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ABSTRACT

Submerged arc weld deposits were produced using a 40 mm thick
low Sulphur, low Fhos sphorous, Carbon Manganese microalloyed steel
to B.S. 4360 : 50D, The welding consumebles used were a 4 nm diameter
C. 13% ¥n Wire (SD3) in conjunction with the 0P 41 TT. 'fully ‘basic' flux.

Two series of three welds were made at three different calculatad
heat inputs of 5.8 KJ/mm, 3.9 EJ/mm and 2.9 KJ/mn. For the first series
.the welding current was kept constant at 650 amp and the welding speasd
was varied from 200 mm/min to 400 mm/min. For the second series the
-welding speed was kept constant at 3500 mr/mln, but the welding cu;rent
varled from 850 amp to 480 amp..

For both the sub-surface and root regions of each weld the
relationship between weld metal post solidification cooling cycie,
transformation temperature, weld metal microstructure and toughness
vas examined and it was shown primarily that there is not a simple
relationship between heat input as conventionally measured and the
weld metal cooling cycle. .

The weld metal cooling cycle was found to be dependent upon
various factors such as :

1. The actual heat 1Pput measured in terms of weld metal
bead. volume.

2, Weld bead shape measurasd in terms of width to devnth ratio,
I , p

3., Flux consumption measured in weight of the slng remo*ed
per unit volume of weld bead.

L, The reletlonshlp between the size of the weld bead and ths
- geometry of the immediately surrounding p7at

5. The post solidification thermal effects imposed by the:
subsequent weld runs.

From the thermal analysis measurements made whilst welding was
in progress, two transformation reactions were }dentlfled A high
temperature transformaticn cccurirng at approximately 850°C identified
by subseguent meitallographic examinations as the pro-eutecteoid ferrite
transformation, and a low temperature transformation cccuring at
approximately 65800 identified as the -acicular ferrite phase trans—
formation. ’ ' ’

The thermal analysis results also showed that ‘the weld metal _
cooling rate had an effect on the weld metal transformation temperatures.
For each transformation an increase in the weld coollng rate lead to a
depression of the transformation temperature.

The present results indicate that the most desirable'welding
~condition from a toughness point of view, should wlve a2 weld metal
cooling cycle which was "slow" fer the 14 :00°C - 900 C uemperabure



.range, but "fast" below the temperature of 900°C.  This would lead
to a microstructure formed of larze colummar grains,. but with a
high acicular ferrite volume fraction. v

All welds showed a through thickness toughness variation. These
differences in the through thickness properties were mainly attributed
~to the large differences in the thermal history between the sub-surface
and the root beads which in turn lead to different m1cros+ructures,
the sub-surface beads xere formed by a larger colummar grain and =
higher volume fraction of acicular ferrite than the root beads. The
- root beads Charpyv V specimens also contained some refined equiaxed
ferrite grains while the sub-surface Charpy V specimens -contained
solely as deposited weld metal. These differences in the microstructure
features beiween the sub-surface and the root beads in turn appear to
be, for the present welds, the main cause for the differences in the
through thickness properties. _ :

The overall conclusion from the present work is therefore that
the weld metal deposits made at the same calculated heat input do
not necessarily show the same toughness properties. This results from
the fact that the cooling cycle, transformation temperature and amount
of weld metal reheated by -the subsequent runs are determlned by the
precise welding conditions. ,
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INTRODUCTION

The submerged arc welding process was independently developed
in the U.S.A. and U.S.S.R. in 1935 (1). 1In this welding process the
arc is formed between a continuously fed bare wire electrode and
the work piece. The welding arc is completely submerged uunder a
granulated flux which provides arc shielding and a protective slag.
For most applications the welding current used varies betwsen -

250 amp. and 1000 a=mp. D.C. But welding currents of up to 2,000 anmp.
can be used however in this case A.C. is used to prevent arc dlow {(1).

The main attraction of this welding process is its high
deposition rate, but since this is a fully antomatic process it
can only be used in the down-hand position or if the work piece
is rotated so as to get the joint in the down-hand position.

" In order to use submerged arc welding for the most eritical
structural applications it is necessary to ensure that this process
can deposit weld metal capable of meeting the requirements stipulated
by the relevant codes of practice, e.g.: BS 5500.

The necessity of meeting this requiremeat lead to an extensive
development of welding consumables and. operating procedures.
Although the correlation between operating procedure and weld metal
properties is now generally well established there are still some
aspects of this relationship which require further investigation.

In order to clarify some of these aspects in micro alloy
carbon mangenese steels, the following work was carried out using =
carbon manganese welding consumable in conjunction with a basic flux.
The aims of this particular work are :- E

1. The effect of weld metdl heat imput on weld metal
fracture tsughness. . ~

2. The difference in fracture toughness of the weld metals
produced at the same calculated heat imput but a*
different wnldlnv condition.

3. The wvariation in toughness through the thickness of
‘weld metals in thick sections.



LITERATURE SURVEY

Introduction

The fracture resistance of weld metals is determined by a
large number of factors which are closely releted and interdependant
but for convenience these factors will be examined 1qdependnnt1y
in the following order :-

Weld Metal Microstructure

Weld Metal Chemical Composition
Weld Metal Inclusions

Weld Metal Stress Field

Welding Procedure

Welding Flux composition
Welding Electrode Composition.

Weld Metal Microstructure

As the weld pool cools down the solidification structure in
carboh manganese microalloyed steels is formed by a series of &
ferrite colummar grains. This phase subsequently transforms into
an autensite phase which in turn will again transform into a number
of other metallurglcal phases according with the weld metal chemical
comp051t10n and cooling rate. :

Solidification Structure

In carbon manganese weld metal this structure consists of a
series of § ferrite columar grains stretching inwards from the
fusion boundary. These colummar grains generally develop with a ,
common crystallographic direction along their axis and are separated
by high-angle boundaries. In some cases the colummar grains meet
at the weld centre line, but in other cases independently
nucleated grains form at the weld centre (2). 'This structure is
therefore the starting point and consequently may play a significant
role in the subsequenti transformation structures. For this reason
the solidification mechanism will be examined. But since very
little work has been done in the solidification structure of sub-
nerged arc welds, the solidification pattern will have to be
deduced largely from other processes and materials.

Calvo @t al {3) reported that the growth made in solidificating-
weld metals varied according to the degree of superccoling. The
initial thermal gradient at the fusion boundary led to a cellular
solidification mode., The decrease in thermal gradient towards
the centre of the weld pool led to a transition frem cellular
to dendritic growth. In the centre of the weld pool dendrites
can nucleate ahead of the ~clidification front, :

‘Savage et al (%) found using H~Y 80 and gas tungsten arc
welds as well as spot welds in Monel and auto body (mlld steel plaﬁe)
and Hostelloy 'N' that during solidification the nucleation event.
was insignificent and that epitaxial growth occured from the wnmeltad
base metal. The growth mode being determined by the resulting fusion



zone giructure.

In a subsequent work Savage et al (5) has shown that the
orientation of the individual grains at the edge of the fusion
zone in an arc weld are epitaxially related to that of the
adjacent incompletely melted grains at the edge of the heat-affected
zone, and that the process of competitive growth causes a tendency
for preferred crystallographic orientation c¢f the grains in the
fusion zone. These authors noted that the shape of the weld puddle can
profoundly influence the type of preferred orientation produced
during solidification since competitive growth favours those grain
with an easy growth direction aligned in the direction of maximum
temperature gradient.

' The solidification structure can thersfore be controlled through
the welding parameters as these will affect the thermal corndition
during solidification. One of the important aspects of controlling
the solidification process would be to influence the subseguently
transformed microstructures. This would be possible if as suggested
by Garland (7) the austenite colummar grains revealed by a continuous
band of ferrite related closely to the 8 ferrite grain which have
formed during solidification. However recent investigation (8)
has shown that this is not necessarily so. : '

‘Widgery (8) noted that only a proportion of the continusus
ferrite bands which are pro-eutectoid in origin in devosits which
solidify as & ferrite correspond to the original colummar

solidification boundaries. The same author sugzgested that two
processes oparate in the transformation of the & ferrite to
austenite. (2) - :

Firstly the austenite grains already present in the parent
material grow epitaxially into the weld metal as it cools. This
growth will tend to produce austenite colusmar grains because of
the steep thermal gradient from edge to centre of the weld, @nd
it is also possible for the austenite grains to grow across
ferrite boundaries. Secondly, nucleation and growth of austenite
can occur ahead of the grains growing from the weld edge and in
this situation the nuclei form or the high angle & ferrite
boundaries. If a nucleus grows into only one adjacent grain the
<& ferrite boundary is preserved as an austenite boundary bub if
the nucleus grows into both grains the & ferrite boundary is inst.

Similar results to Wedgery (8) were aiso found by Bermard et
al (9) using a carbon manganese steel and a submerged arc welding
process. These authors noted that the & ferrite columpar grains
had a . distinctly different corientation to that of the austenite
grain structure and therefore concluded that the austenite grain
orientation occured independently of the & ferrite orientation,
the austenite grain boundaries crossing the & ferrite grain boundaries
without avparent difficulty.‘ ‘ :

These authors suggested that the austenite grain structure is
not dependent on the & ferrite structure but on the thermal
gradient vhich existed during the formatiom of this structure.
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Therefore as shown by Widgery (8) and Bernard et al (9) it
seems unlikely to be possible to control the subsequent austenite
microstructure by means of the & ferrite struecture as these two
structures do not necessarily have-a close relationship. With
the possible exzcepiion that the initial ccoling rate which affects
the ¢ ferrite solidification structure may also affect the
microsegregation of alloying elements such as carbon, which in
turn may lead to regions of retained austenite and martensitic
phases as noted by Biss et al (27) in hot rolled bainitic steels.

Micro Segrepation during Solidification

Micro segregation of the solute elements is caused by‘solubility
differences in the solid and molten phases of one component in
another in a given alloy system (10).

This segregation of impurity elements cgﬁ lead to the formation
of solid impurity films which may crack under the contracting siress
due to solidification. (11) - '

-Borland (12) found that the tendency for solidification cracking
in welds depended on the quantity and distribution of liquid around .
grain boundaries during freezing though a eritical solidification
range. In this temperature range the crystal network is extensive
and therefore the liquid mobility restricted to such en extent that
if crack occurs, they can no longer "heal™. ‘This author suggasted
that if almost continuous films of liquid were present high stresses
- would build up and the narrow bridges between dendrites and micro-
- crack were likely to occur but with less continuous films higher
stresses are required to cause cracking. This author also correlated
the liquid distribution during cooling with of the interphase
(solid‘» liquid) and grain boundary energies and noted that -

3SS 2 cos %*-

= IS 1

YIS - 1liguid solid interfacial energy
JSS - grain boundary energy

©
Low values of T {slightly above 0.5) are éxtremel& harmfui

while high ratios (0.57) are beneficial since the liquid is restricted
te train edge and cormers. : '

dehedral angle.

These results were also confirmed by Rogerson et al (6) using
_Al-Su, and Al Cd and Al-In alloys. These authors noted that alloys
which gave the lowest dehedral angles aiso showed the greatest
severity to cracking in both welds and castings. Alleying additions
which lead to an increase in the dehedral angle also lead to a
reduction in cracking. These authors concluded that the shape of
‘the intergramular liquid regiomns present during solidification of
welds and castings is one of the metallurgical factors determining
the tendency to hot cracking.



However for binary alloys where the dehedral angle & is only
likely to attain values just above 0° this author has shown that
the severiiy of the erack is mainly related io the extent of the
freezing range and therefore for iron binary alloy elementis whieh
have a longeither delta or gawme freezing range even when present
in small amounts cause solidification cracking. This is ‘the case
for such elements as sulphur and boron which are consequently
undesirable in weld metal deposits. TFor more complex alloys large
chemical composition differences between the solid phase and the
liguid can develop and therefore the dehedral angle will assume a
more 1mportant role, :

Segregation effects were also exemined by Bernard et al (9)
using a scanning microscope analysis in carbon-manganese steel
submerged arc weld deposits. These authors noted that some weak
segregation of manganese occured, and that the concentration of this
element increased at the inter dendritic spaces. However a less
significant variation was found for silicon. Similar analysis were
also carried out for other elements which were present in the weld
deposit but no significant effect of segregation was found. These
authors concluded that neither macro or micro segregations occured
to a significant level, this fact being attrlbuted to the fast
solidification rates of these welds., ‘

Therefere presumably microsegregation dees not have a significant
effect on the weld metal deposiis examined by the above aLthnra
although marton31t1c and retained austenite pheses have besen repovted
( 15, 19, 62 ) to be present in weld metal deposits, and the presenc
"of these phases are associated (18) with mlcroseﬂ“egatlon of alloying
elements.

Transformation Structures

Pro-eutectoid Ferrite

As the austenite transforms, the first structure () to form
is generally termed pro-eutectoid ferrite. This strncture is soft
and not inherently britile and it has been suggested (2) that because
this phase is often present in the form of thin veins surrounding
areas of harder itrensformation producis, strain comncentrates in this
phase and theréfore cleavage eracks often initia to in this phase.
This structure is therefore considered tc lower the cleavage resist—
ance.,

Taylor (13) aturlbuted the poor tougnnesb of th1 phase partily
to its coarse grain size (200 - 300 am).,

Taliani et a2l (1%) Camparing'the weld metal toughness of three
different submerged arc weld deposits of similar composition but
made at different flux compositions which caused a variation in the
weld metal cooling rate, found that weld metel with the highest
transition temperature showed the largest smount of pro-eutectoid
ferrite with relatively big almost polygonal grains. The transition
temperature was lower in weld nmetal showing smaller pro-eutaﬁt01d
ferrite veins.



These outhers concluded that this structure had a negative effect
on the notch toughness propertles. This conclusion is generally
.accepted by most workers in this field. ( 13, 1%, 15).

Pearlite,Structures.

Pearlite stiructures are not generally produced in significant
amounts in directly cooled weld metal, except in the case of high
heat imput weld deposits. Tuliani et al (1%) have reported the
presence of lamellar cementite-ferrite structures which were
observed using a T.E.M. in subzerged arc weld deposits made at a
heat imput value of 3,54 KJ/mm. The presence of this structure at
the boundaries of the pro-~eutectoid ferrite is comsidered detrimental
to toughness (13) as this structure offers a low resistance path to
propagating cracks. The size of the pearlite colony is also
important since the coldony boundaries can act as crack arresters and
therefore large colonies are less desirable from a weld metal tough-~
ness point of v1ew than small ones. (13)

Bainitic Structures

Bainitic structures can form in the interior of the austenite
grains ‘during cooling. A bairnitic transformation involves a
structure change followed by a redistribution of carbon which
precipitates out in the form of carbides (16, 17). There are two
types of bainitic structures. Upper and lower bainite. Upper
bainite forms at lower cooling rates than lower bainite.

Upper Bainite

This phase has an acicular structure appearance, and in this
phase the ferrite plates grow out into the austenite pushing the
carbon atoms away from them until carbide particles are nmcleated
in the carbon rich regions between the ferrite plates (16, 17).
The distinction between this siructure and transformation product
having a ferrite side plate morphologzy can be exiremsly difficult
although different characteristic features exist between these two
structures (2, 18). :

Cochrane (18) noted that one characteristic feature of upper
bainite is that it is always grain-boundary nucleated, and therafore
vhere a similar structure is formed originating frem an allotriomorph
it is reasonable to assume that this structure developed from
secondary side plates. A second characteristic of upper bainite is
that in the classical upper bainite generally there are cementite
plates between the laths. This is an indication of some degree of -
co—operat1on during growth., In the sideplate morphologies carbon
rich regions are fcrmed between ferriie lath due to carbon rejection
info the remaining anstenite. These regions may transform into a
variety of structures ranging from pearlite to martensite.

A third characteristic is the dislocation density which is
higher for the upper bainite than for the secondary side plates
morphologies because upper bainite forms at a lower temperature.
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Vidgery (2) alse noted that a transformation product which
“this author named "ferrite side plates" is often referred to as
upper bainite. Though careful examination by the author showed
that in mild steel weld metals this structure tended to show a
plate rather than a lath type morphology.

- Although there is clearly some difficulty in distinguishing
between these two structures, it is generally accepted (2 15, 1%,
18) that the presence of these structures is undesirable, because
brittle fractures are often found to originate in these areas (2).

Lower Bainite

- Another form of bainite is termed lower bainite. This structure
forms at a lower temperature than upper bainite, as well divided
plates crystalegraphically orientated in relation to the austenite
matrix speckled with fine carbide particles (17).

In lower bainite structures a moving crack has to intersect,

~ propagate around or fracture a large number of dispersed carbides,

and therefore tends to be arrested. When a moving crack is arrested

some deformation and ductile tearing will occur prior to ‘the
initiatien of a new cleavage crack, consequently the transition

temperature in this range is extended (13).

Pickering (20) hes shown thut -the impact propsrties of bainitic
structures is related to their tenmsile strengih. The transition
temperature inereased with iensile strength. A discontinunity in
the impact transition temperature and tensile strength curve exisis
corresponding to a change of structure from upper to lower bainite.
However lower bainite structures have not been generally repoxrted
to be present in weld metal structures.

Acicular Ferrite

The interior of {he austenite grains in most weld metfals used
in structural steels is formed by a fine acicular structure,
commonly known as acicular ferrite. (2)

Cochrane (18) notes that the mode of formation of this structure
is not firmly established. This author suggestied that these ferrite
" laths could be described as interpenetrating ferrite crystals
growing from the same parent austenite and thus similar in erystal-
lography to intergranuiar ferrite plates.

The same author {18) also notes that the diffusion of carbon
is necessary to.form these strucitures since identical structures
can be formed from coarse grained austenites by rapid ccoling .
(1 5 lOGC/sec) with a transformation temperature range of 6hBOC -
54%0°C consistent with the temperature range over which intergranular
ferrite plates can. form.

" This is contradictory to what has been suggesied by Ferrar
et al (25) who consider the acicular ferrite structure to be a low
carbon martensite, and have termed this phase massive martensite.
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The acicular ferrite structure is gemerally (2, 13, 1%, 15, 19,
23, 25) considered to have good notch toughness properties and this
fact has been partially attributed to (25), the small grain size
of this structure in the order of 0.1 to 1 #m and to the high angle
grain boundaries of this phase. e ‘

Microﬁhases

During the formation of the ferrite structures described
previously, with exception of the upper bainite phase, a certain
degree of carbon segregation to the parent austenite occurs. (18)
The way in which this carbon rich austenite region decomposes is a
function of the prevailing cooling rate and therefore retained
austenite and martensitic phases can be present as the weld metal
cools down.

Due to the small size of these micro phases (abﬁrox- 2l4%mn) their
identification was found to be quite difficult {18) and T.E.M.
examinations are necessary, although using a lightmicroscope and a
picral etch Cochrane (18) suggested that the nature of these
microphases may be revealed by three distinct colourations. Light

rown colouration indicates a lath martensite structure; a yellow-
brown colouration indicates twinned martensite and a grey-white
colouration indicates retained austenite. However other authors,
such as Biss et al (27) and Fick et al (62) did not discriminate
between the retained austenite and the martensite phases, because ,
of the difficulty involved in identifying these phases, The presence
and nature of these microphases have been shown to affect the
properties of low carbon steels (27) as well as weld metals (15,

19). ‘

Wheatley et al (28) using M.M.A. process and different ,
electrode size, and hence varying the weld metal cooling rate, noted
the presence of retained austenite and the absence of carbides in '
rapidly cooled weld metals. These authors suggest that the presence
of austenite appears to be potentizlly deleterious since it ocecurs
as lamellae between the ferrite grains.

Blocky martensitic structures were noted in weld metal deposits
by Garland et al {19). These authors concluded that coarse plocky
lath martensite together with varying "proportions of bainitic
carbides had a deleterious influence upon the weld metal impact
properties. Regions of high carbon twined martensite were also found,
but these regions had a much less marked effect in lowering the
cleavage crack resistance than the phases previcusly considered.

Effect of Grain Size on Weld }Metal Properties

The effect of grain refinement in the reheated regions of
mltipass weld metals on the toughness and tensile properties has
been reported by various authors (21, 25, 28, 31).

Tuljani et al (21) found e straight line relationship between
the average grain diameter in the refined weld metal regions of
submerged arc weld deposits and a 40 £t 1b. transition temperaiure.



_These refined regions had a beneficial effect on weld metal properties.

Farrar et a2l (25) studied the weld metal toughness properties of
submerged arc weld deposits produced using the same plate and wire
composition, but different fluxes which lead to different weld metal
cooling rates. These authors concluded that the improvement in the
weld metal toughness of the welds produced at higher cooling rates
could be partially attributed to the smaller grain size of the
reheated regions. ‘

Fick et al (31) using a submerged arc welding process showed
that refining the weld metal by subsequent weld runs substantially
lowered the transition temperature. This improvement was ascribed
to the formation of an "independeni"relationship between ferrite grains
in the refined condition. It seems therefore that the grain size of
the refined regions of weld metal deposits have an important role ta
play on the overall weldments properties.
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*T%ld ‘Metal Chemical bO"D?blthn

The chemical composition of most of the materxal used in welding
low-carbon structural steels is composed of less than 0. 2% carbon,
and varying quantities of other alloying elements, such as manganese,
nickel, chromium etc, These alloying additions are made in order
to obtain the desirable mechanical properties, low cost being the
general criteria in choosing between alloylng elements which give
similar weid metal Dropertlba.

Effect of Carbon

Tensile strength, and notch toughness are considerably affected
by small variations in carbon levels. Carbon can be present in the
ferritic matrix in the form of an interstitial solid sclution thus
distorting the lattice and therefore increasing the ‘ensile strength.
Carbon can also be present in the form of precipitates forming
iron carbides Fe._.C or combined with other elements such as Mo, Cr,

V if they are présent. (26, 27)

The carbon content in steel plates was found (26) to effect
the upper and lower shelf energy as well as the shape of the
transition curve and using a Charpy V notch specimen a 15 £t lb
transition temperature was raised by about 14 C for each increa
of 0.1% of carbon. :

Garland et al (19) found that lowering the carbon content
level had a beneficial effect on the as-welded properties. This
was attributed to the fact that during cooling twinned maritensite
was formed at the expense of lath martensite and bainitic carbides
which have a lower notch toughness. ‘ '

Cochrane {66) also noted that at a given cooling rate for a
low carbon manganese niobium steel increasing the cerbon and
silica levels produced a classical upper bainite structure instead
of an acicular ferrite structure. This change in microsiructure
has detrimental effects on the toughness properties.

‘Carbon in the weld metal was alsc found to have an important
 deoxidant effect and 2 minimum weld metal carbon content of 0.05%
- was necessary to obtain optimum low oxygen values. (33)

Biffect of Manganese

The principal role of manganese in weld mebals is to provide
sufficient hardness to achieve an adequately sirong mlchSuructure
as well as to act as a deoxidant (24).

Colving et al (32) usinz a weld metal depesit with the same
-carbon composition of 0.075% to 0,089% and varying the manganese
percentage from 1.13% to 2.12% found that the increase in
manganese produced an increase in yield and ultimate tensile
strength but a decrease in elongation. An inerease from 1% to
1.5% in manganese also resulted in an improvement of Charny v
notch values for low temperatures.



Similarieneficial effects of manganese were noted by Farrar
et al (25). These authors reported that a small increase of 0,24
in manganese content of the weld metal from 0.81% to 1,02%
corresponded to a decrease of the transition temperature.

Results from Colvin et al (44) on single pass welds using a
carbon manganese wire consumable (SD3) in conjumctien with two
different edge preparations giving 80% and L0% dilutions have shown
that weld metal with higher manganese levels of 1.28% to 1.49%
giving a manganese to silicon ratio of & to 1 had better impact
properties than lower manganese welds of 1,01% to 0.64% giving a
manganese to silicon ratio of 6 to 1 and 10 to 1 respectively.

The beneficial effects of manganese are generally attributed
(37) to the fact that manganese is a promoter of fine acicular
ferrite as well as producing a reduction in the proportion of
pro-eutectoid ferrite. S

Effect of Silicon

Silicon is added to weld metal to act as a deoxidant and is
present in the electrode wire, or as a compound in the flux to
effectively deoxidise the weld metal and prevent porosity (38).

Sakaki (46) found using a manual metal arc process that smail
quantities of silicon raise the upper shelf energy, and lower the
transition temperature. However values of silicon in excess of
approximately 0.4% tend to decrease the. upper shelf energy values
and increase the transition temperature.

Simiiar results were also found by Dorschu et al {45), These
authors, reported that silicon in amounts between 0.35% and 0,8%
caused a deterioration of the impact properties in manual metal are
deposits. Using a submerged arc welding process the authors again
found that additions of silicon above 0.5% increased the transition
temperature. - '

Tuliani et al (21) using submerged arc welding at a fixed heat
imput found that a decrease in silicon, and therefore an increase
in the manganese silicon ratio corresponded to .a grain refinement
of the reheated regions. A relationship was found to exist between
the lower shelf energy values and the menganese silicon ratios.

An inecrease in manganese silicon ratio from 3 o 5. corresponded to
a lower shelf Charpy V emergy increase from 5 £t 1b to 25 £t 1b.

Tuliani et al {38) used commercial submerged are welding wires
of different silicon content i{o study the effects of a progressive
decrease.in the metal gilicon coantent. These auvthors found that a
‘decrease in silicen from 0.4% to 0.09% also cansed a decrease in the
solid solution hardening and hardenmability of the matrix and therefore
affected both the tensile and impact properties. This decrease in
silicon also lead to an increase in the amount of mangansse used in
the deoxidation reaction, as well as leading to an increase in the.
weld metal carbon content. These authors concluded that for
structural applications the silicon levels of 0.18 to 0,20% should
be recommended. ‘ ‘ 3 '



Iffect of Niobium

The demand by the structural industry of high strength low alloy
steels with good impact toughness and good weldability led to the use
of niobium as an alloying element., - This is because this element has
gocd grain refining and hardenability properties, the latter promoting
the formation of an accicular ferrite structure during cooling after
roling, and as previously discussed this type of micro structure
has high strengt h and good toughness properules (82).

The mechanism by which niobium promotes the formation of a fine
grain structure has been discussed by Duckworth {29) and this author
noted that in normallged steels niobium carbides and carbonitrides
which disolve at 1050 C precipitate on cooling as a fine precipitete.
On heating above 700 these precipitates coarsen and when the steel
is normalised at 90000 - 95000 a precipitate capable of pinning the
austenite grain is formed therefore restricting grain growth.

For the as rolled condition nicbium also acts as a grain refining
element but through a slightly different way than in normalised s*eels.
In this case niobinm precipitates during rolling at the ausienite
sub-grain boundaries formed by recovery at each rolling pass. These
sub-grains are therefore pimmned and recrystalization by sub-grain
growth is therefore restricted. Due to subseguént rolling passes
these precipitates coarsen and help to limit grain boundary migrationm,
therefore reducing the overall rate of recrystalization.

If sufficient niobium is left in solution then on cooling
precipitation hardening occurs in the ferrite matrix which leads to
an inerease in strength. (39).

The precipitation of niobium carbides is closely dependent on
the steels rolling procedures and therefore cooling rates as found
- by Malcolm Gray et al (39) when evaluating the response of a proposed
-arctic pipe line steel to changes in rolling schedule and csoling
rates after rolling. These authors found that because of the
supression of niobium carbides precipitation the hot rolled strength
decreased with an increase in c¢ooling rate from 79.5 ksi at QOF/sec
to 66 ksi at 45°F/sec.

Due to the dilution between the steel parenu plabe and the weld
metal niobium can be introduced into the weld metal. In weld metals
the different mechanisms through which niobiam can affect the weld
metal toughness have been noted by Gariend et 2l (19) and are as
follows :- ,

Niobium increases the hardenabzllﬁy of the weld metal and
henne the proportion of acieular ferrite in the microstructure.

-
.

2, Niobium promotes tho formation of lath martensite in
association with coarse bainitic carbides in the transformed
microsiructure. Niobium also favours the potential seg-
regation of these phases to both the iransformation and
solidification boundaries. These phases decrcase toughness
and lower the yield stress and ultimate stress ratios.



3. -Nicbium can also precipitate in the form of pre-~
precipitation clustering either during coocling of the
acicular ferrite matrix after welding or during sub-
sequent stress relief. This may or may not have a
detrimental influence on toughness depending on the other
microstructural changes accompanying this precipitation.

The relative importance of these three effects are influenced by . the
welding procedure, since niobium carbides precipitation is closely
reiated to the steel cooling rate, as found by Malcolm Gray et al {(39).
The niobium precipitation effects may not be very significant in I.L.A. -
weld metals as suggested by Sawhill et al (47) because a significant
amount of precipitation hardening can not occur due to the low
transformation temperatures and fast weld metal cooling rates.

For submerged arc welds Colvin et al (4&4) have noted that
niobium levels in the weld metal above 0.039% had a marked lowering
effect on the toughness impact values while niobium values up to
0.02% did not seem to effect significantly the weld metal toughness
properties. These authors therefore suggested that high levels of
niobinm in weld metals was undesirable. ’

Effect of Vanadium

In a similar way to Niobium, Vanadium is eften added in small.
amounts to grain-refine C.Mn structural sieels, to achieve a '
combination of high strength, and toughness. In steels containing
roughly equal amounts of Niobinm (0.04%) and Vanadium (0.04%) the
Niobium is most effective in retarding the austenite grain growth,
while Vanadium precipitates in the ferrite matriz and provides
additional age hardening (48). Low .levels of vanadium in weld metal
deposits (less than 0,1%) were found to bs benmeficial (%9). fhe
negative effect of vanadium additioms was atiributed to nitride
precipitation while the bemeficial effect was not clearly explained.

In order to clarify the effects of vanadium on the weld metals
properties a series of investigations were conducted by Kirkood et
al (50). These authors reported that additions of vanadium to the
weld bead promoted the formation of an acicular ferrite structure.
This would lead {o an improvement in the weid metal properties,
however vanadium also increases the total number of retained
martensitic microphase and also promotes the segregation of these
microphases to the soilidification and transformation boundaries.
This effect would lower the weld metal toughbness properties and there—
fore the overall net results of the vanadium additions will be the
balance between these two effects.

On stress relief the retained martensitic phases degenerate
into a ferrite carbide aggregate and the full potential of the
original acicular ferrite microsiructure can be achieved, providing
that the detrementel effect of precipitation hardering does not
occur. Therefore for low vanadium welds (0.032%) the precipitation
hardening due to vanadium carbon nitrides is not sufficiently large
to offset the improvement in properties caused by the degeneration
of the retained microphases and an overall size in properties occurs.



At higher vanadium values (0,12%) the precipitation hardening negative
effect appears to be larger than the beneficial effects caused by the

degeneration of the microphases and therefore the overall properties
are similar to vanadium free welds with much less acicular ferrite
resent,

Again the same anthors also looked at the combined effect of
vanadium with niobiuva and found that individual additioms of
niobinm (0.024%) and vanadium (0. 05%) only had minor effects on the
weld metal toughness, while the combinaiion of the two elements lead
to a marked improvement in the toughness properties.

As the overall microstructure was similar for all these welds,
the difference in toughness behaviour of the niobium/vanadium welds
was attribuied to the fact that these welds contained less lath
martensite, however no precise explanation of the nloblnm/vanudlam
inter-action was given.

Effect of Titanium.

Titanium is generally used as a deoxident in CO, welding wires,
but is not commonly used in submerged arc weld consufables.
Boniszewslki' et al {40) found that for CO, welding additioms of
0.14% to 0.2% of titenium gave some improVement in the toughness
properties but higher titanium values led to increased solid soluticn
hardenability of the matrix with inevitable detrimental comsequences
on the toughness properties. '

Again Bonlszemdl(él) has auavested that titanium has the effect
of binding carben, oxygen and nitrogen removing these elements from
solid solutiocn which in turn lead to an 1mprovement in the weld
metal properties.

Effect . of Aluminium

Aluminium like titanium is also used as a deoxidant but generally
only in.COQ and self-shielded welding consumables.

In self-shielded electrodes aluminium is used to prevent the
nitrogen introduced into the weld pool F"r_ng welding from svoluting
during solidification. This avolub;on of niirogen can lead to weld
metal porosity. ' o

In this case ealuminium is used as a nitride former and +thus
preventing the nitrogern bubble nucleation (51). '

Aluminium was found to be, by Kaplan et al (51), the most
~desirable method of preventing porosity in a self-shielded welding
process. These authors noted however that nitrogen as aluminium
nitride was the main source of weld embrittlement, and high levels
of aluminium in solid solution also degrades the weld metal toughness
properties. Similar results have been found by Hoteck et al (&))
which have noted that self-shielded arc deposits showing aluminium
in the chemical composition had lower impact properties than weld
deposits without aluminiuam,
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~Masubuchi et al (42) noted that small aluminium additions of

- (0.05% to 0.1%) appear to improve the weld metal toughness properties,
and these authors atiributed the beneficial effects of aluminium to
its deoxidizing effects. :

Effects of Sulphur

Sulphur is present in weld metal as a residual element and if
this element is allowed to segrewate to grain boundaries, 1nter—
“ granular brittleness can oc :

Colvin et al (44) correlated manganese to sulphur ratio with
impact properties, and found that weld metal with ratios of 80 to 1,
60 to 1, and 30 to 1 respectively showed a decrease in impact
properties corresponding to a decrease in manganese sulphur ratio.

The mangaunese, sulphur interaction in solid solution may lead
to give precipitates on dislocations which can cause an increase of
work~hardening rate and therefore increase the transition temperature.

(21)

Effect of Phosphorus

Phosphorus, like sulphur, is also a residual element and has a
strong effect in raising the transition temperature. The 15 £t 1b
Charny V notech transition temperature is raised by 700 fer each .
0.01% of phosphorus (26). Phosphorus has also been reported (ik)
to form weld metal inclusions, and . therefore low We?els of phosphorus
are desirable,

Effect of Nitrogen

Nitrogen in steels can be present in various forms. These have
been summarized by Jenkins et al (53) as :- '

1. Interst;tlal nitrogen which may bhe dlsnersed or collacted around
lattice defects. :

- .

2. Combined nitrcgen present as nitrides which may consist of either
simple or complex precipi taﬁed phases. : '

3. Occulded nitrogen present in the molecular gaseous state and
contained in pores within the metal.

The interstitial mitfrogen has an important role in the strain ageing
mechanism, since removing nitrogen and carbon from steel eliminated
both initial discontinuous yielding as well as strain ageing (52).

The combined nitrogen in the form of nitrides can act as
precipitation bardening elements which are therefore detrimental
to notch toughness properties (51).

Nitrogen in the molecular gaseous state can he present in weld
metal as "pores'" and consequently unacceptable. (51)
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Jenkins et al (53) noted that in submerged arc welding the effects
~of nitrogen have not been given muach attention, and attributed this to
the fact of the relatlvelv small nltronen variation encountered.

(0.007% to 0.012% : -

Effect of Oxygen

Generally the oxygen content in weld metal is used as an
indicator of the inclusion level, Taylor et al (13) analysing the
results of various workers, concluded thet high concentration of
inclusions corresponding to oxygen contents above 600 ppm control the
upper shelf energy values and have an effect on the ductile to brittle
transition temperature but their influence on the lower shelf energy
was not clear. For oxygen concentrations below 300 ppm the inclusion
seems to have little effect on the tonghness and the microstructural
features dominate. In the 600 to 300 ppm the situaticn is more
complex and the toughness may be 1nf1uencea by both the microstructure
and inclusion level,

However it is important to note that the correlatlon between
oxygen analysis values obtained by vacuum fusion process may not
always be accurate as found by Widgery (8). This author used an
alternative analysing method of fast neutron activation ana1y31s.
Another important aspect is the possible role of oxyzen in controlling
the weld metal microstructure. XKirkwood (54) has suggested that the
number of small inclusions created by high oxygen levels act as
potentiel nucleation sites for upper transformation products during
continuous cooling and therefors weld dep051ts with high oxygzen
levels ( k0 me) will tend to show upper bainite structare while
lower oxygen levels will lead to an acicular ferrite structure.



Weld Metal Inclusions

Impurltv elemenis may be trapped in the weld metal during
solidification. In the elastic region the principle effect of these
particles is to increase the stress of the local areas of stress
concentratlon, and therefoxe alter the uniaxiality of the stress

field (55

The role of these second-phase particles is particularly .

- significant in the ductile failure mode as void initiation may
occur either by cracking of the second-phase particules or by
decohesion of the inter phase between the particles and the matriz
Once the voids have initiated they may grow by plastic &e?ormatvon
until they impinge upon one another when void coalescence takes
place and the metal fraﬂtures. (56)

Since the microvoid growth and coalescence depends qtrongly on
the properties of the matrix surrounding the void, particularly the
localized yield stress and strain hardening ability the fraecture
toughness values can be varied only by altering the matrix properties
and maintaining a constant but low inclusion content (13). Therefore
if the inclusion content is below a certain critical value (56)

“the pumber of inclusions are insufficient at a given matrix -yield
"stress to influence the fracture process and voids must be mucleated
at grain boundaries, carbides and dislocation pile~ups.

The fact that the matrix properties have an imporiant role at
low inclusion levels, is clearly shown in the fellowing figure {13).
In this figure the oxygen level is used as an indicator of inclusion
level, and it can be observed that at low oxygen levels, and therefore
low 1nclu51on levels, a larﬂe variation in weld metal tounghness can
be obtalned :
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Relationship beuween Charpy Upper Shelf Energy and
»yzen contents of S.A. Weld Metals, (15).
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The correlation between fracture toughness and inclusion level
has been examined by various workers using the oxygen level as an
dindicator of the inclusion level.

Hanmerz et al (3%) using a metal inert gas welding process
found a straight line relationship between Charpy V notch values
and oxygen levels in the weld metal. This author concluded that
to an oxygen increase in the V°1d metal corresponded a lower
fracture toughness value.

A similar comclusion was also reached by Tuliani et al (21)
using a submerged arc welding process. These authors found that an
increase in oxygen content corresponded to a decrease in the upper
shelf energy. A correlation between reduction of area and oxygen
levels was also reported. Sulphur generally in the form of Mnls,
also contributed to the total number of inclusions_present.

-The effects of sulphur on the inclusion volume fracture Vv has
‘been established by Widgery (6%4) in a "Rule of Thumb" formmla
_produced by this author as shown below :=

VW o= 5.5(Wt %0 + w98s).



Weld Metal Stress Field

- In weld metals strain ageing embrittlement is thought to occur
as a result of welding thermal strain and subsequent ageing or by
similtaneous straining and ageing lmown as dynamic strain ageing {57).

Strain ageing is a type of behaviour in which the strength of a
metal is increased and the ductlllty decreased on heating at
relatively low temperatures (100°C - 250°C) after cold work. (26)
Other properties besides strength and ductility may also be affected
by strain ageing such as the ductile to brittle transition temper-
ature, high temperature strength, fatigue strength and electr’cal
and magnetlc properties (38)

Strain ageing is dependent on the metal chemical compositien.
Strain ageing can only occur if carbon and nitrogen atoms are present,
since it is the atoms of these elements which migrate teo dislocations
locking them, and therefore causing discontinuous yielding and
strain ageing. (58) Aluminium alse affects the strain ageing
behaviour of steels, as noted by Burdekin et al (59). - These authors
noted that in contirast with 2 carbon manganese steel, the aluminiunm
treated steel showed only relatively little suseceptibility to effects
of sirain egeing embrittlement. This behaviour was attributed te
the fact that aluminium had combined with hitrogen therefore pre-
veniing the strain ageing effects of this element.

In multipass carbon manganese weld deposits strain ageing
effects may play an important role in the relative variation in weld
metal toughness between the root runs and the sub—surfaﬂe.'

Nicholson et al (37) using a carbon manganese steel weld
deposit produced by a manual metal arc process found that the
toughness of the root areas was lower than that of the sub-surface.
These authors could not attribute the low toughness of the root
areas to either variations in the microstructare or chemical
composition and therefore suggested that sitrain awelnﬁ effects could -
be a possible exzplanation,

Cochrane et al (60) alse examining the root-run toughness of
mulul—pass manual metal are welds suggested, as Nicholson et al ()7),
that the low root-run toughness was caused by dynamic strain ageing
produced by the thermo-mechanical effect of subsequent weld runs
necessary to complete the weld JOlgq.

Recent work on the problem of weld root areas of mlti-pass
menual metal arc welds was reported by Robinson (61) and this author
again attributed the root run toughness drop mainly io strain ageing
effects ’

The effects of strain ageing on the root run toughness of carbon
‘manganese microalloyed in submerged arc welds was examined by
Fick et al (62). These authors foand that although strain ageing
may have played a part in the weld metal through thickness toughness
variation it did noi appear to be the sole mechanism and in sone cases
was not even a significant mechanism.



From the literature it seems therefore that dynamic strain
ageing has an effect on the weld metal toughness properties
although it is difficult.to establish the magnitude of this effect.



Welding Procedure

The welding procedure has an effect on the weld metal toughness
properties, because the welding arc conditions partly control the
weld cooling cycle which in turn determines the type of trans-
formation reaction uahlnc place durlnc the cooling of the solld-
ified weld metal. -

Both mathematical and empirical studies of the rapid thermal
cycles associated with welding have been made by a number of workers
(65, 66, 67, 68, 69, 70; 71) with the aim of estimating, from the
welding conditions and plafe thickness, the weld metal cooling
cycle, and subsequently, predicting the weld metal properties.

Generally to use mathematical methods the values of a nmumber
of variables must be ¥mown, such as thermal conductility of the
plate material and energy input to the plate, or in the case of
empirical methods, values of plate dimensions and arc heat input
mst be entered into empirical graphs from which the value of
constants which are used in subsequent calculations are obtained.

However, due to the relative complexity of these calculating
nethods, a simple heat input formmla is most commonly used to
correlate the parameters with weld properties. In this formulae
the arc heat input is measured in terms of arc energy as follows :—

E - YxAx 60
1000 x S
'E = Energy in EJ/rm
vV = VWéldirg voltage
= VWelding current ;
S = Welding speed in mm/min.

Bennett (72) used this formla to correlate weld metal heat
input and the properties of a low carbon manganese sunme;ged are
weld,

This author found that an initia 1 in¢crease in heat input from
2 KJ/mm to 3.6 KEJ/mm lead to an improvement of the toughness
properties of apnraAlmately 27 J at b C but a subsequent increase
in heat input from 3.6 KJ/mm to 7.2 KJ/mm lead fo a decrease in
weld metal toughness of approximately 30 J at 0°C. In this work
however, no attempt is made to correlate weld metal heat inpui and
microstructural features,

Clark et al (73) also examined the effect of £wo different
heat inputs on the weld metal toughness of low carbon manganese
submerged arc welds. The low heat input weld was made at "ideal®
condltlons with a m331mu“ heat input of 3.8 KJ/mm and a low intar-
pass temperature of 100°C while the high heat input weld was made-
~at "commercial" conditions with a maximum §Euu input of 6.1 KJ/mm
. and a maxlmum.lnuerpass temperature of 300 °C. :
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The results showed that the impact properties of the low hzat
input welds were markedly better than those of the high heat input
welds., The dlfference in Charpy V notch enerpgy observed was approx.
50 J at - 20°C. Again as in Bennett'!s work (72) no correlation
is made between weld metal heat input and microstructural features.

Garland et al (7%) examined the effects of three different
heat inputs (7.6 XJ/mm, 3.3 XJ/mn and 1.9 KJ/mn) on the weld metal
toughness using a carbon manganese welding wire but in conjunction
© with two different welding fluxes, a fully basic flux OPL1TT
marketed by Oerlikon Electrode Litd., and an amphoteric flux BX20D
marketed by BOC/Murex. - S

The increase in heat input from 3.3 KJ/mm to 7.6 KJ/mm severely
reduced the as welded 1mgacu strength -of the OPX1TT weld to a very
low level of 8 J at - 20 C, but the properties of the BX200 welds
were found to be only sllghtly impaired giving energy values of
35 J at - 20°C,

For both high heat imput welds the reduction in fracture
toughness was partially attributed to the reduction of the area
fraction occupied by the acicular ferrite phase. The lover properties
of the OP4ITT weld in comparison with the BX200 weld were attribuied
to the higher carbon (0. O%p) and lower manganese {0.15%) values of
the OP41TT welds, which in turm lead to a lﬂp increase of the area
occupied by the upper bainite phase which has poor notcﬁ toughness
properties.

The OPLITT nelds also had a 51cn1flcavu concentration of lath
~martensite and partially degenerated lath mariensite while +the BX200
welds showed predomirnantly twinned martensite. These anthors
consider that the presence of lath martensite bas a greater
deliterious effect on the notch toughness than twinned martensite.

A reduction in heat input from 3.3KJ/mm to 1.9 KJ/mm lead to
an increase in the as welded impaet strength for both weld deposits,
OPL1TT and BX200 but this increase was greater in the case of the
CP41TT weld.,

, The increase in toughness of these welds wes not attributed to

& variation in the fractien arsa of the acicunlar ferrite phase but
on differences. in the amount and distribution of the iath and twinned
martensitic phases in sach of these two weld deposits.

Wilson et 2l (75) examined the influence of the rumber of runs
required to fill the same welded joirt on the properties of sub-
merged arc welds using a welding wire and flux of "normal commercial
quality". These authors did not specify the flux bass¢51uj but tLﬂ
welding wire was of a high manganese content (Aﬁprox. 27},

The results showed that the Charpy V impact values decreased
and - the transition curve also- became shallower with an incresase in
the number ef weld runs. The increase in the pumber of weld runs .
also lead to a decrease in the scatter of Charny V impact va1ues.
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The optical observations of the microstructure showed that an
increase in the number of weld runs (decrease in heat input) lead
“to an increase in the acicularity of the mierostructure. Thése
authors suggested that this microstructural change was responsible
for the increase in strength at the e expense of ductllzuy of these
low heat input welds.

From the work previously described it is clear that a general
relationship between weld metal heat imput and properties cannot be
found, since in some cases an increase in heat input lead to a
decrease in the weld metal touvhness values and 1n othur cases had
the opposite effect :

The difficulty in correlating weld metal heat i nput with weld
metal properties is attributed (76) to the fact that for a fixed
weld heat input in KJ/mm but at different wel lding parameters,
various weld metal cooling cycles can be obtained which in turn will
produce different microstructures which affect the weld properties.

Shultz et al (76) therefore suggested that instead of using
the weld metal heat imput to predict the weld metal cooling rate,
the weld nugget area would be more appropriate since this area
correlates closely to the weld calorific heat content. These authors
using a 5 Ni ~ Cr - Mo - V steel and a manual metal arc welding
process. concluded that the weld nugret area was a mseful indicatien
of the weld metal mechanical properties which are influenced by the
cooling rate. These authors also reported that the arc voltase
had no significant effect on the weld nugget areathe weld mekal
cooling rate being determiped by the arec current and travel speed.

However one of the limitations of using the weld nugget area
‘method to predict weld properties is that this method does not
. accurately talte into account the way in which the heat flows away from
the weld nugget, which will vary according to the size of the
surrounding plate material nor does it account for the effects on
the cooling cycle of weld beads of the same area but different aspset
ratios. These limitations are of sonme importance since Strunck ef al
(77) found that the cooling rates of 1nd1v1dua1 passes were sensiiive
to their location relative to the botiom and side walls of the groove.
The average cooling rate of the weld go’nt upper half being approx-
imately 25% less than that of the corresponding welds lowsr half.

of the root areas was'at**ibute

The increased cooling rates
gget area in contact with the metal
ed, '

to an inerease in the weld nug
through which heat was conduct

t appears that there is nro simple and accurate method for
predicting the weld metal cooling rate and therefore microsiructure
and properties from the arc parameters. -This difficulty has lead to
- the actual measurement of the weld pool coocling uycle by means of
thermocouple implant.

This measuring technigue lends itself to the possibility of
"in situ" thermal analysis, of the transformation reaction taking
- place during cooling, and Grangon et al (78) used this method of
thermal ana1y51s to examine the effect of welding conditions on the
H.A.Z. properties of a medium carbon (0.34% c) steel '



This technique consists basically of a differentiating circuit,
using a capacitor, the electromotive force being supplied by the
thermocouple which was subjected to the thermal cycle during welding.
The differentiated current, vwhich is proportional to the derivative
of the voltage and therefore to the rate of change of the temperaturev
was amplified 'and recorded using a mltichannel recorder, so thai
the temperature/tlmo and the rate of change of the temperature were
plotted simultaneously. The same apparatus could also record the
welding current and arc voltage.

In a subsequent report Grangon et al \79) described how these
authors measure the transformatlon temperatures of Manual Metal arc
electrodes using a similar "in sitw" thermal analysis method. From
measurement referring to a low carbon manganese molybdenum elechrode
these authors constructed a C.C.T. diagram, showing that the ferrlue
structure started to form at 80000 The bainitic structure at 690
(it may be that these authors used the term bainite when referring
to a structure commonly termed as acicular ferrite) and the . N
martensitic structure at approximately 43%00. In the context of this
work these results were used to explain the mechanisms of H.A.Z.
hydrogen cracking but it is c¢lear that this tochnloue can be used
to relate weld metal arc parameters, chemical composition and cooling
cycle to the microstructure and propprules, as it was done by
Widgery (8). This aunthor used a similar technique to Gramgon {78)
to interpret the transformation reactions occuring in metal inert
gas arc weld deposits so as to gain a better understanding of the
nature of the microstructural components of the weldrmetaly

In this case however, welding was interrupted durins the
temperature measurement because of arc interfersnce ip the mea-uring
equipment. This author found, as Grangon (78) that two opposing effects
were possible at the start of the itransformation and that depending
on the exact nature of the transformation and specimen geometry the
cooling rate either decreased as the enthalphy of the itransformation
was released or increased because of the increase in thermal
conductivity as the austenite transforms. If these two effects
cembine and are of similar magunitude then the resultant signal is
attenuated and therefors difficult to interpret.

In Widgery's work (8) tne first effect pred omlndted and the
start of the iransformation reaction could be estimated, but this
author noted that some degree of subjectivity was involved in
precisely locating the start and finish of the transformation reaction.

Saunders {80) also used a similar thermal analysis technique
to examine the effect of major alleyibg elements on the toughness
properties of weld metals. This author, from the thermal analysis
resultis, estimated the temperatures at which transformation reactions
took place, but again found that accurate determination of the wveld
metal transformation char acteristies was difficunlt. :

In conclusien it is clear that the precise arc»parameter'affects
the weld properties and predictions of the weld metal properties
using the calculated heat input values can be misleading and although
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there are analytical and empirical methods to calculate the weld
thermo cycle from the arc parametsrs and therefore estimations of
the weld properties can he made, it seems that these methods have
~only a limited application.

Consequently recording the actual weld metal cooling cycles
for each weld run seems to be the most reliable method of obiaining
accurate data to correlate arc parameters with cooxlng cycle and
subsequent mlcrostﬂucture and properties.
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Welding Flux Composition

Weld fluxes are used to provide an arc plasma giving a stable
metal transfer, and also to give arc gas shielding and protectlvo
slag to prevent oxidation of the weld metal

The composition of the weld metal flux has a large effect on
the weld metal properties since different fluxes can provide
different weld metal chemical composition, weld metal cooling rate
and weld bead shape (14, 21, 25, 81). :

Weld fluxes are generally composed of basic oxides such as
Ca0, MgO, Ba0, Na,0, KéO CaF_ and acid oxides such as SiQ
Ae0., ti0,, Zr0 etc. The "gasxclty" of the flux is usua%ly
%efgnod)ln terms. of the ratio between the basie and acid ocides
21, 81).

The major differences between basic and acid fluxes lies in
the low reactivity of the basic fluxes (81).

Because basic ox*des are more thermodynamlcally stable than
acid ones, "the ratio between basic oxides and acid oxides present
in the flux will have a determinant effect on the oxygen made
available during welding and therefore basic fluxes lead to "cleﬂae“";
weld deposits (81) '

However, the effects of flux composition on the weld preperties -
is outside the scope of this work and therefore only one basic flux
was used throughout all the welds. A basic flux was chosen becauss
these fluxes are widely used and known to give a clean weld with goed
toughness properties. IR



VWelding Electrode Composition

The chemical compositien of the welding wive affects the weld
metal composition and subsequently the properties {8, 1k), and for
this reason varying alloying additions of carbon, manganese, silicon,
rmolybdenum, nickel, ete. are used in order to produce welds of
desirable properties. ' ‘

As in the case of weld fluxes in this work the effect of carying
the welding wire alloying additions is outside the scope of this
work, the-same carbon manganese wire compositionteing used throughout
this work. ' :



-BQUIPMENT AND MATERIALS

Welding Equipment

A Hagglunds type LSIT 1200 transformer rectifier rated at
~ 8k K,V.A, corresponding to 1200 emp, 44 volts D.C. cutput was
- used for all welds.

The unit had a drooping static power characteristic and was
used with a Hagglunds H.S.A. 150 voltage controlled wire feed
system and head. The welding head was mounted on horizontal and
vertical slides. S .

’Plate Material

The plate material used was in the as rolled condition and
was a low sulphur, low phosphorous carbon-manganese microalloyed
steel to B.S. 4360 : 50 D. The plate thickness was 40 mm. The
plate chemical analysis (by Quantivac and vacuum fusion technique
for oxygen and nitrogen) is shown in table 1. o

Welding Wire

The welding wire used was 4 mm diameter SD3 supplied by
~Oerlikon Ltd. The wire specification is shown in table 2.

Welding Flux

All welds were made using a fully basic agglomerated flux
cormercially designated as OPA1TT manufactured by Osrliken Lid.
According to the mamufacturers specificatior this flux contains
mainly Ca0, CaF, with less than 10% Si0, and is designed for -
direct current tp to 900 amp. o T '

Temperature Measurement Equipment

The weld medal temperature measurements were made using
6% Rhodivm-Platirmm 30% Rhodium-Platinum thermocounles sheathed
in 2,5 mm diameter twin bore recrystallized alumina insunlators.

The pre~heat and interpass temperatures were measured using
2 Chromium Alumel thermocouple inplanted in the plate material.
A mulii channel U.V. vecorder manufactured by S.E. Laberatories
Ltd. Type 3006 was used to record the output from the bthermo-.
couvples. A muliipurpose digital voltmeter and a power source
were used for calibration purposes.

Thermal Analysis Eguipment

Two different methods of determining the first derivative
cf the weld metal cooling curve were considered in detail,

One method consisted of electrohic‘differeﬁtiation with
respect to a time constant the voltage output from a thermocouple -
placed ‘in the weld pool while welding was in progress. Both the
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thermocouple voltage output and derivative trace were
similtaneously recorded using a multi channel U.V. recorder.
"From the U.V. recorder itrace of the thermocouple voltage

output. the weld metal cooling curve was obtained. The austenite
phase transformation temperatures were obtained from the sharp
change in slope of the weld metal cooling curve.

An alternative method consists basically of only recording
the weld metal cooling curve from the thermcccuple voltage
output during the welding operation and subsequently caleculating
the cooling rate curve from the cooling curve. For this
operation a computer is generally used. :

In this work the method first described was used becanse
of the moderate equipment requirements. However this method
required a laborious and time corsuming data processing stage
and for futurs work the second method would probably be preferred.

The equipment used was developed in conjunction with the
instrumentaiiczdepartmenﬁ at C.I.T. _——

v The circuit dlagram of the equ1pment used is shown in
flgure 1.

Mechanical Testing

An Instron model TT-C tensile testi machirne was used for
all tensile tests :

Charpy V notch impact tests were made on a Losenhausen .
machine capable of delivering a maxirmum energy of 284 J.

'Hardness measurements were made on a normal Vickers
hardness testing machine using a 30 kg load. :

Metallographic Equipment

A Beichert model "Me F" nro;ecuxon\mlproscope was used for
all optical microscopy.
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EXPERTMINTAL PROCEDURE

Plate Prepa'ration

All plates were flame cut to g1ve a 90° S1nn1e v edge
preparation in AonJunctlon w1th a 17 ma root face.

The cut surfaces were dressed smooth by grinding., The
final plate dimensions were 660 mm long, 400 mm wide and 40 mm
thick. Run on and run off tabs were used. : :

Welding Procedure

All welds were made using a D.C. + ve setting. The
welding directior was kept constant for all welds and mo plate
restraint was used, However, the plates were tuck
welded together by means of a single continuous M,M.A, weld
bead using a %4 gauge basic electrode "Bicito" Class 6 to B.S.
E607H on the underneath of the plate.

_ Two weld series were made. For the first series the welding
current was kept constant at 650 amp and the welding speed vas
varied from 200 mm/mxn to 300 mm/min and then to %00 mm/mln.‘
{The accuracy of measurement of the welding speed was within 1%).
For the second series the welding speed was kept comstant at
300 mm/min and the welding current vas varied from 850 amp

to 650 amp and then to 480 amp . The welding voltage was kept
constant at 30 volts for all welds except for the 850 amp weld
where 35 volts were used. The welding voltage and walding’.
current were read from the welding bead comirol panel meters.,

As the needle of the current ard volitage meters oscillated
(approximately 3%) during welding, the average needle reading
was taken, _

" The pre-heat and interpass temperature used was 100°%¢.
This temperature reading was taken from the cemiral longitudinal .
remote plate edge surface and in the game relative position for
all plates. :

The heat inputs for the welding conditions nsed are showa
in table 5 and were calculated by using :ne convenfleﬂally used
formla ‘ A
V.x Ax 60
1600 x speed

Heat Input

KJ. fmm

Arc voltage

: Arc current

Speed = Table speed in mm/min.

o n

H
v
A

Temperature Measurements

The 6% Rhodium-Platinum and 30% Rhodium-Platinum thermo-
couples were, as stated previously, sheathed in twin-bore
recrysta111zeé ajumina insulators,



The *hermocoupin Joint was attached to one end of a Lk mm
‘diameter cylindrical steel stub made from welding wire, The
steel stubs were used in order to locate the thermocouple
Joint accurately in such a position as to measure the weld metal
temperature, from above 1400°C to the inter~pass temperature
but without permitting the thermocouple to intrude into the
~ high temperature region of the weld pool irmediately under the.
arc as this would destroy the thermocouple joint. :

The gteel stubs were made of various 1engths according to
the welding condition and weld bead location within the joint.

. The steel stub and attacheu thermocouple was inserted in
a cylindrical hole drilled through the plate in a direction
perpendicular to the weld surface. The wald beads were then
- deposited above the steel stub and a*i'tached thermocouple. .

The thermocouple position was found to ‘be critical as in
gome cases the thermocouple would melt and not reunite.
Therefore three thermocouples with slightly d1f"erent stub
lengths were nsed for each weld rum.

Due to this method of placing a weld bead immediately over
the thexrmoconples the weld metal temperature and cooling curves
values obtained refer always to the lower fusion zone areas of
tke weld beads as shown in the schematic arrangement, flgure 2.

' The curves of the weld metal temperature and its first
_ derivative were recorded on the U,V, recorder from the weld
metal themocouple output voltage, whilst welding was in progress.

Table 3 Weiding conditions and Calguia‘bed Heat';" Inpnt

Welding  Welding . Welding = Calculated

“Current -~ - Voltage . ' Speed . ~ Heat Imput
© amp. " volts. rm/min, g K J/rm
650 % 20 5.8
650 30 o 300 3.9
650 50 | w0 2.9
850 35 300 5.8
650 30 300 - 3.9
480 50

30 29

After ob‘cainln,_., the weld metal cooling curve the thermo-
couples were kept in place to record the "bnemal cycles resuliunf,
from the subsequent weld beads,
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The U.V. recorder calibration was checked and -if necessary
adgusted prior to each weld run.

From the U.V. recorder chart the weld metal thermal curves
were obtained, This operation involved accurately measuring
the thermocouple voltage output from the U.V. record chart
vernier was used for this purpgse) at 1 sec. intervals for
temperatures above approx. 400°C and at 35 sec. 1nterva?s for

0
temperatures below 400 C.

From the voltage values and using a thermocouple calibration
chart supplied by the thermocouples manufacturer, J.J. Matthews, -
the temperature values were obtained and the temperature tlmp
curves plotted,

Wéld Bead Dimensions and Flux Consumption

For each weld joint the dimensions of the central sub-
surface weld beadwere measured from an etched macrosection,
figure 3. The weld bead dimensions for the root areas could
not be accurately determlnea because of tho presence of subsequent
weld runs.,

An estimate for comparison purposes of flux consumption per
unit length of weld metal was obtained by weighing the amount
of slag removed from each weld bead.

Mechanical testing

Tensile Properties

Topgitudinal tensile specimens /Honnsfleld 13) were obta1ned
from the sub-surface and root areas of all weld deposits,
figure 5, and were tested at room temperature, at a cross head
‘speed of 2.5 mu/min. One epe01men was teken from each weld area.

Bhruness Test

A hardness survey of the sub-surfaca and rooi areas was also
carried out. Four impressicns were made using a 30 Kg load for
cach area and the averags value recorded. '

Impact Tegts

Standard Churpv V notch specinmens (muchlned in Pccor&ance
with BS 131 : Part 2‘ were taken from the sub-surface and root
areas of all the weld deposits with the notch position at the
centre of the weld bead, in a plane perpendicular to the plate
surface and parallel to the welding direction, figure 4,

The Charpy tests were carried out gt BOOC'tegperéture
intervals in the temperature range — 90 C to + 90 C. {For each
test temperature three specimens were used). :

For the high temperatures the specimens were immersed in
hot oil, and for the low temperatures the specimens were immersed
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. Figure 4 LILocation of the Charpy V Notch specimens,

sub-surface and rocot.

vb=~surface and root.
(Hounsfield 13)
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in a mixture of metanol and liquid nitrogen. Specimens were
held at the test temperature for 10 minutes prior to testing

Metaliographic Examination

Specimens from the sub-surface and root areas of each weld -
deposit as well as some broken Charpy V notch specimens were
examined, The specimens were mounted in bakelite, wet ground
and polished on rotatingz cloth pads using 6, 1 and + nicron
dlameter diamond dust paste

The etchants used were 2% nitral, 4% plcral and a sqturated
aguas solution of pricric acid and 1 grm of Vansa 5560

Chemical Analysis

Veld metal analyses of the sub-surface and root areas of
each weld were carried out by Quantovhc for non-gaseous elements
and by a vacuum fusion technique for oxygen and nitrogen.



RESULTS

General Velding Characteristics

The consumables used gave generally good weld bead shapes
and easy slag detachability with the exception of the first
root bead produced at the highest welding current (850 amps)
where the slag detachability was poor. A macro section of each
weld is shown in figures 6 and 7. S

Temperature Measurements

The thermal history of the weld bead or beads, in which the
notch of the Charpy V specimen was placed were recorded in
order to relate weld metal thermal histories and consequently
arc parameters with weld metal properties. Unless otherwise
stated only the central sub-surface and first root weld beads
were described and compared as these two weld beads represent
the two most exireme conditions within,the welded joint.

The weld netal coollnn rates 1or the temperature ranges
1:00°C - 900 C, 900 C - 700 °¢ and 700 C - 500°C were obtained
in order to s1mp11fy the comparison between the ccol*no charactor—
istics of different weld deposits.

In each case these cooling rates are quoted. as mean cooling
rates through the approprla e tem erature range. It is important
to note that for the 1&00 C - 900°C temperature range a small
difference in ¢ooling time of 1 sec., can cause the caicnlated
cooling rate to vary from 160°C/sec to 125°G/sec, and therefore
variations in the cooling rate in this temperabure range are
not as significant as variations of the same magnitude in the
lower temperature ranges. o ‘

Weld Deposits made with a Welding Curreni of 650 amns.

Sub-surface Weld Beads

The thermal analysis results for the sub-surface weld beads
are shown in figure 8 and itable 4. The results show that 2
snccessive reauction in weld ing speed from 400 mm/min, to 30ﬂmm/m1n.
and then to 200 mm/min. led to a progressive reduction in the weld
rmetal cooling rate. : :

Root Weld Beads

The thermal apalysis results for the root weld baads are
shown in figure 9 and table %, As for the sub-surface the
results showed that a successive reduction in welding speed led
to a reduction in the weld metal cooling rate.



650 Amp/200mm

650 Amp/400mmj

Figure 6. Weld Macrosections



850 Amp/300mi

650 Amp/300mm

480 Amp/300mm

Figure 7. Weld Macrosections
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Table . _ Thermal Analysis Results

Welding Average Cooling Rate in oC/sec
Conditions

1200°Cc -~ 900°c - 900°¢ ~ 700°C  700°C -~ 500%C

650 AMPS - 200 mm/min - :
Sub-surface 3% 12,1 6.15

Root 55 1.1 5.6

650 AMPS - 300 om/min , .
Sub-surfacd - 66 14,8 765

Root _ 142 : 15.3 ' 5.6

650 AMPS ~ 400 mm/min '
Sub-surface 160 2.6 : 11.%

Root 142 30,7 : 8.8

Weld Deposits made with a Welding Speed of 300 mm/min.

Sub-Surface Weld Beads

The thermal analysis results for the sub-surface weld beads
are shown in fipgurelO and table 5.

The 850 amps - 300 mm/min and 650 amps - 300 mm/min weld
beads had a similar coocling rate throughout the temperature
range 1400°C - 650°C. For the temperatures below approximately
650°C the 850 amps - 300 mn/min had a lower cooling rate than
the 650 amps - 300 mm/min. The 480 amps - 300 mw/min weld bead .
had a lower cooling raite than these two welds for the temperature
range 1400°C - 900°C, but below this tempsrature this weld had
the highest cooling rate of all three weld deposits. . -

Root Weld Beads

The thermal analysis results for the root weld beads are o
shown in figure 11 and table 5, ' -

The results show that the weld made at 480 amps ~ 300 mm/min
had the lowest cooling rate in the temperature range 1400°¢ -
900°C. Balow 900°C the 850 amps’- 300 mm/min weld bed the lowest
cooling rate, and the 480 amps - 300 mm/min weld the highest,
with the 650 amp - 300 mn/min weld falling in between.
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Table 5 bermal Analysis Results

Welding Average Cooling Rate in °C/sec
Conditions ' ,

1400°C - 900°C  900°C ~ 700°c  700°C - 500°C

850 AMPS - 300 mm/min .
Sub-surface 71 16.6 - 3.6

Root 100 _ L,7 3.2

650 AMPS. - 300 mn/min. :
Sub-surface 66 14,8 75

Root 142 15.3 ' 5,6

L80 AMPS ~ 300 rm/min -
Sub-surface 35 2,3 : 15,2

Root - | 7% S 28,5 105




.Thermal Differences between the Sub-Surfaca- and Root beads fbr
the same welded Joint '

, The thermal histories at the sub~surface and root weld beads
of the same weld were found to be considerably differeat,

These differences were due to two separate effects. 'Fk*stly,
the initial weld metal cooling rate which was found to be different
for the sub-surface arnd root regions and secondly the posi-
solidification thermal effects caused by the subsequent weld runs
which affected the root beads.

An estimation of the post-solidification thermal hlatDTl“i'
for each of the welds deposits is shown in table

This table was obtained from the data in figure 12 to 36
and by summing the time at a given temperature for each weld run
as a result of the subsequent ones., It is important to note that
the values shown in table 6 refer to the thermal cycles
experienced by the middle lower part of each individual weld be vd
as this was the thermocouple location.

Weld Deposit 650 _amps - 200 mm/min

The sub-surface and root run coollnrr curves and average
coollng rates are shown in figure 37 and table 7.

The results show that the root runs 1 and had a sl*whixy
higher cooling rate than’ the sub-surface 5&5 C/sec, 33.3°C/sec)
for the temparatnre range of 1400°C - 500 C. '

For the temperature range of 900°C - 700°C and 700°C - 500°C
the sub~surfac° had a marwlna’ly higher cooTlng rate than the
root (12,1°C/sec; 1.1 %¢c/sec) and (6,15 C/sec, 5.6 °c/sec).

However weld run No., 3 did not fellow the over all pattern
and had a hvgher cooling rate for the 1400° C - 900 C and lower
cooling rates for the 900 C - 70” and /00 Cw- 300 C than all
the other 5 weld ruvaus,

These results show that for the anovn wﬂl'hnb condltlons
the *eld metal cooling rate in the 900 ¢ - 700°C and 700°C -~
500 C temperature ranges, decresased from vun 1 to 3, and then
subsequently inereased, The average times at temperature for
the root area was 30 sec at 600°C, 108 sec at 500 C and 382 sec
at hOOOC, while the sub-surface never exceeded 400°C, Tabie 6.
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Table 6 HWeld metal Post-Solidification Thermal Hls‘{:ory
Due to subseqpent ;Jeld Runs

Welding Run CUMULATIVE TIME IN SEC.

Conditions Number - ~
Time at v 11me at Timeoa*i; -
__600°¢  500°¢ 400°C
650 AMPS 1 36 . 127 387
’200 mm/min 5 30 110 . 135
3 25 87 325
7 45 97 200
9 - - -
Average of : _
1, 2, 3 30 108 382
650 AMPS 1 - N 32 . 1h2
%300 mm/min o 5 | ,' 57 | 125
3 - 57 140
7 7 61 61
9 - - k0
Average of
1,2, 3 1.6 L2 135
650 AMPS 1 - 10 67
400 mm/min o _ 1 62
3 - 32 105
11 - .20 69
1% : - - : 12
Average of
1,2, 3 - 17 78
8350 AMPS/ 27.5 75 255
300 xm/min 2 - 50 250
3 - - 200
6 - 12 100
8 - - 70
Average of
| 1, 2,.3 ] 41 235
480 AMPS 1 17 50 120
500 mm/min 2 1 on 112
5 11 ' 35 - 77.5
11 38,5 70155

1Lk o - - , .22
Average of - — o _
1, 2, 3 9.6 36 103
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”Table 7 ' Held Deposit 650 Amps ~ 200 mm/min - V'

Weld Run ) Average Cooling Rate in OC/SeCs

O .
1409 C - 900°c  900% - 700°c  700°% - 500°C

1 | L5 11,1 5.6

2 41,6 10,2 . 5.3
3 50 8.5 o wa
7 3.2 1 . ' 5;7
9 53.3 121 6.15

Weld Deposit 650 Amps - 300 mm/min

The sub-surface and roots rum cooling curves and average
cooling rates are shown in figure 38 and teble 8 .

These results shew that the root weld bead had o2 hlvner
cooling rate than the sub-surface (1420C/sec- 65 6° C/bec)
for the temperature range 1400°C - 9060 C. :

- For the temperature range 000 C - 700 C the sub—surfgre
and root had similar cooling rates (1 .8°C/see; 15.3°C/sec).
For the temperaturs range 700 C = 500 u the root had a lower

cooling rate than the bub—surfave (5.6%°C/sec; 7.5 C/sec)

Thz wald run No, 7 did rot follow the general pattern and
had a lswer gooling rate than all other weld runs for the
1400°C - 900°¢C te eratnin range but a higher cooling rate for
the 900°C - 700° c and 700°C - 500 °c. ‘ ' : o

The averageé times. at temnera*ure for the root area was

1,6 sec at 600°C, 42 sec at 500°C and 135 sec at 500°C while
the ub-surface area did not exceed 500 C and was only 40 sec.
at 460° C. Table 6.
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‘Table 8 ‘Weld Deposit 650 amp, — 300 mm/min

Weld Run Average Cooling Rate in °C/sec.

1400°¢ - 900°c  900% - 700°c  700%°C - 500°C

1 B 17 C15.3 5.6
2 166 16 | 5.3
3 83 B3 7.2
7 58,8 22 8.3
9 66.6 | wes 75

Weld Deposit 650 amp =~ %00 mm/min

The sub~surfacz and root run cooling curve and average -
cooling rates are shown in figure39 and table 9.

The results show that the root hag a marginal%y lower
cooling rate than the sub-surface 5142 C/sec; 160 C/sec) for

the temperature range,l&OGOC - G00°C.

For the temperature range 900°C - 700°C the root had a
higher cooling rate than the sub-surface 533.900/590; 26°C/sec)
but for the temperature range 70000 ~ H00°C the root had a lower
cooling rate than the sub-surface {8,8 C/sec; ll.éoC/sec}.

The average times at %emperatgre~fﬁr the root area were
17 sec at 500°C ang 178 sec at 400 °C whiie the sug—surface area
did not exceed 300°C and was ouly at or above 400 € for 12 sec.
Table 6. '
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Table 9 - Weld Deposit 650 amps — 400mm/min .

Weld Run " Average Cooling Rete in °c/sec.

1200°C - 900°c  900°C - 700°c  700°C - 500°C

1 142 | 50,7 8.8
2 166 50.7 11,4
3 | 100 26,6 o 11a
11 160 | 26 12,1
1% 160 %6 11,4

Weld Deposit 850 amp - 300 mm/min

The sub-surface and root run coollng curves and average
cooling rates are shown in figure 40 and table 10,

For this welding condition as for all other weld deposits’
he weld metal cooling rate was different for the sub-surface
and root runs, but a signifieant variation in the weld metal
cooling rate was also found hetween the first three weld runs
and in particular between the first and second run.

For the 1400°C - 900 C temperature range the variation
between the first three weld runs was not large and only a
marginal increase in coolxnv rate cﬁcurSd bhetween the first and
the other tyo runs, (700 C/sec; 166 C/sec and 142 C/DGC) But
for. the 900 C - 700 C temperature range the coollng rate owas
found +o vary coasiderably £ for eacb Jrun {47 u/sec' 14,5 L/sec
and 26 C/secl. For the ’00 C - 300 C temperature range all
threeAroot runs had similar cooling rate value ().QGC/sec,

l"ﬂ‘

5.3°C/sec and 3.3 u/seﬂ)

Comparing only the results for the root and the sub-surface
run, as these iwo runs represent the two most extreme conditions,
‘it was. found that the root run had hl?her average cooling rate
- than the chb-SquaCE (100°C/sec; 71 L/sec) for the temperature
range 1200°c - 900°C, ’

For the tempersfure range 900 C ~ /OO C the s:tuut1on
reversed and the sub-surface mer run hﬂd a mich higher coolln
rate than the root bead (16,6° C/sec, L,7 C/sec)
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" For the /00 C -~ 500 c bo»h root and sub-surface weld runs
had similar cooling rates (3.2° C/sec and 3.6° C/sec).

The average times at tenmperature for thu root area was 9 sec
at 600°C, 41 sec at 500°C and 235 sec at 400°C, whilst the sub~
surface area did not exceed quOC and was only at &OOOC for 70 sec.
Table 6. v .

Table 10 Weld Deposit 850 amps ~ 300 mn/min
Weld Run Average Cocling Rate in 0C/sec.

1:00°C - 900°c  900°C - 700%°C  700°C - 500°C

1 100 - b7 302

2 166 1.5 . 3.3
3 142 20 3.3
6 7 16,6 3.6

8 21 16.6 3.6




- Weld Deposit 480 amps - 300 mm/min

The sub-surface and root run cooling curves and average
cooling rates are shown in.figures 41 and tabledl.

The results show that the root had a con31derab1y hlcher
cooling rate than the sub-surface 876 9%°C/sec; 35°C/sec) for
the temperature range 1:00°C - 900°C.

For the temperature range 900 C - 700 C- the root had a ,'
marginally higher coolmb rate than the sub-surface (28 5°C/sec;
2) C/sec) N

For the temperature range 700 C - 5GD C the situation
reversed and the root bead had a slightly lower coollng rate
than the sub-surface bead (10.5°C/sec; 15. 2°¢/sec).

“The average times at temperature for the rooﬁ region was
9.6 sec at 600°C, 36 sec at 500°C and 103 sec at 400°C whilst
the sub-surface only reached the temperature of 500°C for 22 sec.
Table 6 . '

Table 11 Weld Deposit 480 amps =~ 300 mm/min

Weld Ran - Average Cooling Rate in °C/sec.

1400°C ~ 900°¢  900°C - 700°%  700°C - 500°C

1 76.9 28,5 . 10.5
2 76.9 26,6 - 11,4
3 . 58.8 28.5 9.5
11 35 ok »k 12,9

aud
W

35 | 3 152
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Comparlson between the Weld Depo»lts made atv ﬁhe same Caleulated

Heat Input
Weld Deposits with a Calcu;ated Heat Input of 5.8 KJ/mm

Sub—surface region

The cooling curves for the sub—surface;region of the weld
deposits made at 650 amps - 200 mm/min and 850 amps - 300 mm/rrin
are shown in figure 42.

The weld deposit made at 650 aips - 200 mm/min had a much
lower average coollnb rate than the 850 amps - 300 mm/mxn weld
(33°C/sec; 71°C/sec) for the temperatnre range 1400°C - 900 °c.

For the temperature range 900°C - 700°C the 650 amps - ,
200 mm weld had again a2 lower cooli g rate than the 850 amps -
300 mn weld (12. loc/sec' 16.6°C/sec) but for the temperatuxre
range 700 C ~ 500 C the situation reversed and the 650 amps - :
- 200 mm weld had a higher coollng rate than the 850 amps - goﬂmm/ﬁ*n
weld. (6.15°C/sec; 3.6°C/sec).

ihe average times at temperatnre were also differeat fox
these two weld deposits, The 850 amps ~ 300 mm weld exceeded
400 C for 22 sec whilst the 650 amps - 300 mm/mln did not reach
100°C. Table 6.

Root region

The coolincfcurves for the zocot beads are shown in figure 43.

The 650 amps - 200 mm/min weld dep951t had a lower averav@
cooling rate than the 850 amps -~ 300 mm.vnld (15° C/sec and 100 C/sa )
for the temperature range 1hoo c - 900°¢).

The situation reversed for the 960 C - 700 € and 700 C -
300 C temperature ranges. The 650 amps - 200 mm/min weld having
a higher agerage coollng rate than the 850 amps - 300 o /min
weld (11,1%°C/szec; %.7°C/sec) and {5.67C/sec; 3,2 °¢/sec).

The average times at temperature were again dif ferent fo" :
each weld: the 650 amps - 200 mm/min weld exceeded 6006°C for
30 sec, was at 500°C for 108 sec and at %00°C for 382 sec, whilst
the 850 amps - 300 mm/min veld was only 9 sec at 600°C, %1 sec
at 500 C and 235 sec at 400°C. Table 6
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Weld Deposits with a Calculated Heat Imput of 2,9 KJ/mm.

Sub-surface region

The cooling curves for the sub-surface of ﬁhe weld dep031t
made at 650 amps - 300 mm/min and 480 amps - 300 mm/min are.
shown in figure 4k, .

The weld deposit made at 650 amps - 400 mm/min had a mch
higher cooling rate than the 480 amps ~ 300 mm/mln (160° C/see'
35 C/sec) in the temperature range 1400°C - 900 c.

For the 900°C - 700°C temperature range the 650 aups. —
400 mm weld had again a hlgher cooling rate than the 430 gups -
300 mm/min (26°C/sec; 23°C/sec), but for the 700°C - 500°C
temperature range the situation reversed and the 650 amps -~ 300
mm/mln weld had a lower cooling rate than the 480 amps - 300 mm/mln
(11.2°c/sec; 15.2°C/sec).

The averege tlmes at temperature were dlff rent for each
weld deposit.

The 650 amps - 400 mm/mln weld was 12 sec at 00° C whilst
the 480 amps -~ 300 mm/min weld was 22 sec at x00°C.,

It is important to note that due to the small bead size :
of the 480 amps - 300 mm/min weld bead (mo. 11) which was directly
beneath the central sub-surface cne was poss1b1y more represent-
ative of the Charpy specimen heat cycle, and in this case the
weld bead reached a peak temperature of 800° C and vas at 600°C
for 38, 5 sec, at 500°C for 70 sec and at 400°C for 155 sec.

Table 9: -

Root Region

The cooling curves for the root of the weld deposit made
at 650 amps ~ 400 mm/min and 480 amps - 300 mm/min are shown in
figure k5. : .

The 65C amps - 400 mr/mln weld had a hlgher coo’lng rate
than the 480 amps - 500 mm/m*n (122° C/sec' 76°C/sec) for the
temperature rarge ;400 ¢ - 900°¢C.

For the 900°C - 700 °% ¢ temperature range again the 650 amps ~':E
400 mm/min weld had a maxglnally higher c0011nﬂ rate than the
180 amps ~ 300 mm/min weld (30.7°C/sec; 28.5°C/sec).

For the 700%°C - 500°C temperature range the situation -
reversed and the 650 amps - 400 mm/min weld had a lower coollng
rate than the 480 amps - 300 mm/min weld (8,8 C/sec* 10,5 C/sec)

The average times at temperature was also different for~each
weld deposit.

The 650 amps - 400 mm/min did not exoeed a temp@rature of
600 C, was at 500°C for i7 sec and at %00°C for 78 sec, whilst



the 480 amps - 300 ma/ min veld was at 600°C for 9.6 sec, at
500 C for 36 sec.and at 400 C for 103 sec. Table &,
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~Summary

The effects of welding speed and welding current variation
on the weld metal cooling rate were found to be different as a
dscrease in welding speed led to a reduction in the weld metal
cooling rate but an increase in welding current did not
necessarily lead to a decrease in weld metal cooling rate.

For the same weld the cooling rates for the sub-surface
and root beads were different. The root beads also had longer
average times at temperature than the sub—surface beads.

The sub-surface beads had a lower coo‘1nv rate than the
' root beads for the temperature range 1£00°C ~ 900°C but below
700 C the situation reversed.

For the temperature range 900 C - 700 °C no systemutzc
relationship between sub-surface and root bead cooling rates was
found.

The magnitude of the differences belween the cooling rate
for the sub-suarface and root beads was found to be highly
dependent upon the weldlnv parameters.

The results therefore show that a strict correlation between
heat inputs as conven+1ona11y calculated and weld metal cooliug
rate and average time at temperature cannot be drawn.



‘Thermal Analysis Results o e

Introduction

The temperatures at which the austenite transformation
occured weve calculated from the first derivatives of the weld
metal cooling curves which were recorded while welding was in
progress. : '

~ Figure 46 shows that the derivative trace of the weld metal
cooling curve had a small change in direction at point A. This
point was associated with the start of transformation. From this
point onwards the derivative decreased reaching point B.  Point
B indicated a point of low weld metal cooling rate and was
associated with the maximum rate of transformation. After
point B the derivative started to increase until it reached
point C, which indicated the end of the transformation reaction.

For the high heat input weld deposit (650 amp ~ 200 mo/min,
5.8 KJ/um) figure 46 the derivative trace showed clearly the
thermal effect of the higher temperature transformation Points
A, B, C, but the lower temperature transformation was not clearly’
defined C to C,. | ' |

For the low heat input welds (650 amp - %00 mm/min,
2,783/mm figure 47 the opposite occured and in this case it wes
the lower temperature transformation which was clearly shown Ly
the derivative trace (A, B, C). The higher temperature trans—
formation not being well defined (Al to A). '

v It is important to note that errors in the iemperature measure-
ment can occur due to the technique used (Master and Steim (92

Sing and Dybbs (93) ) and it is expected that the start oi trans-
formation could be in error by approx. 15% (Biss and Cryderman (27).
Howevaer, as the measuring techniques remeined unchanged throughout
these test series this can be considered to be a standard error.

The derivative curve cannoi be used to make a gquantitative
comparison of the amount of transformetion between different welds
as the gain of the derivative circuit was varied to best suit each
particuler welding condition. '

Thermal analysis results for the weld deposits made at 650 amp

The thermal analysis results for the welds mede at 650 amp
are shown in tables 12, 13, 14,

Sub~Surface and Roo%

The resulis showed that an increase in welding speed led to
an increase in weld metal cooling rate for both the sub-surface
and root weld beads which in turn led to a lowvering of the start

of the austenite transformation.

~ For the high heat input weld 650 amp ~ 200 mm/min the - .
higher temperature transformation was clearly indicated by the



temperature

temperature

time
Figure 406 Typical thermal analysis resul

e
v
- OV,

i

t for the 650 amp — 200‘mm/miﬁ>we1ﬁﬁ

: time .
Figure 47 Typical thermal amalysis trace for the

650 amp - 400 om/min weld. |
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Table 12 Thermal Analysis Results

Weld 650 amps ~ 200 rmm/min

Estimated Transformation Temperature in €

Weld
Ran Pro-Iutectoid Ferrite Acicular Ferrite
Start . Max. Finish Start’ Max, Finish.
a5, o - *
3 890 840 770 . : .'_625"e
9 880 850 260 T 610"

* Not well defined.

Ta.bl“e' 13 Thermal Analysis Results
Weld 650 amps - 300 m/min

Estimated Transformation Temperature in €

Weld
Ban Pro-Eatectoid Fefrite | Acicula;‘ Ferrite
Start  Max,  Timish  Start  Max. Funsh
L | 750 6% 610
7 75 690 520
9 ‘820" ‘ 756 690 6h0

* Not well defined.
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Table 14 Thermal Analysis Results
‘ Weld 650 amp - 400 mm/min

- . . .0
Estimated Transformation Temperature in C

Weld
Tun Pro~Butectoid Ferrite Acicular Ferrite
Start  Max.  Finish  Start  Max,  Finish
1 730 o 620 580 580
* .
2 745 | 6w 55 570
5 7600 650 600 580
11 760" 650 585 5k
‘ v '* . " ‘.
14 758 ' 620 595 550

* Not well defined.



- -~derivative curve, but the lower tnmperature stransformation could

not be clearly defined.

The reverse occured for the medium and low heat input welds
(650 amp - 300 mm/min and 650 amp - 400 mm/min). For these
welds the lower temperature transformation was clearly defined
~but the higher temperature transformation was not always clearly
indicated by the derivative trace.

Thermal Analysis Results for the weld deposits made us1ng the
welding speed .of 30C mm/min.

The thermal ana1y31s results for the welds made at 300 mm/min
are shown in tables 15, 1k, 16, :

Sub-surface and Root

From the results for the sub-surface and root weld beads a -
- relationship between welding current and the austenite trans-—
formation temperature range could not be obtained, as both the
high heat input welds . (890 amp - 300 mm/min and the low heat
input deposit 480 amp - 300 mm/mln had, for the .sub-surface

g regzons, very 51mllar lover temperature transformations, (700 C -~
983 C and 695 C - )83 C and the weld made at the intermediate
heat input (650 amp - 300 mm/m1n) a sllghtly higher trans-
formation temperature (730°C - 640°C),

For all welds, the derivative traces showed clearly the = -
lower temperature transformation but the higher temperature
transformation was not clearly indicated except for the root
region of the 850 amp ~ 300 mm/min weld were the derivative
trace only indicated the higher temperature transformation.

Thermal Analysis Differences between the Sub—surface and Root
weld beads for the same held 401nt

For the weld deposit made at 650 amp - 200 mm/min (Table 12)
the higher temperature transformation had a lower estimated
transformation temperature range for the root than the sub-surface.
As the lower temperature transformation could not be accurately
measured no comparisorn between the sub-surface and root trans-
formation characteristics could be made.

For the weld deposits made at 650 amp - 300 mm/min and
650 amp - %00 mm/min (Table 13, 14) the range of the higher
transformation temperature conld not be accurately measured but
it was found that there was no appreciable difference in the
lover transformatlon terperature range between the root and sub-
surface.

For the weld deposit made at 850 amp - 300 mm/min (Table 15)
it was found that the derivative trace referring to the root bead
indicated the higher temperature transformation, whilst the
derivative trace referring to the suo~surface bead indicated the
lower temperature transformation,
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Table 15 Thermal Analysis Resulis
Weld 850 amp. = 300 mm/min

Estimated Transformation Temperature in °c

Weld
Run e e o . .
Pro-Eutectoid Ferrite Acicular Ferrite
Start  Max.  Finish  Start  Max.  Finish
1 870 850 790 | |
3 - 700 675 620
'8 80 | 700 615 585

¥ Not well defined.

Table 16 Thermal Analysis Results
Weld 180 amp - 300 mn/min

- . . . e —
Estimated Transformation Yemperature in “C

Weld
Ron
Pro-Eutectoid Ferrite Acicular Ferrite
Start Max, Finish  Start  Max. Finish

1 B | 610 530 555
3 | . 655 590 560
11 o 690 625 585

* ~ S

}4 a00 o 695 610 - . 585

¥ Not well defined.
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 For the weld deposit made at 480 amps - 300 mm/min
(Table 15 ) the high transformation temperature ranges cannot
be compared as these temperatures could not be accurately measured,
but the lower temperature itransformation ecccuved at a higher
temperature range for the sub-surface than for the root beads.

Thermal differences between the Weld Depos1ts made at the same
calculated heat 1mput of 5.8 KdJ/mm.

Comparing the austenite transformation temperatures for the
welds made at 650 ~ 200 mm/min and 850 amps - 300 mm/min, both
with a calculated heat input of 5.8 KJ/mum,(Tabie 12 and 15), it
was found that for the sub-surface, the derivative trace of the
650 amps - 200 mm/min weld indicated clearly only the higher
temperature transformation, while only the lower tnmperatarp
transfermation was clearly indicated by the derxvatlve trace for
the 850 amps - 300 mm/min weld.

For the root regioms it was found that the derivative itraces
of both welds cnly showed accurately the temperature associated
with the higher temperature transformation. 'The 650 amps -~
200 mm/min weld had a slightly lower transformation +emperature
range than the 850 amps - 300 mm/mln weld.,

Weld Deposits made at the same calculated heat_imput'of.2.7 X J'mm

Comparing the austenite transformation temperature for the
welds made at 650 amps - 400 m/min and 480 amps - 300 wm/min
with a calculated heat input of 2,7 KJ/mm (Table 1: and 16 ) it
was found that only the lower temperature transfoxrmation could
be compared between these two welds since the higher temyerutuke
trhnsfo*matlon could not be accurately measurad.

The lower temperature transformation occured at a higher
temperature for the sub-surface beads of the 480 emps ~ 300 mm/min
weld than for 650 amps - 300 mm/min weld, but at 81m11ar temper—
atures for the root beads of both welus.'

Surmary

‘ The dcrlva ive traces indieated that 2 high 2nd a low
‘temperature transformation cccured but for each weld only one
of these transformation nould usually be measured agcurat ely.

An increase in welding speed caused a decrease in the
transformation temperature range, but no systematic relationship
between welding current and transformation temperature could be
drawn., » :

For the same weld joint the root had a similar or lower
transformation temperature range than the sub-surface, with the
exception of the 850 amps - 300 mm/min weld where the opposite
occured. : -
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- The weld deposits made at the same calcnlated heat input
did not have the same transformation characteristics, except
for the root regions of the low heat input welds (2.9 KJ/mna)
which did have very similar transformation temperatures.
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" HWeld Bead Size and Flux Consumption

The weld bead dimensions and estimated flux consumptions
are given in Table 17 . :

Both a decrease in the welding speed and an increase in the
welding current caused an increase in the weld bead volume, It
is also clear from these results that weld deposits made at the,
same calculated heat input did not necessarily have the same or
similar weld bead volumes, therefore indicating that the weld
bead volume is rot a simple linear function of the heat input
‘as conventionally calculated.

Volts x Amp - = Heat input
Speed x 1000 '

For the sub-surface beads a decrease in the welding speed
from 400 mm/min to 300 rm/min and then to 200 mm/min caused an
increase in the width to depth ratio from 2,2 to 2,37 and then
to 2,91, but an increase in welding current from 480 amps to -
650 amps. and then to 850 amps led to a decrease in the width to
depth ratio from 4,8 to 2,37 and then to 1.5, Table 17 :

A decrease in welding speed from 400 mm/min to 300 mm/min
and then to 200 mm/min causgd an increase in the_estimgted flux
congsumption fgom 1., 68 x 10 7gn/mm” to 2,37 x 10™ 3gm/mm? and then
to 3,65 x 10~ gm.mm . , :

An increase in welding current from k80 amps to 650 amps
‘and then to 850 amps caused_a decrease in the estimated flux
consumption from 3.92 x 107 “Sem/mmd to 2,37 x 10™Jem /mm3 and then-
to 1.66 x 10 9gn/mmd, .

The estimated flux consumption for each weld 301nt was
always lower for the root beads than for the sub-surface beads.
(56% for the 650 amps - 200 mm/min weld, 42% for the 650 amps -
300 mm/min weld, 33% for thne 6350 amps - 400 mm/min weld, 21% for
the 850 amps ~ 300 mm/min weld, and 26% for the 480 a amps - 300
mm/min weld). .

Due to the difficuliy in acéurately ﬁeasﬁring the volume
of the root weld beads as they were remelied by subsequent weld

runs, the weld metal bead volume for each welded joint was assumed

to. be constant throughout the joint and the volume of the central
sub-surface weld bead was msed.

- It was felt that errors in thevestima;ed,flaz cbnsumption
due to the above assumption were very small and thereLove not
significant in this co“paratxve study.



“Table - 17 ‘Weld Shape and Flux CcnSumption ﬂr
Welding Flux ~ Bead  Flux = Weld Width
‘Conditions Consumption Width Consumption bead to
, , : 3 ¢ross~— Depth
~ gm/mm nm g/ mm

. seetional  Ratio

are
‘3

650 ~ 200 mm/min

1 RAA - 29 . ,0023
2 53 - 31 .00277
3 535 2 . ,00281
7 689 35 . .00339 | |
9 E 3 3% .00392 0 191 2,9
Average of 7 & 9 : 00365
650 - 300 m/min -
1 - 276 16 00166
2 .276 22 .00168
3 33 23 .00198
7 375 26 .00225 o
"9 A15 28.5  .0025 1166 2, 37
Average of 7 & 9 v - .00237
650 ~ 400 m/min | S
1 a8 17 .00126
2 194 19 .00136
3 .207 21 00145
11 2Lk 22 .00171
1k .237 22 .00166 142 2.2
Average of 11 & 1k 00168 |
480 - 300 mm/min o
1 .28 20  .00311
2 . .288 22 .00320
3 | 3 . 22 ,00333
11 W347 0 2% . ,00385 _
14 | .36 ok L0050 . 90 5,8
Average of 11 & 14 , - «00392
850 = 300 um/min " |
1 Al 21 . .00137
2 .36 27  .00120k
3 459 28 091531
6 .51 31 001705
8 489 30 .00165 299 1.53

_Average of 6 &8 . .00166
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A decrease in welding speed and an increase in welding
current caused an increase in weld metal bead volume, but the
weld bead volume and weld bead shape of the weld deposits made
at the same calculated heat input were different.

A decrease in welding speed caused an increase in the bead
width and depth ratio as well as in the estimated flux consumption,
but an increase in welding current led to a decrease in the head
widtlk to depth ratio as well as in the estimated flux consumption.

For a given weld the root beads always had lower estimated
flux consumptions than the sub-surface beads. :



fChemical Analysis -

The chemical analyses of all weld metal depositsbare’Shdwn
in table 18 .

All welds had the same basic chemical composition and no
correlation between the welding variables {welding speed and
welding current) and chemical composition variation could be drawn.

There was no significant variation in composition between welds
made under the different conditfions.

The only systematic compositional differences were those -
between root and sub-surface which resulted from the dilution
effect of the parert plate. A : '

The root regions of all welds were light in carbon (approx.
0.02%), silicon (approx. 0.04%), manganese (approx. 0.0%%),
niobium (approx. 0.002% - 0.005%) and aluminium {apprex. 0.003%)
than the sub-surface, but lower in phosphorous (approx. 0.003%).
Oxygen and nitrogen levels, however, were very similar for both
the sub-surface and root regions. :
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OPTICAL MICROSCOPY

. Introduction

- A qualitative and quantitative metallographic examination
was made of tha root and subsurface areas of all weld beads.

The microstructure of each of the welds showed,primarily
an acicular ferrite structure surrounded by pro~eutect01d ferrite
in the as deposited pa*t of each weld run.

Other Y'J.crostrx,.c‘turza,l phases were also present namely ferrite
side plates, pearlite, and martensite ~ austenite microphases
as described by Biss et al (27) and Garland et al (19). The
microstructure of the reheated *eglons consisted of equiaxed -
polygonal ferrite grains. '

Grain size measurements were made of the éb ferrite columar
and acicular ferrite grainswsing the mean linear intercept method
(83). For the root regions of all welds the acicular ferrite
structure in the root region was very irregular and therefore
accurate grain size measurements could not be obtained, The
proportion of acicular ferrite was measured for each weld but
quantitative measurements of the amount of retained M.A. phases
are not quoted because the very small (less than jo) volume fraction
of such phases made accurate measurement impossible. '

Quantitative Measurements

The quantitative measurements were made using the linear
. Intercept Method along 10 lines parallel to the plate surface
and in an area represeniative of the Charpy V, notch locutlon.
These results are shown in table 19,

For each line 100 points were counted and therefore each
result is the average of 1000 point readings. It is important
to note that the value of grain size d shown in: table 19 obtaired -
using the M.L.I. (83) is less than the average diameter of the -
grains comprising the microstrueture, D, whlch is in turn less_
than the maxirmm grain diameter D, .. fhe relationship between 4,
D and D, depends on the grain shape assuried. Only the value of
d was cilculated since these resulis are only inteunded to be used
‘foxr comparitive purposes between the weld deposits made in this work.

Great care was taken to make sure that as far as possible the
metallographic sections were representative of the region from
which the test pieces used in the mechanical test were taken in
order to reduce errors associated with the inhomegeneity and
anlsotropv of the microstructure.

It is also important to note that for the root the notch of
the Charpy V specimens had to be located throuzh as deposited
and reheated structure., The same occured for the 430 amp -~
300 mm/nln weld due to the fact that the bead depth was smaller
than the Charpy V} notch length. ,
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Weld Deposit made at the same Welding Currenu of 650 amps

Sub-surface Beads

Typical microstructures of the sub-surface weld beads are
shown in figures 50, 02, 7%.

An increase in welding speed caused a decrease in the grain
size of the é ferrite, (63um, %45um, 37um) and columnar grain
size (72um, 60um, 45um) figures 48, 60, 72, 49, 61, 73 , as well
as a decrease in the amount of ferrlte side plates present, but -
caused an increase in the percentage of acicular ferrlte (63.7%,

69.9%, 71

The acicular ferrite structure was similar for welds made
at both 200 mm/min and 300 mm/min (5.Lum and 5,%9um) but an
" increase in welding speed to 400 mm/min led to a finer structure,
(3.6 um), figures 51, 65, 75.

An increase in welding speed also led to an increase in the
amount of M.A. microphases present, figures 535, 65, 77.

Root Beads

Typical microstructures of the root weld beads are shown
in figures 56, 68, 80.

An increase: in welding speed caused a decrease in the é.
ferrite grain size, (27um, 24um, 1%um), figures 54, 66, 78.
but the columpar grain size, acicular ferrite structL*e, percentage
of acicular ferrite and ferrite side plates was similar ,
for welds made at both 200 mm/min and 300 mm/mzn, f1wuraé5§, 67,

57, 69.

An increase in welding speed to 400 mm/min led to a decrease
in the colummar grain size, to a finer acicular ferrite structure,
and also to a decresase in the amount of ferrite side. plates present, -
flgures 79, 80, 81,

The same imcrease in welding speed led to an increase in the
pverceniage of acicular ferrite, figure 80.

As for the sub-surface beads the amount of M.A. microphases
‘present increased with an inmcrease in welding speed, figures
9’ 7} 83' .

B i



63

. Weld Deposits made at the same Welding Speed of 300 mm/min

'Sub-surface Beads

Typ1ca1 microstructures for the sub-surface weld are shown
in fignres 86, 62, 98,

An increase in weldlng current caused an increase in the
grain size of the & ferrite (29um, 45um, 5 5um) but a decrease
in the columnar grain size (76um, 60um, 57 um), figures 84, 60, 96,
85, 61, 97.

An increase in welding current from 480 amps to 650 amps
led to an increase in the grain size of the acicular ferrite
(4um to 5.9um), but to a decrease in the amounts of ferrite side
plates. A further increase in welding current to 850 amps, did
not affect significantly either of these structures, figures
879 63, 99. ) . o

The proportion of acicular ferrite decreased with an increase
in welding current from 480 amps to 650 emps, 71,8% to 69,64 but
a further increase in welding current to 850 amps led to a small
increase in the proportion of area occupied by this phase 70,8%
figures 98, 62, 86.

M.A. microphases were not found in the 850 amps weld but
were present in both the 650 amps and 480 amp welds.

. The 650 amps weld having a more M.A. microphaseé present
than the 480 amps weld, figures 89, 65, 101.

Root Beads

Typlcal microstructures for the root beads are shown in
figures 9 68, 10k.

An increase in welding current from 480 amps to 650 amps
led to an increase in the §. ferrite grain size (19um, 2aum)
as well as to an increase in the acicular ferrite grain size,
but a further increase to 850 amps had no_significant effect
on e1ther of these structures. Figures 102, 66, 90, 105, 69, 93.

Aga1n an increase in welding current from 480 amps to 650 -
amp led to0 an increase in {the grain size of the colurmar grain
size, but a further increase to 850 amps,did mot s gqlf1cantky .alter
the graln size of this structure, figures 103, 6? 91,

The percentage of acicular ferrite decreased with an
increase in welding current, while the amount of ferrite side
plates present increased with the same increase in we1d1nb current.
40.8%, 28.87%, 30,9%. Figures 93 68, 104,

The M.A. mlcrophases were not present in the 850 amps welds
but were present in both the 650 amps and 480 amps welds. The
650 amps weld having more M.A. microphases present than the 480 amps
weld, figures 95, 71, 107. : :



Microstructural Differences hebwcen the Sub—surfaca anu uhe

- Root Bead for the same Welded JonrL

For all weld deposits the sub-surface bead had a coarser
ferrite grain size and a coarser columnar grain size than ths root
bead, but the acicular ferrite structure was generally finer.

The sub-surface beads also had a higher percenﬁage of
acicular ferrite than the root beads but a rmch smaller number
of ferrite side plates, table 19.

ngparison between the Weld Deposits made at the same
Calculated Heat Input

.Weld Depgsits made at 5,8 KJ/mm

Sub-Surface Beads

The 650 amp - 200 mm/mln weld had a larger ) ferrlue and
columrar grain size than the 850 amp - 300 mm/mln weld, but
the acicular ferrite structure was similar for both weld deposits,
£1gures L8, 84, 51, 87. ' '

- The 650 amp - 200 mm/min weld also had a lower percentage
of acicular ferrite than the 850 amp - 300 mr/mln weld, buib
shoved a greater amount of ferrite side plates, flgures 50, 86.

The M.A. microphases were only present in the 650 amp -
200 ma/min weld, figures 53, 89,

»Eﬁpu Bead

The 650 amp - 200 mm/min weld had a slightly larger &
ferrite grain size than the 850 amp - 300 mm/min weld and a
similar columnar grain structure, figures 5&, 90, 55, 91.

The acicular ferrite structure was similar in botﬁ welds,
figures 57, 93.

The 659 amp -~ 200 mm/min weld had a higher percentage of
acicular ferrite than the 850 amp -~ 200 mm/mln weld as well as
a smaller amount of ferrite side ﬂlaues, figures 56 9

The M,A. microphas
are

wera only present in the 650 amp -
200 mm/min weld, figu . -

es
59.
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Weld Deposits made at 2.9 KJ/mm

Sub~Surface Beads

The 650 amps - 400 mm/min weld had.larger<5 ferrite grains,
but a much finer colummar. graln size than the 480 amps -~
300 mm/min, figures 72, 9%, 73, 97.

The 650 amps - 400 mm/min weld also had a sllghtlf larger
acicular ferrite grain structure, as well as a marginally lower
proportion of acicular ferrite than the 480 amp - 300 mm/min,
but a smaller amount of ferrite side plates, figures 75, 99, 7%, 98.

Both welds showed the presence of M.A. microphases, flgures
77, 101, :

Root Bead

Both weld beads had similar & ferrite grain size and columnar -
grain size, but the 650 amp - 400 mm/min weld had a higher per-
centage of acicular ferrite than the 480 amps - 300 mm/min weld,
but a smaller amount of ferrite side plates, fxgurps 78, 10 , 79, 103,
8¢, 104, . ‘

The 650 amp ~ 400 mm/min weld also had a finer acicular
ferrite structure than the 480 amp - 300 mm/min, figures 81, 105.

Both welds showed M.A. microphases with the 650 amp -
400 mm/min weld, having a higher distribution of microphases than
the 480 amp - 300 mm/mln held figares 83, 107.
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Summagz

Generally all of the weld metal microstructures were composed
of an acicular ferrite structure surrounded by pro-eutectoid
ferrite and ferrite side plates.

} .
Martensite - Austenite microphases (19, 27 ) were also
present in variable but very small amounts (estimated at
less than 5%) in all but the weld made at 850 amp - 300 mm/min.

An increase in welding speed at a constant welding current
led to a finer microstructure with an increase in the pro-
portion of acicular ferrite and a decrease in the amount of
ferrite side plates. It also led to an increase in the
amount of the M.A, phases.. '

An decrease in welding current did not necessarily lead to

a finer microstructure nor to a proportionati- variation in
the percentage of acicular ferrite, and ferrite side plates,
but the M.A. microphases decreased with an increase in welding
current, T '

For a given weld the differences in the microstructural
features between the sub-surface and the root bead were
significant. The sub-surface bead generally had larger &
ferrite and columnar grains, as well as a much higher per-
centage of acicular ferrite, than the root bead. The sub-
surface bead also had a smaller amount of ferrite side plates
than the root bead.

The two welds made at the same calculated heat input of
5.8 Kd/mm had different mierostructures. o

The sub-surface bead of the 650 amp - 200 mm/min weld had
larger d ferrite and columar grain, as well as a lower
percentage of acicular ferrite, than the 850 amp - 300 mm/min
weld. '

The 650 amp weld alsc had a larger amount of ferrite side .

plates than the 850 amp weld.

The root beads had similar microstructures although the 850
amp weld had a slightly lower percentage of acicular ferrite,
as well as a greater amount of ferrite side plates.

M.,A, micropkases were only present in the welds made at 650 amp.

The two welds made at the same caleulated heat input of
2.9 K&/m also had different microstractures. '

. The sub-surface bead of the 650 amp - 400 rm/min weld had a

larger & ferrite grain size, smaller columnar grain size and
a lower percentage of acicular ferrite than the 480 amp -
300 mm/min weld. ‘
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The 650 dmp weld alsc had smaller amount of férrite side
plates than the 480 amp weld. :

The root beads had similar ) ferrite and columnar grain
size, but the 650 amp weld had a greater p”oportlon of
acicular ferrite than the 480 amp weld.

Contrary to the sub-surface beads the 650 amp weld had
smaller amounts of ferrite side plates than the 480 amp weld.

In both sub-surface and root regions the 650 amp weld haa moxe
- MLA. mlcrophases than the 480 amp weld.



Figure 48 Weld 650 amp - 200 mm/min. Sub-Surface

Ferrite Structure x 50

Figure 49 Weld 650 amp - 200 mm/min. Sub-Surface

Columnar Structure x 50



Figure 50 Weld 650 amp - 200 mm/min. Sub-Surface

as deposited structure x 200

Figure 51 Weld 650 amp - 200 mm/min. Sub-Surface

as deposited structure x 500



Figure 52 Weld 650 amp - 200 mm/min. Sub-Surface
Charpy V fracture path x 200
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Figure 53 Weld 650 amp - 200 mm/min. Sub-Surface
M.A. Microphases x 2,000



Figure 5% Weld 650 amp - 200 mm/min. Root &> Ferrite

Structure x 50

Figure 55 Weld 650 amp - 200 mm/min. Root Columnar

Structure x 50



Figure 56 Weld 650 amp - 200 mm/min. Boot as deposited

structure x 200

Figure 57 Weld 650 amp - 200 mm/min. Root as deposited

structure x 500



Figure 58 Weld 650 amp - 200 mm/min. Boot Charpy V

fracture path x 200

»

Figure 59 Weld 650 amp - 200 mm/min. Boot
M.A. Microphases x 2,000



Figure 60 Weld 650 amp - 300 nnn/min* Sub-Surface

h Ferrite Structure x 50

Figure 61 Weld 650 amp - 300 mm/min. Sub-Surface

Columnar Structure x 50



Figure 62 Weld 650 amp - 300 mm/min. Sub-Surface

as deposited structure x 200

Figure 63 Weld 650 amp - 300 mm/min. Sub-Surface

as deposited structure x 300



Figure 64 Weld 650 amp - 300 mm/min.

Charpy V fracture path x 200
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Figure 65 Weld 650

M.A. Microphases X

amp - 300 mm/min.
2,000

Sub-Surface

> He x

~ * 1 mr~

\'

Sub-Surface



Figure 66 Veld 650 amp - 300 mm/min. Root 6 Ferrite
Structure x 50

Figure 67 Weld 650 amp - 500 mm/min. Hoot Columnar
Structure x 50



Figure 68 Weld 650 amp - 300 mm/min. Root as deposited

structure x 200

Figure 69 Weld 650 amp - 300 mm/min. Root as deposited

structure x 500



Figure 70 Weld 650 amp - 300 mm/min. Root Charpy V
fracture path x 200

*1# Tv-

Figure 71 Weld 650 amp - 300 mm/min. Root M.A

Microphases x 2,000



Figure 72 Weld 650 amp - 400 mm/min. Sub-Surface

<b Ferrite Structure x 50

Figure 73 Weld 650 amp - 400 mm/min. Sub-Surface

Columnar Structure x 50



Figure Ik Weld 650 amp - 400 mm/min. Sub-Surface

as deposited structure x 200

Figure 75 Weld 650 amp - 400 mm/min. Sub-Surface

as deposited structure x 500



Figure 76 Weld 650 amp - 400 mm/min. Sub-Surface
Charpy V fracture path x 200

X ,.*» » YA » ,v- A <L V X -
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Figure 77 Weld 650 amp - 400 mm/min. Sub-Surface
M.A. Microphases x 2,000



Figure 78 Weld 650 amp - }00 mm/min. Root & Ferrite

Structure x 50

Figure 79 Weld 650 amp - 400 mm/min. Root Columnar

Structure x 50



Figure 80 Weld 650 amp - 400 mm/min. Root as deposited

structure x 200

Figure 81 Weld 650 amp - 400 mm/min. Root as deposited

structure x 500



Figure 82 Weld 650 amp - 400 mm/min. Root Charpy V
fracture path x 200
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Figure 83 Weld 650 amp ~ 400 mm/min. Root M.A.

Microphases x 2,000



Figure 84 Weld 850 amp - 300 mm/min. Sub-Surface

Ferrite Structure x 50

Figure 85 Weld 850 amp - 300 mm/min. Sub-Surface

Columnar Structure x 50



Figure 86 Weld 850 amp - 300 mm/min. Sub-Surface

as deposited structure x 200

Figure 87 Weld 850 amp - 300 mm/min. Sub-Surface

as deposited structure x 500



Weld 850 amp - 300 mm/min.
200

Figure 88
Charpy V fracture path x
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Figure 89 Weld 850 amp - 300 mm/min.

M.A. Microphases x 2,000

Sub-Surface

N II'* e

i-e

A ¢ .X

Sub-Surface



Figure 90 Weld 850 amp - 300 mm/min. Root b Ferrite

Structure x 50

Figure 91 Weld 850 amp - 300 mm/min. Root Columnar

Structure x 50



Figure 92 Weld 850 amp - 300 mm/min. Root as deposited

structure x 200

Figure 93 Weld 850 amp - 300 mm/min. Root as deposited

structure x 500



Figure 94 Weld 850 amp - 300 mm/min. Root Charpy V
fracture path x 200

Figure 95 Weld 850 amp - 300 mm/min. Root M.A.

Microphases x 2,000



Figure 96 Weld 480 amp - 300 mm/min. Sub-Surface
Ferrite Structure x 50

Figure 97 Weld 480 amp - 300 mm/min. Sub-Surface
Columnar Structure x 50



Figure 98 Weld 480 amp - 300 mm/min. Sub-Surface

as deposited structure x 200

Figure 99 Weld 480 amp - 300 mm/min. Sub-Surface

as deposited structure x 500



Figure 100

Weld 480 amp - 300 mm/min.

Charpy V fracture path x 200
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Figure 101
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Figure 102 Weld 480 amp - 300 mm/min. Boot «> Ferrite

Structure x 50

Figure 103 Weld 480 amp - 300 mm/min. Boot Columnar

Structure x 50



Figure 104 Weld 480 amp - 300 mm/min. Root as deposited

structure x 200

Figure 105 Weld 480 amp - 300 mm/min. Root as deposited

structure x 500



Figure 106 Weld 480 amp - 300 mm/min. Root Charpy V
fracture path x 200
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Figure 107 Weld 480 amp - 300 mm/min. Root M.A.

Microphases x 2000
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- Tensile and Hardness Results

The tensile and Vickers hardness test results are shown in
Table 20, :

The sub-surface tensile results showed that an increase in
welding speed from 200 mn/min to 300 mm/min led to a decrease of
8% in L.,Y.S. and 4% in U.T.S. A further inerease in welding
speed from 300 mm/m1n to 400 rma/min led to an increase of 15% in
" L.,Y.S. and 10% in U,T.S.

A decrease in welding current from 850 amps to 650 amps led
to a decrease of 9% in L.Y.S. and 5% in U.T.S. but a further
decrease in welding current to 480 amps led to an increase of 15%
in L.,Y.S. and 9% in U.T.S.

For the root areas an increase in welding speed f“cm 200 om/min
to 300 mm/min led to an increase of 10% in L.Y.S. and 7% im U.T.S.

A further increase in welding ;peed from 300 nmy /min to
400 mm/min caused a further increase of 9% in L. Y.w. gnd 6% in
U.T.S. .

A decrease in weldlnn current from 850 amps to 650 amps
and then to 480 amps had a very small effect (of the oranr o? 247 -
on the L.Y.S. and U.T. S.l

Comparing the tensile resulis for the sub-surface and root
areas of each joint it was found that the root areas had ,
systematically higher L.Y,S. and U.T.S. values thaen ths sub-

surface. Table 21..

A systematic correlation was not found between ductility as
measured by the reduction of area or elongation and the welding
parameters but for each weided joint the sub-surface arezas
showed higher or equal ductility than the root areas.

The Vickers hardness results did not show a sysiematic -
correlation with the arec parameters but for all joints the sub-
surface areas had lowver hardness values, tabl e?Ql than the
root areas,



Table 20 . Weld Metal Strength and Hardness

Welding Conditions LYS UTS  E.L. R.A. Vickers

[} ’ aer
N /m2 N /ms_ ,C(', % Hardne 58

650 A/200 mm

Boot

~ Sub-surface 168 565 34 71 200
»3335‘/2”"” 495 588 3k 72 226
33&2@3_2:2“ is 54? s 72 . 217
_ggg,f/ 300 ma 548 631 | | 28 70 227
620 3/i00 w5 G om0 e
222;‘*/ Z*QO 602 | 660 28 68 on5
RAXE e owm m @ om
Sgﬁﬁ/m = 535 642 30 6n 2392
WymE @ n o me
480 A/300 mnm 555 616 . S 2#5 |




‘Table 21 Différences between the Sub-surface and Root
. ‘ Strenzth and Hardness

Differeﬁce between Sub-surface and Root Values

Welding L.Y.S. U.T.S. . EL,  R.A Vicker
Conditions N/ e N/ m:ng 4 % Hardness
6504/200 ma -27  _ 25 o -1 . -2
6504/300 m - 120 -.83 +5 2 =10

© 6504/400 tm 107 - 67 43 %2 o -2k
8504/300 tm  _ 67 _67 4 s -20

480A/300 mm  _ 40 _ 1k 46 0 33
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 Swmarn

A correlation between L.Y.S. and U.T.S., and the ‘welding
arc parameters could not be found since an increase in welding
speed or a decrease in welding current did not lead to a
systematic variation in the strength.

All root weld beads had a higher L,Y.S. and U.T.S. but a
lower duetility than the corresponding sub-surface beads.

Likevise, the root beads alsc had higher Vickers hardness
values than the corresponding sub-surface beads, but no
systematic correlation between welding arc parameter and hardness
was found. ' '



IMPACT TEST RESULTS

The Charpy V notch 1mpact test *esults are shown in table 22
and figures 108, to 120,

Weld deposits made with a Welding Curreént of 650 amp

The results for the sub-surface region of the weld deposits made
using the same arc current of 650 amps, figurel08, shows that for
. a2ll three speeds (200 nm/min; 300 mm/min and 400 mm/min) very
similar lower shelf energies and trans1t10n uemperatures were
obtained. :

The upper shelf energies were different for each weld depesit.
That made at a speed of 200 mm/min had the highest energy (approx.
190J3 followed by the weld deposit made at 300 mm/min {approx.
1753) and then the weld deposit made at 400 mm/min (approx. 160J).

The results for the root regions of the three weld deposits
showed similar lower and upper shelf energies (approx. 12J and
170J), but different transition temperatures.f Figure 109.

The weld made at a meld;nb speed of 200 mz/min had the highest
transition temperature (approx. 100J at 0 C) The other two welds
hav1ng)sxm11ar, lower transition temperatures (approx. IOOJ at
"1500

Weld Deposits made with a Welding Speed of 300 mm/min

The results for the sub-surface region, figure 110, show that
the lower shelf energies were similar for all three weld depasits
but there was a large variation irn both the transitior temperature
and upper shelf energies.

The weld deposit made at the highest welding current (850
amps) had the lowest transition temperature of the three welds,
(annxox. 1007 at - SOOC) with the weld deposit made at a welding

current of 650 amps. The highest trans1t*on temperature {(approx.
100J at - 15°¢C).

The upper shelf energies were different for each weld deposit.
The weld deposit made with a welding current of 480 amps had the
a*guest valne (anpro X 2283) followed by the weld deposii made
+ 850 amps {approz. 195J). The weld deposit made at 650 amps
nﬁd the lowest upper shelf energy (approx. 175J). :

The results for the root regions of the weld deposits made
at a welding speed of 300 mm/min show that all three weld deposits
had, as for the sub-surface region, very similar lower shelf
energies (approx. 10J). Figurelll, Bat in contrast to the sub-
surface the weld made at a welding current of 850 amps had the
highest transition temperature (approx. 100 at + 5°C) and the
weld deposit made at 630 amps the lowest transition temperature:
- (approx. 100J at - 10 C) with the weld made at 480 amps falllnﬂ
in between (approx. 100J at - 20°C).



The weld depesit made at 480 amps had the highest upper
shelf energy of all three weld deposits (approx. 2005}, the
weld§ made at 850 amps and 650 amps being very similar (approx.
1754d). ' D



Table 22

='~‘L

Charpy 'V Notch Impact Results

~ Test Temperatures (Energy J)

Welding
Condition e .
-90°c  ~60 - 30 0 +30  +60 490
650 amp - 200 mm/min v »
sub-surface 8 21 56,7 129 182 ~197 190
Root 6.7 16.2 50.7 104 133 174 167
650 amp ~ 300 mm/min - _
sub-surface 9,4 51.8 60,7 1363 152,2 170 159
Root 16.2 30.5 86 1kl 150 178 168
650 amp -~ 400 mm/min o
sub-surface 13.5 16,2 72,9 140 8% 155 162
Root 9.8 17.5 76,9 125 163 176 - 163
850 amp - 300 mm/min
sub-surface 10 51 149 187 207 193 194
Root 10 17 10 80 15% 175 170
480 amp ~ 300 mm/min , .
sub-surface 13,5 28,2 103.9 166 198 228 240
Root - 16,2 63.k  137,7 148 202 290
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“Through Thickness Toughness Variation

Weld Deposit 650 amps 4‘290 mm/min

The weld deposit made at a welding current of 650 amps
and a welding speed of 200 mm/min had similar impact energies
up to the temperature of - 30 C for both the sub-surface and root
regions. Figure 112,

Above this the differences in toughness between sub-surface
and root regions increased. The sub-surface had a higher energy
reachlng a maximum above that of the root region of approx.
5OJ d‘c 0 Co

Weld Deposit 650 amp - 300 mm/min.

The weld deposit made at a current of 650 amp and a weldlng
speed of 300 rm/min showed no significant difference in the Charpy
curve between the root and the sub-surface. Figure 1

Weld Deposit 650 amp - 400 mm/min

The weld deposit made at a current of 650 amp and a speed of
400 mm/min had slightly higher energy valumes for the root then for
the sub~surface, a maximum difference of approx. 20J atreou.
Figure 11k,

Weld Deposit 850 amp - 300 mm/min

The weld deposit made at a current of 590 amp and a spﬂed of
300 mm/min had s1m.lar root and sub-surface lower shelf energleg.
Figure 115. '

Above the lower shelf the sub-surface had a comsiderably higher
Charpy V energy than the energy vaiues for the root rmg*ons reacthg
a maximum difference of approx. 100J at a uemperature of 0°C.

Weld Deposit 480 amp - 300 mm/min

The weld depositi made at a current of 480 amp and a speed of
300 mm/min had higher sub-surface impact energy than the root
region throurhcut the range, the maxirmum difference being approx.
50 at 0’c. ‘Hﬂu;elT6
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: Compafison of Charpy V notcli Toughness Results between Weld
Deposits having the same calculated Heat Inputs

Weld Deposits with a calculated Heat Input of 5.8 KJ/mm

Sub-Surface Repgion

Comparing the Charpy V energy values for the 650 amp -
200 mm/min and the 850 amp ~ 300 mm/min both conditions giving
the same calculated heat input values of 5,8 KJ/mm, it was found
that both welds had similar lower and upper shelf energies,
t the transition temperatures were quite different, the
850 amp ~ 300 mm/min weld having a much higher energy value than

the 650 amp - 200 mm/min weld, approx. 70 at 0°c. Figure 117.

-Root Regions

The Charpy V energy values for the root region of the same
two welds deposits did not show a significant difference,
Figure 118, '

Weld Deposit with a Calculated Heat Input of 2,9 XJ/mm

The Charpy curves for the sub-surface regions of the weld -
deposit made at 650 amp - 400 mn/min and the weld made at 480 amp -
300 mm/min are shown in figure 119, . ‘

The weld deposit made at 480 amp had over all higher Charpy V

v \ y
energies (approx. 35J at 0°C and 80J for the upper energy shelf)
than the weld made at 650 amp.

The Charpy V curves for the root regions of the same two weld
deposits are shown in figure 120. It was found that for the lower
shelf and transition temperature the 650 amp -~ 400 rm/min weld
deposit had higher emergy velues (5J at - 90°C and 25J at 0°C)
than the 480 amp - 300 mm/min, In the upper shelf region the
480 amp - 300 mm/min weld had a higher energy value (approx. 25J)
than the 650 amp ~ 400 mm/min. ’ ' ’ - =
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SUMMARY

It was found that for most weld &eposits the sub-surface
had a higher toughness than the root region, the only exception
being the 2.9 KJ/mm (650 amps ~ 400 nm/min) weld.

The throﬁgh thickness toughnesé variatioﬁlwas found to be
greater for the high heat input weld deposits than for the
lower heat input weld deposits. o P : :

The results also showed that the weld deposits made with the
same caleculated heat input did not necessarily have the saume
toughness. Furthermore it was found that low heat input weld
deposits did not necessarily have higher toughness than the
high heat input weld deposits. This was clearly shown by the
fact that the sub-surface of the weld deposit 850 amps — 300 mm/min
with a calculated heat input of 5.8 KJ/mm showed the highest
toughness properties of all the welds made in this work. :
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DISCUSSION

Sub-Surface Weld Beads

Introductiou

As proposed in the 1ntroduct10n the two prlmary aspects to he
examined in this work were : v

The correlation between welding conditions measured in terms
of weld metal heat input arnd impact toughness properties, and the
through thickness impact toughness var1at1ons in mlcroalloyed carbon
manganese steels. ‘

Lffect of Heat lnput on the Weld Metal Pronert1es
Weld Thermal Cycle

In this comparative study only the results referring to the sub-

- surface beads are discussed since it was important that all welds

had similar chemical composition, table 18, and were made under similar
heat flow condictions. (67)

" The results referring to this series of welds showed that an
increase in the weld heat input did not necessarily lead to a
deterioration in the notch toughness properties and furthermore it -
was also found that different welds made at the same calculated heat
inpnt of either 2.9 KJ/m or 5.8 KJ/mm had quite different Charpy
energy values.

These results therefore suggest that weld deposits made at the
same calculated heat input had different weld metal cooling cycles.
This is because for welds with very similar chemical composition,
which was the case for these five welds, table 18, it is the cooling
cycle which determines the type of transformation reaction taking
~ place during cooling which.in turn determlnes the microstructure and
consequ ently the properties. ' :

as expected therefore, the thermal measurements, flgu”es 8, 9, 10, 11,
showed that weld deposits made at different heat inputs also had
different cooling cycles and furthermore the welds made.at the same
heat input but at differeni welding conditions also had quite different
coo‘lnb cycles, figures 42, 44,

The differences in weld metal cooling rate can be attributed to
thrue wain factors :-

(1) The weld bead cross-sectional area which is a function
of the weld volume, and in turn is a measure of the
calorific heat content of the weld (76).

(2) The weld bead shape measured in terms of width to depth
ratio has an effect on the weld nugget area in contact
with the metal plate through which the heat was conducted

away (77).

'(3) The weld flux consumption whlch can act as a heat source
or just as an 1nsu1a.t1nb blanket (17).
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_ The magnitude of each of these factors was found to vaxry throuwh
the temperature raunge.

For the 1400°C - 900°C the weld deposit with high width to depth
ratios and high estimated flux consumption per unit velume showed
usually lower cooling rates irrespective of the calorific heat input
measured in terms of the bead cross-sectional area, than the welds
with low width to depth ratios and low estimated flux consumpiions.

This effect is clearly indicated by the fact that the 480 amp -
300 mm and 650 amp - 200 mm welds had a lower coollng rate than the
850 amp - 300 mm weld.

The fact that weld beads with high width to depth ratios and
high estimated flux consumptions also have a lower initial cooling
rate than weld beads with low width to depth ratio and low estimatad
* flux consumption, appears to be due to the fact that the weld bead
with high width to depth ratio has a smaller weld nugget in contaet
with the weld metal through which the heat can be conducted away,
therefore leading to a slower cooling rate. These weld beads alsc have
a high flux consumption and therefore a larger weld bead area, covered
by the solidified weld flux which should furthnr contribute to a
decrease in weld cooling rate. :

As shown by Tullanl et a1 (17) during: the weld cooling pexriod
the weld flux can be at a higher temperature than the weld bead and
therefore the hot flux can act as a heat source, or just as an
insulating blanket. However no attempt was made to assess independently
the relative magnitude of the effects of the weld ‘bead shape and flux
consurp+1on on the weld cooling rate. '

The effect of the weld bead shape on t%e weld cooling rate has

so been reporied by Struck et al (77). These authors found using

C.J.a.'weldlng'process that the cooling rates of the individual
passes'made at the same welding condition were semsitive to their
location relative to the bottom and side wall weld groove. These
suthors found that the average ccoling rate of the weld upper half
was approximately 25% less than that of the corresponding lower half,
These differences in cooling rate were atiributed to the fact that
tke root weld beads had a greater weld nugget area in contact with
the metal plate through which the heat was conducted away.

For the temperaiure range of 900°c -~ 700°C the we’d metal coalln¢]
rate it appears thai both the weld metal bead shape, flux consumption
and calorific heat comtent had similar magnitude effects.

For the temperature range of 700°C - 50000 the effect of the
weld bead shape and flux consumption was very small and the weld metal
calorific heat content was the determlnlnﬁ factor.

The effect of the weld bead skape and flux consumption as
determined by the welding parameters is therefore a critical factor
controlling the weld thermal cycle during approximately the first
80 seconds of the cooling cycle.



‘It is important to note that since the weld metal cooling rate .
was found to vary considerably during the initial cooling time, it
is therefore not possible to accurately define a cooling cycle by
only determining the coollnﬁ rate value for a particular temperature
range such as 800 °c - 500°c.

These results also indicate the difficulty in the comparison
of published results in which only the values of the calculated heat
input are used to define the welding condition, since welds made at
the same calculated heat input value may have quite different cooling
cycles,

Thermal Analysis

To examine the effect of the weld metal cooling cycle on the
weld transfoxrmation characteristics and therefore microstructure,
measurements of the continuous cooling transformation behaviour in
situ were made by monitoring the weld temperature during cooling and
identifying the transformation temperature by the sudden change in
cooling rate caused by the thermal reaction which takes nlace during
transformation.

.The advantages of this technigue, which was developea by ngnon
et al (84) and subseguently adapted and used by various workers (8,
78, 79, 80) over the conventional dilatometry technique have been
pointed out by Saunders (8C). This author noted that the dilatrometic
rmeasurements cannot be reliably applied to weld metal because rasheating
into +the austenite region as done in conventional dilatometry breaks
down the colummar grain structure and alters the transformation
characterletlcs of the weld deposits.

The thermal analysis results, tables 12, 13, 14, and figures 46,
L7, showed that iwo different transformation reactions took place
uurlne cooling. A high temperature transformation at approximately
856°¢C and a low temperature transformation at approx1maue1y 650°¢C.

From wetallographic examination the high temperature transformutlon
was identified with the formation of the pro-eutectoid ferrite phase
and the lower temperature transfermation with the formation of the
acicular ferrite strmeture. Becgune of the relatively high *amperni 1re
at which this structure was formed it appears that thls nhase is not
a martensitic product as it has besn suggested. (1))

In order to show the ef EECUS of the weld cooling rate on the
ransformation of the austenite a C C T diagram was built using the
the *mal analysis results and measnred from an assumed austenitizing
tenperature oT 1z00°c,

" This temperature was chosen so that the effect of the weld metal
cooling rate through the austenitic region was taken into account as
this temperature gradient will de»ermlne the austenite grain size which
can have a significant effect on the subsequent transformatlon
structure (80).
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For comparative purposes only the weld metal C C T diagranm was
plotted over the C C T diagram for a H.S.L.A. steel containing niobium,
as a C C T diagram of a low alloy carbon mangasnese niobium free steel
. was not available. The chemical compositlon of this H.S.L.A., steel
was 0.10% C. 1.33 Mn, 0.33 Si and 0.04% Nh. (85)

~ The weld metal CC T dfaﬂram, figure 121, shows, ag expected,
that a decrease in the weld cooling rate led to a depression in the
transformation temperature of both the pro-eutectoid ferrite and
acicular ferrite structure, therefore leading to a microstructure
with a lower proportion of area occupied by the pro~eutect01a ferrlte
phase and a finer acicular ferrlte structure.

Comparing both C C T diagrams for the steel and weld metal, it
is clear that the weld metal transformation curves are shifted to
the right in relation to the steel. This is confirmed by the fact
that according to the C C T diagram for the steel the weld metal
microstructure should be of a ferrite pearlite type structure which
was clearly not the case. It appears therefore that this shift was
due to the fact that the weld metal has a completely different austenite
grain structure, which will alier the austenitic transformation
characteristie, and therefore indicating the possible limitations of
the conventional dilatometric measurement in which the weld metal is
reheated into the austenitic¢ region and therefore the colnmna grain
structure destroyed.

The fact that the chemical composition of weld metal and steal
plate were slightly different, and the steel plate had a O, D_W niohium
addition does not seem to *nvalldate this comparison. :

Again, to investiigate the effect of taking a weld metal
austenatizing temperature of 1000°C instead of 1460°C and therefore:
indirectly excluding the possible effects on the subseguent trans~
formations of {he austenite morphology, another C C T dlacraw was
constructed, figure 122,

Comparinh these two diagrams, figures 121 and 122, it is clear o
that a greater amount of scatter in the resulis was found in the 1020 C'
€ C T diagram than on the 71400°C! diagram, o

, Although both C € T diagrams were obtained from a limited number
of results, this comparison shows thet the t*anaformatao characteristi
are not only dependent upon the cooling raue below 1000 C, but also
dependent on the cooling rate between 1%00°C and 1000°C.  This therefore
. again emphasizes the role played- by the mcrﬂhOIOﬂy of the columar

grain structure in aliering the itransformation characterisiics of the
subsequent structures, and therefore emphasizes the limitations of

only using the value of a cgoling rage'through a particular narrow
temperature range, e.g. 800°C to 500°C to define a weld metal cooling
condition, v

ics

Weld Chemical Composition

: As discussed in the literature survey, the weld metal chemical
composition will determine the shape of the C C T diagram and thereforc
has an important effect on the weld microstructure and properties.
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Thus in this comparative study it was important to keep the
chemical composition of all welds as similar as possible. This was
achieved by only choosing for this study the central sub-~surface weld
beads of the 40 mm thick single V butt joint and therefore eliminating
the plate/weld metal dilution effects. The chemical comp051t10n
analysis for these welds is shown in table 18.

It is clear from this table that the chemcal comp031t10n of all
welds was very similar although a small variation of .03,o carbon,
0.12% manganese and 0.7% s:.hcon was found.

The effect of these small variations in the chemcal comp031t1on '
~on the weld metal transformation temperature, mcrostructure and o
prope*hes is expected to be very small (19, 25, 38)."

The manganese to silicon ratio was also similar for all ivelds,
varying from 3.9 to 4.7. These high values of manganese to silicon
ratios indicate, as noted by Tuliani et al (21), that the weld deposit
had a low inclusion level and therefore the upper shelf energy should
be above 100 1bf as was in fact the case.

Taliani et al (21) also noted that whilst an increase in the
manganese to silicon ratio to approximately 3, would lead to an -
increase in the ductile fracture energy, a further increase in the _
manganese to silicon ratio above 3, would lead to a decrease in the
ductile fracture toughness. This author attibuted this drop in tovgh-
ness to the increase in strength, presumably dne to higher monganese
levels, which would restrict the plastic demrmamon around fh? ductile
voids. -

In these present results however, no overall eorrelation was
found bhetween the ductile fracture toughness energy variations and
the manganese to silicon ratios. This was possibly due to the fact
that the differences in the manganese to sﬂ.lcon ratios were too small
to have a s:.g,nlflcant effect.

It is interesting to note that contrary to what has been renorted
(lh} the percentage of manganese marginally increased with an ircrease
in the welding current. An increase in the welding current also led to a
small increase in the percenbafre of carbon., -

Smce the welds with the higher percentage of carbon and manganese
also had the lowest value of estimated flux consumption, it seems
reasonable to assume that the variation in chemical composition was
dependent on both the arc welding conditions and :Elux consumption,

Hicrostructure

In general terms the microstructures found in these welds can be
considered in terms of five main features., The & ferrite grain size,
the austenite grain size, the percentage of pro-eutectoid ferrite,
the grain size of the acicular ferrite and the presence of the M-A
- microphases, each of which were found to be cloqely correlated w:Lth
the themal history of the weld metal. :



Ferrite Structure

Since the first structure to form was the & ferrite it wasof
interest to examine the possible relationship between thls structure
and the subsequent austenite structure.

Grain measurements of these two colummar grain structures were
compared and although the grain sizes estimates of the & ferrite
- may have been slightly unreliable because of the difficulty in
distinguishing between the columnar and the cell boundaries, these
resulis consistantly indicated that the austenite grains were larger
than those of the previous § ferrite structure. This was particularly
the case of the 480 amp - 300 mm weld which, after the fast solid-
ification period, had a comparatively low cooling rate in the austenlte
temperature range. Figures 96, 97.

However the é ferrite grain size may in some cases be larger
than the subsequent austenite grains as it has been noted by Widgery (2)
This was possibly due to the fact that Widgery (2) used a different
welding process as well as a lower heat input welding condition, which
in turn would have led to a much higher cooling rate through the
austenitic region. ’

From the present results therefore, it appears that the & ferrite
structure and the austenite sitructure do not share the same grain
boundaries, confirming the findings of Widgery (2), and it seems, as
suggested by Widgery (2), that the austenite grains have grown across
the & ferrite columnar grains. This austenite growth mode being

colurmar because of the thermal gradient between the edge and the
centre of the weld. '

Although micrographic examination indicates that for these
present welds the dominant austenitic growth mode was columnar, it
is worth noting thal another form of austenite nucleation and growth
possibly occuring towards the cenire of the weld pool can also occur (2).

n this case the austenite mucleation occurs ahead of the anstenite
celumnu‘ grains growing front, the austenite nucleating at the high
angle & ferrite grain boundaries

Widgery (2) noted that in this growth mode the § ferrite grain
boundaries will only be preserved if the austenite graims only grow
into an adjacent o ferrite grain, but if the austenite grows into
both adjacent grains the & ferrite grain boundaries would be lost.

The practical significance of these results is to indicate that
the ferrite siructure does not seem to influence the subsequent
austeniie structure and therefore shows the limitatiens of attempting
to alter the austenitic structure by alteration of the J& ferxrite
structure by, for example, changes in solidification conditions. -

The austenite structure

The ausienite colummar grain structure is often outlined by a
more or less continuous band of ferrite, and, as expected, the grain
size of this structure was found to correlate closely to the coollnv
rate through the austenite region. :

e
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For weld metals, the effecit of the austenite grain size on the
"subsequent microstructure and therefore weld properties, has not
generally been closely examined, but it is lmown (80) that the breaking
down. of the cclumnar grain structure and the formation of a different
and generally finer austenite structure, which occurs when conveniiocnal
dilatometric measurements are made, a‘ters the austenite transformation
characteristics.

The effect of the austenite grain size on the subsequent trans-
IormJtlon structure was confirmed by the comparison between the two
11400°C! and '1000 C' C € T diagrams, which indicated that the scatter
found in the 1000°C C C T diagran could be attributed to the effect
of the. dlffe“ent austenite grain sitructure “hlch was not accounted for
in the 1000°C CCT diagram,

Generally it is not necessary to individually examine the effects
of - the austenite grain size because the weld metal properxrties can be
discussed in terms of the subsequent structures, e.g. pro-eutectoid
ferrite, acicular ferrite ete., which indirectly account for the effects
of the austenite structure.

However if it is found, as noted by Dolby (86), in H.A.Z. of ’
electroslag welds, in C.Ma Steels and Bernard et al (9) for C.Mn welds,
that a brittle crack can follow the pro-erdectoid ferrite band formed
at the previous austenite grain boundary, then it seems that the size,
and the orientation of the ausienite colummar grains in relation to
the direction of the crack propagetion can have a dominant role in
determining the fracture toughness of the material.

I{ was therefore of interest to examine the brittle fracturs.
crack path through the Charpy V specimens representative of each wald
condition. Figures 52, 58, 6%, 70, 76, 82, 88, 94, 100, 106.

These figures show that although thé crack propagated through a
number of pro-eutectoid ferrite regions, which were formed at the
austenite grain boundaries, it also, in cases, crosses ithe interior
of the prior austenite grain. The moving crack had therefore to
cross a number of strLﬂTures which are known (13, 15, 33) to have
different toughness properties, and consequently it was difficult to
clearly assess the effects of the austenite grain size oz the toughness

roperties. - : C ’ :

However, it seems reasonable to assume that in a structure formed
arge austenite grains the propagating crack will have to make

large changes in direction in order to follow the pro-eutectoid ferrite

‘band surrounding the austenite grains than in'a structure formed from

a smaller austenite grain size in which the moving crack is able to

propagate easily with only a small change in direction through the inter

connecting pro-eutectoid ferrite veins.

bJLﬂ

Tom

It seems therefore that a larger austenite colummar grain size
is more desirable from a weld metal toughness point of view than a fluer
-austenite structure. !



Pro-eutectoid Ferrite - Ferrite Side Plates and Acicular Ferri*r

- All these structures were present in all the welds but the proportlnn
of the area occupied by each of these phases wvaried according to the
weld metal cooling constlons.

A pearlite structure may also have been present but because of
the relatively high cooling rates of these welds, this structure if
present, only occupied a very small area and was too fine to be resolved
using a light microscope.

It seems reasonable therefore, to assume that this structure had
no important effect on the properties of these welds.

The dominant structures were therefore the p”o~eutect91d ferrite,
the ferrite side plates, and the acicular ferrite whose effects on uh“
weld properties have already been well documented (2, 13, 1%, 15, 19,
21, 23).

For guantitative measurements the microstructural features vere
only divided into two types:

The acicular ferrite and the remaining structures which were
mainly composed of pro-eutectoid ferrite and the ferrite side plates.

The fact that the pro-eutectoid ferrite and the ferrite side plates
were for these measurement purposes considered to be as only one :
structure, should not affect the interpretation of the resulis since
these two structures are kmown (2, 86) to have similarly poor noich
toughness properties. :

As expected, the percentage of area occupied by the acicunlar
ferrite increased with an increase in the weld cooling rate in the _
900°C - /OOOC temperature range and generally the acicular ferrite rrain
szze also decreased with an ircrease in the cooling rate in the 700 C -
900 C temperature range.

Weld deposits with a lower acicular ferrite transformation
temperature alsc generally had a finer acicular ferrite sﬁructure

M.A., Mierophasges

From microgravhic examination it was found that the area occupied
by these lower temperature transformation products as well as their
form was related to the "e;d cooling rate in the temperature range
below approximately 500 c.

An increase in the weld cooling rate in this temperature range
led to an increase in the amount of M.A. microphases -present which
had a blocky or polygonal form. Figures 53, 65, 77,.101. '

- These variations in the amount and shape' of the M.A. microphases
with the weld metal cooling rate, were similar to the variations noted
by Glover et al (87). These authors suggested that the M.A. microphases
will nuecleate only when insufficient "driving force" is available. for
carbide pucleation. The "driving force" for carbide nucleation was



considered by Glover et al (87) to come from both the thermodynamic
-supercooling effect associated with the austenite to carbide trans-
formation and from the size of the carbon "spike", i.e. local carbon
concentration that builds up in the austenite ahead of the growving
ferrite lath.

The welds made in this work only showed a very small amount of
microphases, less than 5%, and therefore no attempt was made to clearly
identify the nature of these phases which could be either retained
austenite or martensite in the twinned or lath form (19, 27, 60)
Although the deleterious affects of these microphases in the fracture
toughness of C.Mn welds and C.Mn steel have been reported (19, 27,

60), in this work the properties variations can be explained in terms
‘of large microstructural differences, and therefore the effect of

the M.A microphases on the weld properties, were difficult to isolate
and quantify.

Weld Metal Strength and Hardness

The weld metal strength and hardness values were found to vary
only within narrow limits as shown in table 20, and a clear relationship
between the tensile and hardness properties w1th the weld cooling
cycle could not be drawn.

Generally however, the weld dep051ts which bad a high cooling
rate in the 700 Cc - 900 C temperature range, and therefore a finer.
acicular ferrite structure, also had higher strength values than the
welds which had a lower cecoling rate in this temperature region but no
correlation between the cooling cvele and the reduction of area and
hardness values were found,

Although inclusion volume fraction measurements were not made the
caleulated inclusion volume fraction for the present welds using Widgery's
suggested forrmla (92), are similar. This is because the oxygen and
sulphur variation between welds was very small, Therefore it seems
that the differences in the tensile measurement can not be atiribunted
to variation in the inclusion level, and are due to matrix property
variations.

-3

Ielationship between Microstructure and Toughness

The weld metal toughness properties are determined by he micro-
structural featurss and as discussed earlier the most relevant ere:-

{1) fThe austenite grain size, since it appears reasonable to
agsume that large* austenite columnar grains are more
desirable from a weld metal toughness peint of view than
a finer austenite structure.

(2) The pro-eutectoid ferrite, the ferrite side plates and the
acicular ferrite because thése structures are known to have
1arrre effects on the weld properties (2, 13, 1%, 15, 19, 21,
23). The pro-eutectoid ferrite and the ferrite side p’atns'
being undesirable and the acicular ferrite desirable from a
toughness point of wview.
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{(3) The M.A.~microphasés~whiéh,fif présent,'have a deleterious
effect on the weld metal tougbness properties (19, 17, 60).

(&) The heat treatment effect on the central sub-surface bead
due to the subsequent weld run reguired to fimish the weld
joint. This heat treatment, although not very severe by
comparison to a full typical heat treatment, should have
beneficial effects on toughness since it has been shown that

~ heat treatment of C.Mn steel improves the toughness
properties (19, 62).

The discussion of the tounhneus results w111 therafore be hased
upon these main microstructural features.

It is important to note at this stage that the resulis for the
480 amp ~ 300 mm weld are not relevant to this discussiocn as only 30%
of the impact specimens was formed by as deposited weld meta‘ structhrc,
due to the small size of these weld beads. :

0f all the present welds’the 850 amp - 300 mm weld had the lowest
transition temperature. Figures 108, 110, This fact can be attributed
to the large austenite grain structure, of this weld, as well as the
large volume faction of acicular.ferrite phase, and also the absence ‘
of M.A microphases. Figures 85, 86, 87, 89, The heat treatment offect
on the sub-surface bead due to the subsequent weld run required to
finish the weld 301nt was also the most severe of all these presen*
welds (70 sec. at 400°C). Table 6. :

As discussed earlier, all these factors will contrlaute to good
notch toughness properties.

All other three welds had a similar but lower transition tamp~
erature than the 850 amp - 300 mm weld.

The poor toughness properiies of these welds by comparison with .
the 850 amp - 300 mm weld were generally attributed to different
microstructural aspeets for each weld.

In the case of the 650 amp - 200 mm, the poor toughness properties
be atiributed to the negative effect of the smaller volume faction
of the acicular ferrite phase, as well as to the larger nro—eutec»oza
ferrite veins. Figures 30 51.

The heat treatment effect of the subsequent welg run was also
the lowest of all the welds. The temperature of 400 C was not reached.

These three factors, must have had a greater negative effect than
the beneficial effect of the larger colummar grain-size. Figure 49.

In the case of the 050 amp - 300 mm weld the poor notch toughness
cannot solely be atiributed to the size of the austenite grain structure
which was similar for both welds nor to differences in the area
occupied by the acicular ferrite which was only marginally smaller
in the 650 amp ~ 300 mm than in the. 850 amp - 300 mn weld, and there~
fore possibly not a very 1mportant factor. :

The only mzcrostructural difference between these two welds was that
M.A. microphases were cnly present in the 650 amp - 300 rm weld and



“the presence of tnese M.A. microphases are known (19, 27) to have a-
negative effect on the toughness properties, although the number of
these M.,A. microphases present appears to be too small to have a
significant eerct on the toughness properties.

The heat treatment effect of the subsequent weld run, was also
lower than that of the 850 amp - 300 mm (40 sec, at 400 c) Table 6.

It seems that for this weld the poor notch toughness properties
cannot be attributed to a dominant factor but are due to the curmlative
~effects of the lower volume faction of acicular ferrite, the presence
of M.A. microphases and also the lower heat treatment effect due to
the subsequent weld run.

In the case of the 650 amp - 400 mm weld, tho poor notch touﬂhness
cannot be attributed to the differences in +he volume faction of the
acicular ferrite, but is possibly caused by the negative effect of
the smaller austenite grain structure, and also by the presence of
M.A. microphases which may cause a deterioration in the toughness
propertles. Figares 73, 74, 77. :

The heat treatment effect caused by the subsequent ueLd run was
also lower than that of the 850 amp -~ 300 it (12 sec. at 40D C) Table 6.

Another important factor which may have affected the toughness
properties was the orientation of the colummar grains in relation to
the notch of the Charpy specimens, which is dependent on the cooling
thermal gradient between the edge and the centre of the weld, and
is therefore expected to be dlf erent for each weldlng conditien., -

This effect has been reported by Hipkins et al (91) but Bsrmal.
et ol (9) using tensile and Charpy specimens with different orientations
in relation to the weld beaa, found that for C.Mn single bead sub-
merged arc welds, the weld metal behaved in an 1sotrop1c manner.,

The detailed examination of this effect was however outside the
scope of this present work.

In all these welds the upne* shelf energy valuee also varled, and
-as it has been shown by Farrar {56) and others {13, 21) this variation
is a funciiorn of the size and disiribution of the weld metal 1nclu51on3
content as well as the matrix properties.

But since the calculated (92) inclusion volume faction was
similar for all the present welds the upper shelf energy variation can
be mainly attributed +o Jlffereqcea in the matrix properties.
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Throurh thickness toughness variation

Introduction

The toughness values for the sub-surface and root of each weld
joint were found to be different.

The root of the 650 amp - 200 mm, 850 amp - 300 rm and 480 amp -
300 mm welds had lower toughness values than the sub-surface but for
the 650 amp - 400 mn weld the root had a marginally higher toughness
value than the sub-surface. In the case of the 650 amp - 300 mm
both the root and the sub-surface had similar toughness values.
Figures 112, 113, 114, 115, 116.

The results obtained from this present work indicate that the
through thickness toughness variation can be partly atiribated to
the fact that the sub-surface had different thermal history from the
root regions. The magnitude ¢f these differences varying with the ,
welding conditions which in turn would lead to dlfferedt microstruct ural
features ‘and therefore properties. :

The through thic&ness toughness properties can also be partly
attributed to chemical composition variations between the sub—surface
and the root region, caused by dilution effects.

Weld thermal cycle

The thermal analysis results showed that for each weld joint the.
sub-surface weld beads had a slower initial cooling rate down to the ,
temperature of anprox1mate1y 7OOOC than the root beads. But below this
temperature range the situation reversed and the root beads had a
Yower cooling rate than the sub-surfaces., Figures 37, 38, 39, &0, 4l.

These differences in weld metal cooling rate between the sub-
surface and root regions were found to be due to three main factors:

The weld bead shape, the weld flux consumption, and the
geometry of the immediately surrounding plate. :

'The first two factors were Lound to be dominant for the hzvner
tempera ture range, approximately 700 C vhile the last one was only
dominant for temperatures anproz;mately bhelow 700 C.

For the high temperatare runge. or initial coeoling perzod
approximately above 700° 'C the h’gher cooling rate of the root beads
can be attributed to the fact that these beads had a higher depth to
width ratio and lower flux consuﬁptlon than the sub-surface beads.
Table 17.

As already discussed, welds with higher depth to width ratios
also have a larger area in contact with the metal plate through waich
the heat can be conducted away. (77) Lower flux consumption can also
lead to a decrease in the weld cooling rate since the covering flux
can act as a heat source or just an insulating blanket. -
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The effects of the weld bead shape and flux consumption on the
weld bead cooling rate are clearly shown in the 480 amp - 300 mm weld
Figure L4,

In this weld, the root bead had a much higher cooling rate than
the sub-surface bead. This effect was attributed to the high depth
"to width ratio and low flux consumption of the root weld bead in
comparison with the sub-surface weld bead,

For the cooling period below 700°C the relationship between the
weld bead size and the surrounding plate geometry was found to be
important. Although the exact study of the differences in heat flow
conditions between the root and the sub-surface of the same weld joint
is complex and outside the scope of this work, these results suggest
that at the weld root the heat flow condition varies from a nearly
three dimensional type, if the weld bead is "small" in relation to the
imrediately surrounding plate, %o a two dimensional type if the weld
bead is "large" in relation to the immediately surrounding plate.

-These variations in heat flow account for the lower cooling rate
of the root bead in relation to the equlvalent sub-surface bead for the
temperatures below approximately 700°C. This effect was partxcularly
emphasized on the 850 amp - 300 mm welds which had the largest weld
bead volume of all the welds. Figure 40, . ,

In this discussion it was assumed that for each weld condition
the weld bead volume and therefore calorific heat input was the same
for the sub-surface and root beads. It was possible however that the
weld bead volume was slightly higher for the root than for the sub- .
surface, because of the fact that the root beads used less flux il han’
the sub-surface beads, and therefore more energy was. avallable to tne
weld.

This effect would further contribute to the slower cooling rate
of the root beads by comparison with the sub-surface beads alikbough
it is reasonable to assume that these differences in weld bead volune
were small and therefore this effect is not significant.

The post-solidification heat'cycle caused by the subsequent weld
runs was also different for the sub-surfage and the root regions. Table 6.

Thermal analysis and Chemical Composition

The thermal analysis results show that the weld root bead, with
the exception of the 850 amp -~ 300 mm weld, had a lower or a similar
transformation temperature to the sub-surface bead. Tables 12, 13, 1%,
15, 16. This fact can be atiributed to the faster iritial cooling
rate of the root in relation to the sub-surface weld beads. In the
case of the 850 amp - 300 mn weld the transformation temperature was
higher for the root than for the sub~surface. This was due to the fact
that the root weld bead had a slower cooling rate than the sub-surface
weld bead below the temperature of approximately 900°C.

It is also poésible that the slight chemical composition variation
" between the root and the sub-surface beads, the root beads having a
marginally higher carbon and niobium value than the sub-surface also



contributed to thé_depression-of.the transformation tempefature (83}
Table 18, .

Microstructure

The metallographic examination showed that the sub-surface bead
had different microstructure from the root bead.

For the same weld joint the sub-surface bead showed a larger &
ferrite and austenite colummar grain structure than the root bead.-
Table 19.

The sub-surface bead also showed a much hlghe;vpronortion of »
acicular ferrite than the root bead with the acicular ferrite structure'
being generally very irregular and therefore difficult to measure.

The finer & ferrite and austenite colummer grain structure of the
root bead can be attrlbuted to the 1n1t1a11y faster cooling rate of
the root bead. (1400°C - 900 c) :

The lower acicular ferrite volume fraction of the root bead is
probably due to the finer prior austenite grain structure in which
grain boundaries, the pro-eutectoid ferrite mucleate, ~ This effect
was also noted by Dolby (86) when examining the microstructures of
I.A.Z. of electroslag welded C.Mn Steels, where a finer prior -
austenite grain-: structure lead to a greater volume fraction of pro-
eutectoid ferrite. -

The acicular ferrite structure of the root region was found to .
be very irregular and because of this, it was difficult to establish ~
a correlation between the grain size of this phase and the we1d1n~
conditions and cooling constlons :

For the same weld joint the volume fraction of the M.A, micro-
phase was also found to be slightly different. These differences can
again be atfributed te¢ differences in the weld metal cooling rate
between the s“b—surxace and the root. ,

Weld Metal Strength and Hardness

mens had higher strength and hardness but

The rootf teunsile ci
sub-surface tensile spe ci mens., Table 20, 21,

spe
lower duCt’lltf than the
The higher strenn»h and hardness of the root bead may be partly
attributed to strain ageing effects (62), alznouvh the higher carbon
ard niobium values of the rcot may have also contributed to the
increase in strength of the rcot since these elements have a stronﬁ
solid solution strengthening effect (89,20 27). :

The microstructural differences between the sub-surface area
and the root, may have also contributed to the differences in strength
and hardness values, although it is difficult to clearly establish these
effects due to the irregular and variable type of microstructures
present in the as deposited weld metal.



NG
£

Relationship between Microstructure and Toughness

From the micrographic examination oi the as deposited structures
it was observed that the root beads had a smaller austenite colummar
grain structure which in turn, as also noted by Dolby (85} creates
more nucleating sites for the pro-eutectoid ferrite structure, leading
to a reduction in the overall acicular ferrite wolume fraction in the
root weld beads. - Table 19, Figures 49, 50, 55, 56, 61, 62, 67, 68,
73, 74, 79, 80, 85, 86, 91, 92, 97, 98, 103, 10k.

In line with previous experience (1), 15, 17, 19) a decrease in
the columnar grein size and volume fraction of acicular ferrite has a
detremental effect on the toughzness pronertles.

The volume fraction of the M.A. microphases was also found to be
slightly different between the sub-surface and root weld beads in
the case of 650 amp - 200 mm, 650 amp ~ 300 mm and the 280 amp - 300 mm,
Table 19, btut because the volume fraction of these M.A. phases was
small, estimated at less than 5%, it was felt that the effect of this
variation on the through thickness toughness was also small.

It is important to note that the Charpy V spescimens for the root
were composed of as deposited and refined structures and therefore,
the toughness properties of the refined regions will also affpct the
overall toughness.,

Although 1t is known that the grain size of the refined ronlons
has an effect on the toughness properties (90) in this work no attempt.
was made to measure the grain size of the weld refined region because
it was found that throughout this region the polygonal ferrite grain

size varied.

This variation in grain size was cau:ed by the non unlformxtv of
the head treatment to which this "heat affected zone" was subjected,
and therefore the polygomal ferrite grain size decreased with the
increase in the distance away from the fusion zone.

-Since the toughness properties of the root will be determined by
both the refined and as depoesited structures the Charpy energy values
will be discussed in terms of the toughness contribution of these iwo
structures. ”

The through thickness toughness variation for the 650 amp ~ 200 mm
ard 850 amp ~ 300 mm welds indicate that the poor toughness properties
of the as deposited regioms was not fully compensated for by the toughness

of the refined regions. Therefore the sub-surface had better touahnnss

propertles than the root. Figures 112, 1l

In the case of the 650 amp - 300 rm and 650 amp - 400 mm the
decrease in toughness properties of the as deposited region was over
compensated by the higher toughness of the refined regionm and therefore
the sub-surface had higher toughness properties than the root.

In the case of the 480 amp - 300 mm weld where both sub-surface
~and root Charpy V specimens were composed of approximately 70% of
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refined weld metal, the toughness contribution of the refined region
-was similar for both the sub-surface and root. Therefore the drop in
toughness must be mainly due to the drop in toughness of the as
deposited region,

Although in the present series of welds the through thicluess
toughness variation was attributed only to large microstructural
differences between the sub-surface and the root beads, it is important
to note that the slightly higher carbon and niohium values of the root
area may have had some deleterious effect on the toughness properties
of the root area. Table 18,

However, the effects of niobium on the toughness properties was
probably very small since it has been reported (k%) that riobium
additions below 0.02%, which was -the case of the welds discussed,
do not seem to affect the weld toughness properties. Also the meld
metal toughness properties can be affected by strain ageing embrittlement,
which can occur as a result of simultaneous straining and ageing (5?)

‘Fick et al (62) has shown that for C.Mn submerged arC'welds the
thermo-mechanical effects caused by the subsequent weld runs on the
root lead fto an increase in yield strength avnd hardness, showing that
a dynamic or, and static strain ageing and hardening reaction had
taken place during the course of further welding., However, in spite
of the increase in yield sitrength and hardness, the toughness of the
"anbuttered" root runs improved, while the toughness of the "butterod“
‘root runs decreased marginally,

These authors suggested that some opposing reaction occurred during
the course of welding which was able to outweigh in one case and almost .
cancel in the other the detrimental strain ageing effects, suggesting
therefore that for C.Mn welds sitrain ageirg effects are not the main
_cause of poor weld root toughness. '

The present results show that in C.Mn welded joints through
thickness toughness variation can occur but the magnifude of +this effecct
is mainly a function of the differences in the thermal history betwezen
the sub-surface and the root weld beads. These resulis also shov
that weld deposits made at the same calculated heat input can have
different toughness preperties. '
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SUMMARY

Sub-Surface Weld Bea&s

The results showed that for the sub-surface welds an increase in
the weld heat input did not necessarily lead to a deterioration in
the notch toughness properties and furthermore it was also found that
welds made using different procedures but the same calculated heat
input had guite dlfferent Charpy V energy valLes.

This was because a particular calculated heat input value does
not define a precise weld metal cooling cycle, which, for the present
welds of very similar chemical composition, determlnes tha micro~
structural features and therefore properties.

This work indicated that the weld metal cooling cycle was
determined by three main factors which were themselves a direct
consequence of the exact welding conditions. These factors are :-

(1) The weld bead cross-sectional area, whlch is a measure
of the actual calorific heat input into the weld (76).

(2) The weld metal bead . shape, which has an effect on the
- weld nugget area in coqtact with the metal plate through
which the heat is conducted away (77)

(3) The weld flux consumption, since the fused flux covering
the weld bead can act as a heat source or just as an
insulating blanket (17),

The magnitude of these effects on the coollnu rate varied through:
the temperature range.

For the high temperature range, approximately. 1400°C - QQBOC
the weld bead shape and flux consumption appear to be the dominan t
o,
factors, while for the lower temperature range, below 700 C, 1t was
" the weld bead volume which showed a dominant effe ect.

It is also relevant to note that since the weld mebal cooling
atio was found to vary considerably during the initial cooling t
(above DUQ C) a particular coeling rate wvalue for a re?aﬁ1velw na
temperature range, i.e. 80000 - 30P €, will not accurately define tne
overall cooling cycle. v

"!

To complement the thermal measurements the weld metal trans—
formation temperatures were also determined, using an "in situ™
measuring technique, from the same thernecouple whlch was used to
measure the weld bead cooling cvcle.

Two different transformations reactions were found to havg taken
place. A high temperature iransformation at approximately 850°C and
low temperature transformation at annr011mately 650 C.

From metallographic examinations the high temperature trans— _
formation was identified with the pro-eutectoid ferrite transformation
and the lower temperauure transformation with the formation of the
acicular ferrite.
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As etpected the weld deposits which had a faster cooling
“cycle also had a microstructure showing a fine colummar grain
structure. The faster cooling rate also led to a lower trans-
formation temperature which in turn led to a lower volume fraction
of pro-eutectoid ferrite and a finer acicular ferrite structure.

The present results indicate that from a weld metal toughness
point of view a microstructure composed of a large colummnar grain
structure, with a high volume fraction of acicular ferrite 15 the
most desirable structure.

Through Thickness Toughness Variation

The present results indicate that through thiclmess toughness
variations can be mainly attributed to the fact that the sub-surface
beads had a very different as deposited microstructure to the root bhead,
with the sub-surface beads showing larger prior austenite colummar
grains and a higher volume fraction of acicular ferrite than the Yoot
beads, and also to the fact that the sub-surface Charpy specimens were
only composed of as deposited weld metal while the Charpy specimens
for the root were partly composed of refined equiaxed ferrite grains.

For the same welded joint the differences in the as deposited
microstructure between the sub-surface and the root beads can be
explained as a result of the differences in the thermal hlgtory
between these two regions.

These differences in the weld metal thermal hlstory were mainly
- attribated to :-

(1) The weld metal bead shape. The sub-surface bead had 2 higher
width to depth ratio than the root beads. This affects the weld
nugget area in contact with the metal plate through which the heat IS
conducted away (77) and therefore leads to the initial {(1200°C - 900°C)
higher cooling rate of the root in relation to the sub-surface beads.
This in turn leads to a finer prior austenite columnar grain structure
in the root beads, which possibly led to the lower volume fraction of
acicular ferrite phase in the root beads. (86) '

{2) The relationship between the weld bead size and the surrounding
plate geometry. The present results suggest that at the weld roet the
heat flow conditions varied from a nearly three dimensienal type, if
the weld bead is Msmall® in relation te the immediately. surrounding
plate, to a two dimensicnal type if the weld bead is "large" inm relation
to the surrounding plate. These variations in heat flow accouut for

the lower cooling rate of the vroot in relation to the equivalent sub~
 surface bead for the temperature bhelow approximately QDOOC Ior both
high heat input welds, (5.8 XJ/mm) and below approximately 700°C for all
~ other welds.,

Therefore it seems that the lower volume fraction of acicular
ferrite of the root beads can be attributed 1o both the ¢1ner prior
austenite grain size, caused by the initial (lhOO C - 900 C) high
cooling rate, and to the subsequent (below anprox1mately 900 C) slower
cooling rate of the root bead.



(3) The post-solidification heat .cycle caused by the subsequent
weld runs were also different for the sub-surface and the root beads.
However in this work it was difficult to.clearly establish the thermal
effects on the weld properties.

Since the toughness properties of the root are determined by
the contributions of both refined and as deposited structures it
therafore appears that the through thickness toughness differences
are a consequence of the exact balance between the loss in the toughness
due to the poor as deposited structure, and the possible gain in
toughness due to the high toughness properties of the refined region.

These results therefore indicate thati through thickness toughness
variation can occur, the magnitude of this effect belnr determined by
the precise welding conditions. '



~.CONCLUSTONS

1.

The weld metal heat inputvat éonventionally calculated values
does not define a precise weld metal cooling cycle

The weld metal cooling cycle was found to be a function of the
followxng factors :-

(a) Weld bead volume
(b) Weld bead shape
(¢) Weld bead flux consumption

{d) The geometry of the "immediately" surrounding plate.
All these factors are determined by the wélding procedure.

The thermal analysis results show that during the weld metal

- cooling two transformations occured. These transformations werse

identified from metallugraphic examinations as the pro-eutecteid
ferrite and a01cular ferrite transformations.

A decrease in the weld metal cooling rate led to a decrpa se in
the transformation temperatures‘

Generally the welds with a fast cooling cycle also had hlgber
strength values than the welds which had a lower cooling cycle
but no correlation was found between the cooling cycles and the

reduction of area and hardness values.

From a teughness point of view the present results show that a
velding parameter vhich gives a weld meua1 coo%lng rate hhlch is
"low" in the temperature range of 1:00°C - 900°C, to give a "large"
colummar grain structure followed by a "fast® ccollnv rate in the
o

temperature rarge of 900 C - 500 C, leading to a microsiructure-
with 2 large volume fraction of acicular ferrite phase, is +he

mogt desirable,

Through thickness toughness variations can occur. These toughness
variations were atiribuied to the considerably different micro-

structural features bziween the sub-surface and the root bezds.

- The sub-surface showed a lar"er prior au»tenl te columnar grain size

and a higher volume fraction of acicular ferrite than the

equivalanu root bezad. Furthermore, the QLb-surface Charpy specimens
were only formed by as deposited weld metal while the root Charpy
specimens were  formed by as deposited and refined weld metal.

These differences in the microstructural features can be ex xplained
in terms of differences in weld metal cooling cycles between the
sub-surface and the root weld bead, caused by differences in the
weld metal bead shape, the relationship between the weld bead size
and the "immediately" surrounding plate geometry and the post~
solidificatiomn heat cyyle caused by the subsequent weld runs.

The magnitude‘of the through thickness toughness variafion is there-
fore determined by the precise welding condition and procedure.
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