - 754x, - 31.2

121:8 31.2

(e) ;. by re-arrangement x2 = —-7—52- Rl 1 xl

(f) .= x,=-0.1615 - 0.0414x,

Substituting values from (£) into (b) and solving as a quadratic

for-xl, theﬁ

(g) 0 =-14.2 - 350.8%, +19.6 - 5.04x, - 350.8%,° - 9.83 - 5.04x,
- 0.646x12 +5.038%, + 1.29168x° '

(h) .0 = -345.88x> - 345.762x, + 55.7

Using quadratic solution formula

where A is -345.88, B is -345.762 and‘C is 55.7 thus :
.

X, = = (345.88 ¥ 278.23)
691.6

Ve ¥y == 0,902 or + 0.097

By inspection:it may be seen that one value (-0.902) falls,
quite correctly within the mirror image high temperature

‘zone'but is not-the desired solution, so the real value is
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+ 0.097. units. This, then, is the deviation of peak
temperature around the X, axis, the X; unit is 0.6 cms
(incremental step in variab). [ ,Outer limit of the

1360°C isotherm is X + 0.097 x (0.6) cms.

When thermal gradients in the X4 direction (x axis)

are required this cOmputapipnal process can be repeated to

locate various isotherms. In this case the differentiator
. dx

is EEE and the orthoganolequation is thus differentiated
1

with respect to Xy
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