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Solidification Structures and Properties

of Fusion Welds
by G. J. Davies and J. G. Garland

—
To an increasing extent the wide range of fundamental
knowledge of solidification processes is being applied o
the study of fusion-weld solidification. Initially this fun-
damental knowledge is surveyed concisely and those
areas of particular importance to weld-pool solidifica-
tion are indentified. This is followed by an examination
of phenomenological studies of the solidification be-
haviour of fusion welds in which particular attention is
given to factors influencing the development of the
fusion-zone structure. Then, the ways in which the
metallurgicai structure of the fusion zone influences the
mechanical properties of the weldment are reviewed.
Attention is then given to methods of controlling the
fusion-zone structure by using inoculants, stimulated
surface nucleation, dynamic grain refinement, and arc
modulation. The gains and advantages which accrue
from the way in which structure control affects proper-
ties are then considered. The review concludes with a
discussion of likely future developments, paying specific
attention to those areas where it is considered that fund-
amental research is most necessary, e¢.g. applications
of arc-modulation processes and development of
inoculation procedures.

Although over a number of years the understanding of the
fundamental aspects of the solidification of cast metals has in-
creased 10 a very substantial degree, this increased under-
standing has not been widely directed to the study of weld-pool
solidification. When it is recognized that there have been
enormous economic gains from the development of a foundry
technology based on a fundamental understanding of solidifi-
cation, it is most surprising that the control of weld-pool
solidification to produce weldments with enhanced properties
has been so0 neglected despite the potential rich rewards.
(Efforts have been made, however, to develop empirical
methods of control involving varying the process variables and
these have dealt with some of the practical difficulties en-
countered in fusion welds, e.g. weld solidification cracking,
porosity, etc.) Only recently has research been concentrated
on using the wide range of fundamental solidification know-
ledge in the study of fusion weld-pool solidification. Then, not
only has it proved possible to interprei phenomenoclogical
ohservations of the solidification behaviour of weld pools, but
also it has led to the development of methods of structure
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control. These, in turn, offer great promise of significant
improvements in weldment properties. In this review these
three aspects of weld-pool solidification will be considered in
turn. Initially, however, it is necessary to present a concise
survey of the basic principles of sclidification to indicate the
current state of theory and experiment, to emphasize those
areas of particular importance in the study of weld-pool
solidification, and to establish the relationship between ingot
solidification and weld-pool solidification.

This first section is followed by a review of the phenomeno-
logical observations of the solidification behaviour of fusion
welds paying particular attention to the development of the
fusion-zone structure. Throughout, the various observations
are correlated with the fundamental data reported in the
previous section. Subsequently, the ways in which the metal-
lurgical structure of the fusion zone influences the mechanical
properties of the weldment, are reviewed. Here, although the
intention is to define general principles, some reference to the
behaviour of specific alloys must necessarily be made.

A most important aspect is considered in the following
section, namely, the definition of methods whereby the fusion-
zone structure {and, therefore, the associated properties) can
be controlled. A series of methods employing basic principles
is described and discussed and some attention is given to
current developments in practice. The gains and advantages
accruing from fusion-zone structure control exerted by using
these methods are described in the next section. This review
concludes with a discussion of likely future developments in
those areas where a lack of knowledge is hindering progress.
Specific attention is given to those areas where it is considered
that fundamental research effort is most necessary.

1. Basic Solidification Principles
Extensive details of the current state of theoretical and ex-
perimental knowledge of the solidification of metals can be
found in recent monographs.-3 QOnly those fundamentals
essential to an understanding of weld-pool solidification and
relevant in assessing procedures for structure control will be
described here.

1.1 Nucleation

Traditionally, nucleation phenomena are classified as homo-
geneous or as heterogeneous depending upon whether the
nucleation events occur without or under the influence ol
impurities, inoculants, or external surfaces. In practice, homo-
geneous nucleation in liquid metals only occurs under the
most carefully controlled experimental conditions and is «
laboratory phenomenon. Heterogeneous nucleation is the
norm and in castings, undercoolings of 5 -20 C are sufficient
to provide the driving energy for nucleation. For nucleation on
a planar substrate (Fig.1) the critical radius r* and the work
of nucleation 4G* are given by!
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where yee is the surface energy of the liquid crystal interface,
T is the cguilibrium melting temperature, Lw is the latem
heat of meliing, AT is the undercooling below 7w, and 8 is the
contact angle. [t is clear from these equations that the critical
radius decreases rapidly with decreasing temperature as does
ithe work of nucleation. In systems where the contact angle is
small, it is apparent that the barrier to nucleation is small and
the rate of nucleation / given by

[ = Kexp[—-(4G*~AG kT
where K is a constant, 4G is the energy of activation for
addition of atoms to the nucleus, and T is the temperature
{ = T —A4T), is then correspondingly rapid.

I1a fusion welds the weld pool is formed by melting regions
of the base metal and thus there is always a region of solid in
contact with the liguid.t This effectively reduces 4G* to a
point where the nucleation barrier disappears. Only in those
cases where artificial nucleating agents (inoculants) are intro-
duced into the weld pool must the basic constraints of hetero-
geneous nucleation theory be taken into account. The use of
inoculants is of great importance in casting technology. The
factors determining inoculant effectiveness have been reviewed
by Chadwick? and Hughes,® who have shown that both chem-
ical and crystallographic parameters are important.

The above considerations treat nucleation as a2 quasi-static
phenomenon. [t is also possible to induce nucleation by sub-
jecting the solidifying melt to dynamic stimuli. The most sig-
nificant effects are achieved by introducing disturbances, e.g.
vibrations, which fragment the interface ol the growing solid
and produce a grain-refining action. Here we have crystal
multiplication and this is #or a nucleation event in the normal
sense. It is, however, an important means of exerting control
over the grain struciure, particularly with fusion welds since
the interface is always present. Dynamic grain refinement is
considered further in Section 1.5.
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1.2 Growth

Afier nucleation or in the presence of a pre-existing  solid!
liquid interface, growth occurs by the addirton of atoms 1o |hé
sulid. Although three mechanisms Tor growth are nocmglly
considered, namely,

(1) normal growth’

(1) growth by repeated surface nucleation®

{iii) growth on imperfections,”
only the first of these is important in casting and weld-poot
solidification. For normal growth the interface advances by
the continuous random addition of atoms and rapid growth
rales are comparatively easily sustained. During norma)
growth the macroscopic form of the interface is determined by
conditions adjacent to the interface and the interface max vary
from being planar. through a cellular form, to being dendritic
as the growth conditions alter. Conditions which give rise to
constitutional supercooling!" promote interface breakdown.
These conditions are:

{i} tow temperature gradients in the liquid

(1)) Fast growth rates

(iit) for alloys, steep liquidus lines .

(iv} high alloy contents (for castings and weldmenis con-
stitutional supercooling normally will exist for alloy
contents greater than ~0-2°,)

{v) extreme values of the distribution coefficient ko given
by the ratio of the solute concentration in the solid ata
given temperature to the corresponding solute concen-
tration in the liquid at the same temperature.

For low degrees of supercooling the interface is cellulart!. 12
As the degree ol supercooling increases a dendritic interface
develops.!' Dendritic growth is strongly crystallographic and
the primary arms and side branches tie parallel to specific
crystallographic directions,!? 13 e.g. the < 100> directions in
fee and bee metals and alloys. These are the rapid easy-growth
dircctions. An extensive series of studies by Flemings and his
co-workers 11-% have shown that these cellular dendrites
formy a characteristic plate-like array with an arm spacing
determined by the local solidification time. The local solidifi-
cation time has been defined!s as the time at a given location
in a solidifying metal between initiation and completion {or
near completion) of solidification. As the local solidification
time decreases so does the dendrite arm spacing.

ko<1

—

COMPOSITION
0
o]
w

Coko

0 1
FRACTION SOLIDIFIED
2 Sulure distributions i a solidd bar frozen from liguid of concentra:
tion Co: & cquilibeiver freezing, b sofute miving in the tigiid ?y
liftiesion anldv, © complote solute micing in the Hgeid, wrdt d partia
seefnates atixing in the ligeid




Nediditrecatvens Stanctines gd Propection sof an W ebh

Iy ol Laytiags or weld poods condinions will be Such 1hat
grewth s cellubar or ellubare desdritic. U nsder these condineng
R Semphiticd Convept of constitutional supercooling'™ i§ oo
Jotger apphaaihe aml atiention muost ke given 10 1he virkoug
crsnrthutiens 1o the totd undervooling near the hguid Sold
i e Thin widercosding i not only o Teaction of the
st ture of e aierface but is afso dependent on the growth
rate nnd tlemperature gradient in the liguid abicad of the grow.
ing nwrfice “UThen the wal sueasired undercooling
s oo b

drodne Jdre,  Jdr.
whére 470 s the contribution due 1o the soluie laser, 477, s
du o nierfuce carvature, and J7°x s a Kinetic contribution,
Conutional supercooling normally  refers 1w 17, only.
1w Tor metals, wsually assumed 1o be negligibly smiall
conpwired with the other contributions. One importane con-
sevuenee of these considerations s that it is feasible under
cortain conditions For ¢rystals to grow in the liguid athead of
the interface. ’

1.3 Ruedistribution of Solute

A adlors solidily there are marked elfects resulting from the
voncurrent redistribution of solute. These are not only res-
ponsible Jor the changes in growth morphology refeered 10
above but also lead to solute segregation on both a micro-
scabe and & mavroscale (see Section £.6). As & bar of initial
composition CCaosolidifies directionally under conditions vars -
ing from cquilibrium freczing to complete solute mixing in the
ligunl o range of solute distributions are producedsn. @1 ¢
ig 20 These disiributions are derived assuming the interfave
croscopically planar and experimental evidence®? sup-
port§ his assumption. In the presence of cellular or dendritiv
growth these will be avergpe values only and subsiastial
loglized microscopic fluctuations in compasition in both
loggznudival and transyverse directions are (o be expected. If
aShange in the growth rate oceurs during solidification mac-
roscopic lluciuations in composition occur {Fig.3). These are
ustelly assowiated with structural banding. Banding is very
commuon in fusion welds because of the periodicity of the heat
input and is apparent as both substructural bands (Fig.4) and
as Jurface rippling.=!

1 requently the expected average solute distributions are
complivated by Auid-llow effects. For example, because of the
conction normally associated with solidification at the
laner siages of solidification, sotute-rich liquid can flow along
the, interdendritic channels in a direction opposite 10 the
growth direction, This gives rise to a local solute distribution
opraosite 1o that predicied and this is known as inverse seg-
rgeetion, S

1.4 Seliditication of Multiphase Alloys

The sotiditication of alloys in which 1wo or more phases atre
Mgsent v u complex process. In normal fusion welding
ewrevtic alloas are rarely encountered. Peritectic alloys are

a) [{=3]
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et th raty ingreased
Y Lot of chunges ingrowth vate on focalized sedineldisiribuiion in the
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A Structuvad busading in an aluminium allov fusion weld (Gaeland amd
Derviea™®) &

stightly more common and for vinually all compositions the
sodidified microsiructure consists of cored primary dendrites
of one phase surrounded by the other phases.* The peritectic
reaction seldom proceeds 10 completion because il becomes
stifled by the need for diffusion through the solid faver which
rapidly cncapsulates the primary phase, %

Insoluble particles and inclusions are common in weld pools
and a knowledge of their bebaviour during solidification is
important. Although it is possible for the growing interfavce w
push suspended particles before it the conditions in a weld
pool dre such that particle entrapment is to be expecied.™
cither by the advancing interface or by particles becoming
isolated in regions between grow ing dendrite branches.

Gas porosity produced by the evolution of dissolved gas in
metals is common because of the marked differences in the
solubility of gases in liquid and solid metals. For example. at
the melting tlemperature liquid aluminium dissolves 9-036 cm?*
of hydrogen per 100 g whereas solid aluminium dissohves
0-69 cm? per 100 g.3* The high supersaturations that ooccur
near the solid liguid interfaces lead to bubble nucleation and
alter this the bubble3! (a) floats away collecting more gas and
escapes it the free surfice. or (b) moves with the interface,
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I fusion welds dissolved gases are oy unconumon amd
although in prisciple all the above auwdes of behaviour are
pumssible the high growth raes make modes (©) and (d) the
must probable. I meuns that sweps are geacrally aken 1w
eliminate dinsobved gas from the weld poul, ¢.g. by the incor-
POTLON OF GV Een seasvenging agents into the weldiog Nux,

1.5 Inpot Solidification

The macrostruciure of o cast ingot normally consists of a chill
sone, o colummir zone, and an equinned zone (Fig.5) The
chill zone is produced by heterogencous nuckeation in the
region adjacent 10 the mould wall as a result of thermal
undercooling.®- 7 Sinve  heterogeneous nucleation is not
expected in weld pools {(sec Scction 1.1) this zone is absent.
The columnar zone of an ingol develops by competitive
growth from crystais at the initial solid liguid interface. These
correspond 1o the partially melied crystals at the boundary of
the fusion zone in a weld pool (see Section 2,1} The colurmnar
crystals show a strong preferred orientation which corres-
ponds with the preferred crystatiographic directions of den-
dritic growth, i.c. <100> in cubic metals.'® The columnar
zone persists until conditions become Favourable for the for-
mation of cquiaxed crysials which then grow, obstructing
further columnar growth.

There are thice major sources of nuclei Tor the equiaxed
cryslals,

(i) apparentls isvlated hewcrogencous nucicatlion evenis in
the melt*!

(i) Fragmenttation of the growing columnay zong*t

(iit) nuelcation events at the free surlave ™™

I ingon soliditication all three sources are normally contrib-
utory to various degrees and it is manipulagion of conditions
to favour these ditferent mechanisms which is foremost in the
control of the cast structure.

Heterogeneous nucleation oceurs in the initially chibled
liquid on pouring and some of these aucled can be swept into
the bulk of the hiquid and survive there.

Fragmentation oveurs by dendeite remelting and is a con-
sequence of thermal Nuctdations associated  with convec-
tion? fyee Figo), Nuclei sre produced a the Tree surface
because of preferentisd heat loss and shower down into 1he
liguid ahead of the colummar zone. % In all cases. however, it
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nuelei but dhit these nucler mst sursne withouwt ..nmplg,,y
melting.

The morphology of the solidification rost and ihe Gy,
oens and selucitios of dendritie growih ot and m oot o the
intertoce depend signiticantly on the rate of heat ostiicnag
el on the magnitude of the oval supercooking 5+ Aqme.
toned in Sevtion 1.2 thermval conditions vty et ahead ofhe
cotumnar imterface which favbur the growith of “nuddei” winen
wnist ahesd of the interface, The merruption of colunsingy
growith vecars when the growing Jdendrite Fragmenis Hogiing
in the liquid wdheee o the soliditication frome The efegise.
ness of the imerription prnwss dq\cmls upon an interplay
between the number and size of the loating cesstadsind onthe
shape of the solidifivation ront.™ The structure prodiced
under given conditions inany §usem is logically dependent on
the constitution of the gvstem and the compasition ol the
pariicular atloy under examination. ™

In weld pools the very hagh temperawures inihe liquid nike
fragment survival difficult and so normally oy the columnar
zone appears (see Section 3.3, -

In casting practice structure control is normadly exerred by
introducing  hetcrogeneors awcleants (inoculanis)®  or by
encouraging dynamic fragamentation of the growing dendrites
{dynamic grain refinement) using, Tor example. mechanical
stirring*!- ¥ or ulirasonic vibrations. ¥

1.6 Segregation

Segregation is classitied as either microsegrogation texiending
over distances of the grain diameter or less) or macrosegre-
gation (extending orer more than several grain Jdiamelers). In
wrn microsegregalion is subdivided into cellular. dendritic,
and  gruin-boundary  sceregation. The shortrange  etfects
occurring when an inerlace 35 growing in o cellular formit
produce compuositional variations which although Lo 43
can readily be eliminated by heat treatment. Dendritic segre-
gation cither as coring or by the accumulation of spine in
interdendritic spaces't is more ditlicalt @ climinate, Grain-
boundary segregation occurs cither by salute wccumulation in
grain-boundary grooves (Fig.7w) or by the impingenent of
two iaterfluces growing with a growth component normal 1
euch other (Fig. 7). This latter tape of scwregation is more
properly considered  as  macrosegregation and  centre-line
solute svcumulutions can be vers marked when volumnar
growth predominates. ¥ The detailed mature of the
patiern i dependent on the growth conditions and mor-
phology ol the growing dendrites and is Lirgels & manitesta-
©i o OF the
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other main forms of macrosegregation. pravity segregation
aml inverse segregation are normally onh cxpected in rela-
tively large systems. They are not of particular relevance
when considering weld-pool solidification and do not warrant
furiher consideration here,

Normal macroscopic segregation can be described in terms
of average compositions and directional growth leads w0
solute distributions broadly similar to thuse obsenved in
directionally salidified bars,?* e.g. as in Fig.2. when allowance
is made for the inftuences of Auid Aow.

1.7 Solidification Delects
Although a wide range of solidification defects commonly
oceur in castings** many of them are the result of deficiencies
in casting practive. The tivvee most important in the present
context are:
(i} gus blowholes {porosity) produced by enirupment or
generation ol gas bubbles in the liquid (see Section 1.4)
ii) contraction cracks (hot tears) formed when the metal
pulls itsell apart on cooling under the influence of
thermal stress
(iii) shrinkage cavities which appear us a result of the
volume coniraction associated with the iransformation
from liguid 1o solid.

These can be avoided by degassing. control of thermal
gradients, and promotion of directional solidification. res-
pectively. 1n weld-pool solidification each of these three de-
fects could possibly occur and similar remedies must, it
possible. be adopted to climinaie them. {t should be noted,
however, that shrinkage cavities are only to be expecied when
the pool is very large.

2. Relationship between Ingot Solidification and Weld-Pool
Solidification

While the process of weld-pool solidification is frequently

compared with that ol an ingot in miniature, a number of

basic dilferences, already mentioned, exist which markedly

influence the structare and uliimately the properties of the
final weld deposit. These can be summarized as:

ta) during ingon solidification, the nucleation amnd growih of

metal crystals twkes place on pouring, penerating the

characteristic chill zone observed in most castings (swe

Section 1.5): in contrast, no nucleation esent is neves-

sary o initinte weld-pool solidification; the molien

weld pool readilh wets partially melied prains in the

base material, which is usually similar in chemival

compuosition to the weld pool iself: as the weld pool

coobs past its liquidus, a solidification interface is thus

eflectively presemt it the Tusion boundurs and growth

takes plice from partiafly melied wrains in the base

B Growth from the fusion bowndary of TIG melt v in A1 3-3Cu
shoeet: the fusion-zone howidary: is cleardy doforad in the partially
mlted grains - 150

metal into the reveding weld pool (Fig.8) with a mini-
mum of supercouvling -

{b} macroscopic solidification rawes in weldments are orders
of magnitude greater than those found in ingots. being
determined by the speed of welding, e.g. they vary from
100 mm/min in ungsten inert gas (TIG) welding up to
as high as 1000 mm.-min in electron beam welding:
very steep thermal gradients in the weld pool are asso-
ciated with these high soliditication rates: the distance
of the welding heat source from the selidification inter-
face may vary from 2 mm up 1o more thun 70 mm de-
pending on the speed of welding and process considered :
average thermul gradients of 72 C mm in the weld pool
have been claimed during TIG welding.** while gradi-
ents of 40°C mm have actually been meuasured near the
trailing edge of a submerged arc weld pool**

{¢) the overall macroscopic shape of the solid. liquid inter-
face changes progressively with time during ingot
solidification: in welding, however, a continuously
moving interface bounds the weld pool. the shape of
which remains constant over the major portion of the
weld lengih: this is disturbed in general only by weld
start and finish cffects or external perturbations 10 the
welding process by, for example, varisiions in arc
behavicur

{d) the motion of the molten metal within a weld pool is
typically much greater than that experienced in a
solidifying ingot: this is particularly true of arc weklding,
where electromagnetic stirring of the weld pool gen-
erated by Loreniz forces creates conditions of con-
siderable turbulence within the pool. ++

To appreciate Tully the implications of these differences in

general solidification behayiour between a weld pool and ian
ingot, it is necessary to consider in detail the sequence of
events taking place in a solidifying pool beginning with the
initiation of growih at the fusion boundary.

3. Weld-Pool Solidification
Ak Growth Initiation in a Weld Pool
The influence of basc-mictal grain size and orientation upon
the initiation of solidification in a malien weld pool was lirst
recognized and siudied sysiematically by Suvage and  his
co-workers, > 27 who concluded from the continuiny of grains
across the Tusion boundary observed in el runs on a range
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of materials that solidification had begun by ‘ephaxial’
growth* on the parent plate (e.g. Fig.8). Such a process of
growth al the fusion boundary must gencrale grains in the
weld metal having the same crysiallographic orientation as the
immediately contiguous parent-plate grains across the fusion
boundary, and this orientation relationship has been confirm-
ed by Savage and Aronson®’ and a number of other investi-
gators for both bee*® and fog?- 1 %2 metals using the Laue
X-ray back-reflection technique. On the basis of these results.
it thus seems wel| established that the growth initiation event
in weld-pool solidification does not present a significant energy
barrier. As mentioned above, the weld metal almost perfectly
wets melted grains in the heat-affected zone (HAZ) of the par-
ent plate and growth takes place from these grains into the
weld pool after the passage of the welding heat source.

Since growth during weld-pool solidification begins from
grains in the parent plate, the width of a weld-metal grain at
the fusion boundary will be determined by the widih of that
grain in the HAZ acting as the growth substrate. This was
observed in passing by Savage ef al.** and has subsequently
been studied in more detail by Matsuda er a/.3? and Loper
elal$3

The size of a grain in the HAZ of a given base material
depends on the magnitude and duration of the thermal cycle
experienced during welding and the metaliurgical characteris-
tics of the material, Thus it might be expected that the size of
the HAZ grains at the fusion boundary, and hence the im-
mediately adjacent weld-metal grains, would depend upon
those welding parameters which determine the extent of the
thermal cycle in the base material. Loper e/ a/.%* have found.
however, that the average width of both the HAZ grains and
the weld-metal columnar grains at the fusion boundary re-
main approximately constant over a range of heat inputs up
to 0-4 kJ/mm in TIG melt runs on 6-35 mm thick commercial
aluminium plate. This research confirmed the results of Mat-
suda ef al.®® for commercially pure titanium, niobium, and
tantalum, but not their results for zirconium, which showed
some correlation between the width of the fusion boundary.
weld-metal grains, and the welding speed at a fixed current
level. Both these investigations were directed at unrealistically
low heat-input situations compared with current trends in
welding, however, and it is worth noting that under the higher
heat-input conditions found in the electrosiag and submerged
ar¢ welding of ferrous alloys, e.g. 8 kJ/mm, HAZ grain growth
ahead of the molten zone could be a factor in determining the
number of weld-metal grains at the fusion boundary and
consequently the overall structure of the weld bead. The sig-
nificance of such an effect has yet to be satisfactorily studied,

It has been tacitly assumed in the above discussion on the
initiation of growth in weld-pool solidification that the fusion
boundary can be located precisely as the point where complete
melting has taken place. In general, this is not strictly true
and it is not always possible 1o determine the boundary of
melting with complete confidence. Savage and Szekeres®
have shown that the apparent position of the fusion boundary
in steel weldments made using filler wire additions (o the pool
depends on the method of etching of prepared metsllographic
specimens, and they suggest that this may be due to the exist-
ence of a region of melted basc metal which has resolidified
without mixing with the main body of the pool. This eiTect
would not apply to simple melt runs, where the pool and the

* pituxy or oricaled overgrow th is usually reserved as @ description for
orienled crystallization on fureipn substrates from the vapour’~ of
liquid.** Growth from partially awlted crysials without a nucleation
event as in the case under considerution here cunnot, therefore. sorictly
be described os epitaxial.

buse plate were identical in composition, but wouid be signi-
ficant in the realistic welding situation where filler meud of a
different composition is used. Neither Duval and Owczurskiss
nor Makara and Rossoshinskii"* were able 10 locate thig
region of completely unmixed. meited base metal in more
quantitative studics but found instead a zone of incomplete
mixing of filler and melted base metal at the extremities of the
weld bead. Using electron microprobe analysis on the fusion
boundary of a steel weldment, Duvall and Owczarski®® idenii-
fied a composition gradient extending from the average weld-
metal composition into the HAZ for 80-150 um uniil the
average base-metal composition was reached. When con-
sidering welds made with filler metal additions it is. therefore,
mare appropriate 1o look upon the area of the bead immedi-
ately adjacent to the general fusion boundary as an il defined
region extending from the true weld metal, through the regions
of incomplete mixing and of partial melting, eventually 10 the

HAZ proper. This does not affect in any way, however, the
validity of the conclusions discussed above on the nature of :
the initiation of growth in a solidifying weld bead.

3.2 Development of Grain Structure During Weld-Pool Solidifi-

cation

The initial growth of partially melted grains in the parent

plate is followed in weld-pool solidification by a period of
columnar grain development during which a process of com-

petitive growth occurs in an exactly analogous manner to that

taking place in ingot solidification (see Section 1.5). This

period of columnar solidification normally dominaiés the re-

mainder of the weld-pool solidificaticn since, as will be seen

later, columnar-to-equiaxed growth transitions are compara-

tively rare during welding unless specific sieps are taken to

suppress columnar growth. Consequently, the overall solidifi-

cation macrostructure of a weld bead is determined in general

soleiy by the pature of the competitive growth process bet-

ween adjacent columnar grains, and this therefore has a very

significant influence upon the final properties of the fusion:
zone,

As described in Section 1.5 both fee and boc materials have
as preferred easy-growth directions the < 100> directions.
Solidification usually proceeds along that easy-growth direc-
tion oricnted most closely to the direction of the maximum
thermal gradient in the mele. During welding the maximum
thermal gradient in a weld pool is normal 10 the pool boundary
at all points on the boundary and thus the form of the com-:
petitive growth process in a given material is uniquely con-
trolled by the weld-pool geometry.- Furthermore, the grain,
orientation in the weld metal at the fusion boundary is deter-
mined by the orientations of the partially melied grains and:
will iherefore be most favourable for those grains growing,
from substrate grains with a < 100> direction most nearly.
aligned parallel to the direction of the normal 10 the pool
boundary at the moment of solidification being considered.
This interaction between parent-plate grain oricniation and:
the anisotropy of crystal growth and its effect upon the com-!
petitive grain-growth mechanism in welds of varying geo-:
metry, has been studied in detail by Bray er af.%* They made.
full penetration TIG melt runs on deoxidized copper sheet Iy
such a way that the fusion boundary of the welds ran through
particular grains and (wins whose local orientations had been
previously determined. From considerations of the process
growih on these substrates of known orientation and (he €n-
suing competitive growth in a pool of sclecied geometry, Bra,
and his co-workers were able 10 apply the gencral ccnccP"l
discussed above to predict correctly which grain or twin would
dominate the solidification in particular welds, This wofk'f
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contirme the resulis of carlier similar investiganions by Savage
et al* and Chase 5! and also showed that the theories de-
veloped 1 explitin competitive growth in ingo solidification
coutd be applied with confidence to the particukie conditions
of wehd-poo] sotidification.

3.3 Influence of Weld-Pool Geometry
1t is evident from 1the above discussion that a change in weld-
pool shape caused by variations in welding parameters may
markedh alter the structure of a fusion weld in a given mal-
erial. Considering the two-dimensional shape of a weld pool,
as sevn on the weld surface, a tear-shaped weld pool has an
almuost invariant direction of maximum thermal gradient at
all points on the pool edge from the fusion boundary 1o the
weld centre (Fig.9). This resulis in any grain favourably
oricnted for growth at the fusion boundury being able 10
grow it uptimum speed and expand ar the expense of less
fav curably oriented grains. Refatively few grains thus survive
1o reach the weld centre. In contrast, in an clliptically shaped
poul, lormed at cither lower welding speeds or mgher welding
currenis than a tear-shaped pool. the direction of the maxi-
mum thermal gradient. i.e. the direction of the perpendicular
to the pool trailing edge, changes continualtly from the fusion
boundary 10 the weld centre (Fig.10). In consequence, no one
grain expericnces favoured growth for any extended period
and very many more survive 1o reach the centre of the weld.
Thi§ dilference in macroscopic grain development for tear-
shaped and elliptical weld pools has been demonstrated ex-
perimentatly in a number of papers®™- % & % 4nd_ a3 will be
seen in a later section, can hane an important effect upon the
properties of the weld bead.

A columnar grain which survives over any greal distance in
an ellimival weld poal exhibits considerable curvature (Fig.
1y due to the progressive change in ithe favoured growih

NS\

10 ¢ ofumnae develupmens o wn clliptical weli-peotd. the provresae
e i divection of this maximnm therimal gradiens is vethed ted
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-

-4

18 Curved cohanmnar predin development in an elliprically shaped weld
poctinan 41 Y-85V e allay B /)

direction. The crastallographic oriemation of this grain re-
mains constant, however, the curvature observed being gen-
erated by 1the repeated side-branching of the solidification
substructure. *™ 7 As such columnar grains develop, a situa-
tion may be reached when growth by side-arm branching be-
comes difticult for 4 number of adjacent grains due to the rela-
tive oriemaiion of the casy-growth direction and the con-
tinually changing direction cf the maximum thermal gradient.
Under these circumstances, a new columnar grain may be
initiaed from a random solid fragment which has been in-
corporated into the advancing interface from the melt with a
< 100> direction oriented parallel 10 the direction of the
maximum thermal gradient at that particular momemt ol
solidification.”*- %" 7! This fragment is thus able to grow more
rapidly than neighbouring grains and rapidly expands 10
dominate the locat solidification process. The scurce of these
solid fragments during welding has yet 1o be investigated, but
it would scem clear that they are generated by some process of
interface fragmentation similar 10 that which can occur in
ingot solidification due 10 either thermat fluctuations in the
melt or mechanical disturbances at the solid;liquid interface.
Indeed, it is importani 1o note in this context that recent work
on grain refincment during weld-pool solidification® has
demonstrated that variations in arc behaviour, such as arc
vibration or periodicity in the heat input 10 the pool associated
wilh cyclic current characieristics, can promote such interface
fragmeniation (see Seciions 4.2 and 4.3).

The nature of the solid fragments which initiate new col-
umnar grains during normal solidification in an elliptical weld
pool may vary from apparenily minute dendrite fragments®:. !
10 relatively large grains oxhibating [ree dendritic growth
morphologies*' 7' similar o those observed by Southin?s in
the heads of the characieristically comet-shaped grains found
in the equiaxed and columnar zones of a solidified ingot. The
accurrence of solid fragmems within the body of columnar
dovelopment in o weid pool is promoted, as in ingot solidi-
fication. by conditions which enhance constitutional super-
cooling and dendrite remelting in the melt.**- "1 This is sub-
stantiated by the increased tendency 1o observe large frag-
ments showing evidence of Iree dendritic growth at high alloy
contents.”! Solid fragments of the 1ype described above are
alser found in tear-shaped as well as elliptical weld poals, but
under these conditions of imarint direction of maximum
thermal gradienr, thes tend 1 be grown ow by the alreads
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well established columpar grains (Fig.12). The enistence of

solid fragments ahead of the growing interface has important
implications in both the columnitr-10-equiased growth transi-
tion during welding and the control of weld-pool solidification.
and these are considered in more detail in subsequent sec-
tions. .

The importance of weld-pool geonmetry in determining the
form of the solidification macrostructure has encouraged a
number of research workers (o 1ry and develop mathematical
equations capable of predicting the rwo-dimensional, weld-
pool shape for a range of welding conditions and mate-
rials.7* 3 All of this work has buill into it a number of very
arbitrary assumptions made to simplily the heat-flow prob-
lems associated with the welding situation under study. In
particular, the fundamental assumptions are made thar weld-
pool shape is dependent solely upon the heat-flow pattern in
the basc matcrial and that the welding arc can be considered
as & moving point heat source. Weld-poul shape is critically
affecied by the wrbulence pattern in the melt, howeser, which
depends in turn upon current paths in the pool.®® ™ The
equitions obtained have thus had little appreciable success in
predicting actual weld-pool shape. Zanner™ has stiempied a
more realistic approach (o the problem, using impulse de-
canting o reveal the three-dimensionad pool shape inthe TIG
wetding of mild sieel. With the aid of regression anulysis. he
succeeded in developing a computer model simulating the
welding process which enabled predictions to be made of the
weld speed and current necessary 1o produce o weld pool of
specified fength, width, and depth. Despite this sophisticated
approuch, however, considerable error still reimained, par-
ticularly in the prediction capability lor speed.

The geometry of the weld pool places certain requirements
uvpon local solidification rates at dilferent points along the
pool interface i the shape of the pool is to rensin constant.
Over a given time interval, the interfitce at the centre of the
weld pool must, by the misture ol the shape of the pook, ravel
a grealer distance than the growing interface at any other
position on the poot boundary. Fhis led a number of work-
erstt T2 T o propose that the local solidification rate it any
rAen on the pool boundary should be given by 1 eon A
where 1 is the welding speed and ¢ is represented disgeram-
miaticalls as the angle between the normal 1o the tangent (o the
parol at the point considered and 1he welding diection (g,
1 3erh. Thiy u§Gumes, fumever, thatt erystad gros th is Betropic

welding
direction

R=Vcos €

13a Solidification rates et diflerent positions on (e teaiive cdee of
the weld pool tassuming ixoetropic growrly

and takes place along the direction of the maximum thermal
grudient, i.e. in the direction of the normal w the fusion
boundary. In fact, as discussed above, rapid growth takes
pluace along that favoured growth direction mosi ncarly
aligned with the direction of the maximum thermal gradient.
Accordingly, some adjustment 10 the expression for local
soliditication rates is required to allow for this anisotropy of
crystal growth. Nakagawa er af.%" were the first investigators
fubly 1o appreciate this and their expression for local solidifi-
cation rates makes the necessary corrections tu the above
work (Fig.13h). Thus, the iccal solidification rale is given by
Ru | Veos#
cos (8 &) cos{f &)
where R, is the growth rate in a direction normal 1o the
isotherm and @' is the angle between the welding direction and
the direction of lavoured growth. Thus, in welding the solidi-
fication rale is greatest on the weld-poo! cenire line where
# 90 . At this poimi the temperature grudicn}"ure most
shallow because of the distance from the welding heal source.
The lowest growth rates are found at the weld-pool edge

8 0 where the gradients are sieepest because of the

proximity ol 1he heat source. This is in contrast to the situation
in castings where maximunm solidification rates are normally
wssociated with maximum  temperature gradient§ and vice
versa.

Ad Columnar-to-Equiaxed Growth Transition

in contrast to ingot solidification, natural trunsitions from
columnar 1o equiased growth are comparatively rare during
weld-pool solidification. As discussed in Secuion 1.5 some

puddle 1sother—
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limited generation of nuclei can take place during welding
associated with either arc instabilities or periodicity in heat
input. The thermal conditions in the melt are 50 severe during
welding, however, that nuclei survival is very limited unless
either the mechanisms promoting nuclei generation are par-
ticularly effective, which is normally only the case when steps
are specifically 1aken to obtain equiuxed growth (ser below),
or the conditions of welding are such as 10 produce a high level
of cellular or dendritic undercooling in the pool. Accordingly,
puclei are rarely present in sufficient size and number to
physically block columnar development and promote Irue
equiaxed growth. At best some refinement of overall columnar
grain size is achieved by the repeated incorporation of indi-
vidual isolated nuclei into the overall growth pattern.

Equiaxed weid-pool solidification thus tendstooccur unaided
in the region of the centre line of the poot, where solidification
ratés are highest and the therma! gradients Aattest due to the
distance of the arc, and is generally associated with high weld-
ing speeds3?- ** and high alloy contents.*®- *' For example,
Maisuda e7 al.3? only succeeded in generating equiaxed grains
at the centre of full penetration melt runs in 0-32",, steel sheet,
10 mm thick. when the welding speed reached | m/min and
Miller*! found that equiaxed dendrites were formed in welds
made on 70Cu-30Ni sheet only with welding conditions
giving a long weld pool, viz. at high travel speeds. High weld-
ing speeds also encourage equiaxed growth because of the
overlap of the regions of solute accumulation ahead of the
converging solidification fronts at the cemire of the tear-
shaped pools formed at rapid welding speeds (Fig.9). This
provides a region of weld pool uniquely suited to the growth
of fragments ahead of the melt as the weld pool progresses
along the parent plate.

3.5 Growth Substructures in Weld Metals
One of the first investigations into the nature of growth sub-
structures in weld metal was by Calvo, Bentley, and.Baker®* in
which celluiar, cellular-dendritic, and free dendritic growth
modes were observed in stationary melt poois for a variety of
materials. 1t was found that the higher the alloy content of the
pool, or the flatter the thermal gradients, the greater the
tendency for cellular-dendritic and ultimately free dendritic
growth modes to form. These observations were originally
explained using concepts of constitutional supercooling al-
though they should now be considered in terms of the total
cellular and dendritic undercooling!™-*® (see Section 1.2).
Savage et al.** confirmed these findings and extended the work
to include substructures observed in normal weld beads laid
down over a range of welding conditions. This work and a
later, more detailed study by Savage, Lundin, and Hrubec®?
showed that it was possible 1o generate a range of growth
substructures in melt runs in a given materiat simply by vary-
ing the welding conditions. Working on T1G melt runs in low-
alioy steel, they found that increasing welding current at a
fixed welding speed, or decreasing speed at a fixed current
level, caused the melt run substructure to change from a
cellular to a cellular-dendritic growth mode. Although it was
again proposed that the variation in welding conditions had
promoted the observed growth transitions by flattening the
thermal gradienis in the pool, so increasing the undercooling
ahead of the advancing interface it is feasible that a decrease
in welding speed alone might have been expected 1o stabilize
cellular growth through the associated reduction in the solidi-
fication rate of the pool {see Section .3).

While these extensions of the theories of undercooling to the
study of weld-metal growth substructures are further indica-
tions of 1he basic similarity of fusion welding 1o other solidifi-

cation processes, it is worth remarking at this point that
structural transitions in wekl metal of the type outhined abowe
have been explained in detail by a number of investigalors,
notably Savage and his co-workers, on the basis of the solidifi-
cation parameter G/R. This parameter was first introduced
by Tiller and Rutter'! in an atiempt to guantify the boundary
solidification conditions for particuluar growth modes. There
is, however, no sound experimental evidence for the adoption
of this specific form of thermal gradient-solidification rate
relationship® and correspondingly its limited value in weld-
pool solidification studies should be recognized.

The variation in both local solidification rate and thermal
gradient in a single weld on moving around the fusion bound-
ary from the side 1o the weld centre line causes a progressive
change in solidification substructure across an individuat weld
bead. At the side of the pool steep thermal gradients together
with comparatively low solidification rates favour cellular
growth while at the weld centre line, high solidification rates
promote a lransition to dendritic growth modes. As a result,
a range of growth substructures can be obscrved in melt
pools** and in individual weld beads, particularly at relatively
high welding speeds.33. 74. 3% Ay speeds used in normal welding
practice only a gradual increase in the dendritic nature of the
substructure is observed on moving across the weld bead. -

Although well defined, preferred < 100> crystallographic
growth directions have been confirmed in welds of both fec
and bcc materials, 3 %0-%* Nakagawa ef ol.%7- 71 observed
that the secondary dendrite arms could be misoriented from
the main stem by as much as 10° in some instances. It was
proposed that this was due to physical distortion by the high
levels of turbulence characteristic of molien weld pools, This
theory had been advanced previously by Weinberg and
Chalmers*® to explain misorientations of a similar nature
observed in ingots. Cell orientations during welding show a
more marked dependence upon welding conditions than do
more dendritic growth modes*® and, in particular, appear to
be influenced markedly by welding speed. During a study of
melt runs on aluminium single crystals,* the dircction of
cetlular growth at slower welding speeds (225 mm/min) was
observed to move away from < 100> towards the direction of
maximum thermal gradient. Increasing the welding speed,
however, reduced this deviation and at higher welding speeds
{1500 mm/min) the cellular growth direction was found to
correspond closely to the characteristic casy-growth direction
of <100> for focc metals. In this context, it is worth noting
that these results are in agreement with earlier fundamental
work on the general effect of solidification rate upon cellular
growth directions.%*

As discussed carlier, solidification rates in fusion welds are
normally much greater than those in conventional castings
and this is reflected in the fine scale of the resultant solidifica-
tion substructures. Brown and Adams?’ found that the only
castings in Al-4-4Cu-0-98i which had interdendritic spacings
of the same order (9 m) as welds made with heat inputs of
around 1-18 k)/mm, were droplets of 1-2 mm diameter
quenched in a stream of nitrogen. The local solidification
time'! (see Section 1.2) in a weld will depend upon the rate of
cooling of the weld through the solidification range ai that
locality. From these considerations, Brown and Adams?’
predicted theoretically thai the dendrite arm spacing in partial
peneiration welds deposited under conditions of three-dimen-
sional heat flow on relatively thick plate would be related
directly to the square root of the heat input per unit length of
weld. This calculation was based on 2 very much simplified
analysis of one-dimensional dendritic growth,®* which yields
the expression for dendrite arm spacing L,
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" 1-ka)Cu .
where D is the diffusivity of solute in the liquid, AT is the
undercooling, te is the local solidification time, m is the slope
of the liquidus, ke is the distribution coefficient, and Co the
alloy composition.

Substituting in this expression the cooling rate (local solidi-
fication time) at the centre of a partially penctrating arc
deposit, assuming three-dimensional heat fiow, i.e.

U B

*T 20 KCo ¥ (T To)?
where Lm is the latent heat of fusion, g is the arc power, K is
the thermal conductivity, Cp is the specific heat of the solid
atloy, ¥ is the arc travel speed, T is the liquidus temperature
of the alloy, and T is the initial temperature of the plate, gives
the relationship between dendrite spacing and arc energy or
heat input per unit length of weld

g\!
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Results of work on aluminium, copper, and nicket alloys
confirmed their predictions, and subsequent work by jordan
and Coleman®* and Lanzafame and Kattamis,*® which is
summarized graphically in Fig.14, has substantiated the
existence of such a relationship.

Jarman and Jordan® extended this work to full penetration
welds on Al-4-5Cu sheet, where the conditions of heat flow
were esseniially two-dimensional. Using the same approach as
that of Brown and Adams, they showed both theoretically and
practically that dendrite arm spacings under these conditions
were directly proportional to heat input per unit length ol
weld. The results of work on the influgnce of local solidifica-
tion time upon interdendritic spacing in castings would thus
seem 10 be equally applicable to weld-pool solidification, again
emphasizing the basic similarity of the two processes.

A progressive decrease in dendrite arm spacing between the
fusion boundary and weld centre line can be observed in indi-
vidual welds. It has been suggested®® that this may be due to
the increased solute segregation at the weld centre line (see
below) reducing the rate of dendrite coarsening!'® during the
local sclidification process so premoting a finer final solidifica-
tion substructure, The effect of solute content upon dendrite
arm spacing is not yet clear, however, even in ingot solidifi-
cation!- M. *2 angd it is more likely that the variation in
spacing within a given weld is simply the resutt of the changes
in local solidification rate at different positions on the ad-
vancing solid/fiquid interface necessary to maintain constant

L=

T

Iy

T T T L) T L
B just above toe of weid
o level with surface of
plate
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weld-pool peometry (se¢ abovz). Most rapid weld-pool saligi.
fication occurs at the centre of the bead, which would thus be
expected to have Lhe finest solidification substructure,

3.6 Solute Segregation During Weld-Poot Solidification
As will be seen in Section 4 segregation during weld-pool
solidification may lcad both to variations in mechanical
properties throughout the deposit and to the occurrence of
solidification cracking. Despite this influence upon in-service
performance, however, comparatively little quamtitalive ip-
formation is available on the form which solute segregation 1
may take in a weld bead, probably because of the very fine
nature of the solidification substructure which often precludes
meaningful eleciron probe microanalysis. WNevertheless,
Miller® has established the presence of a solute-rich Tayer
ahead of the advancing solid/liquid interface in a weld pool
and, using microprobe analysis on back-filled weld-meral
cracks, has also shown that the values of the equilibrium dis. .
tribution coefficients for a variety of solute elements are the
same in both weld-pool solidification and ingot solidification,
The basic mechanism of solute segregation thus 2ppears 10 be
the same in both cases and, just as in ingot solidification,
microscgregation is more pronounced in a weld bead, the
more dendritic is the solidification mode, .g. interdendritic Mn
levels of 6-9%, have been recorded in welds on a Cu-Si-Mn
alloy compared to 5-4%, at cell boundaries, on changing the
welding conditions.*® Furthermore, it has been found*™
during the welding of a commercial aluminium alloy that *
increasing the weld cooling rate by decreasing the energy
input from 3-31 kJfmm 10 1-65 kJ/mm reduces the amount of -
any non-equilibrium interdendritic second phase caused by
solute segregation while at the same time increasing the solute =
content {Cu} at the centre of the dendritic arms. The reasons 71-(
for this latter effect are not yet clear, but may be associated
with solute entrapment in the primary phase at the very rapid !
solidification rates characteristic of welding.*o- »
Segregation at grain boundaries will be greawer than that °
encountered within the substructure composing the grains and _;
both Miller®! and Beil** have identified the existence of such
enhanced grain-boundary segregation during welding. This is .}
particularly true where the outward growing grains from both
sides of a weld impinge at the centre line and tend 10 trap the
solute-rich liquid {cf Fig.75). This is most marked for welding
conditions which produce a tear-shaped weld pool and hence |
a steep angle of abutment beiween the columnar grains at the -3
weld centre.*? b
A very characieristic segregation pauern observed fre-
quently in both manual and automatic welding. made with of 4,
without the use of Fiter additions, is solute banding (see -ix
Section 1.3}. This solute banding may be obsersed as periodic
regions of solute enrichment or depletion and is revealed on-
ctching a weld surface, as light or dark lines marking successive ' J;
positions of the advancing interface (Fig.15). In exireme cases, -3
lines of porosity may be located on subsequent sectioning of ¥,
the weld bead outlining an instantaneous position of the =&
trailing edge of the weld pool. It was realized quite early in
the study of weld-pool solidification that such segregation
patierns in weld metal could adversely affect the subscquent
physical and mechanical behaviour of the weld metal and the *
possible mechanisms of formation of this solute banding have :
thus received considerabte attention. i
Sinee the mode and extent of solule redistribution s a func-
tion of the solidification conditions and parlitioning character-
istics of the system, soluie banding must reflect some periodic 4
change in these characieristics. The surface of & weld beads .
even when deposited using an sutomatic process. exhibits
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periodic undulations or ripples (Fig. 16} These ripples repre-
sent a disturbance of the molien weld pool which is likely 10 be
reflecied in the solidification of the bead and some correlation
thus might be expected between such surface ripples and the
change in soliditication behaviour of the weld pool necessary
10 cause solute banding. Direct experimenial evidence for such
a relationship was obtained on welds made with cyclic currem
churacteristics by Cheever and Howden** who found 2
similariny in the periodicity of the o effects. This was sub-
stuntiated m a later, more detailed study by Garland and
Davies.** In this investigation, weld-surface ripples in TIG ac
meh runs were found 10 correspond not only with sofute
banding. but alse with @n associated periodicity in the solidifi-
catton substruceure (see Fig.4).

A number of explanations huve been advanced 10 account
for surface rippling and solute banding. Prior 10 the work
outiined above most of these were based on an asswmed corre-
lation between the two disturbances in weld-pool solidification.
The essentials ol these various proposed mechanisms of for-
mation are considered below:

ta) solidification halts are said W occur during welding due

10 the removal of supercooling at the interface by the
rapid evolution of latent heal caused by the high rares of
solidification®-#5 1" Juring cach halt, it is proposed

that ditfusion o §ulute tahes phiwe Trom the Solid w the

adgacent liguid which, when solbitied on the recom-

mencemnent of prowth, enerales the selute hamding

observed g asim g 1§
(b locat perisdic wariationg in the olidification rate of the
weld bead ke place due w o retardanion i growih ot
the primarsy dendrile aris caused by heat evolution
during braswhing 10 form secondars wrmst*2; surface
rippling of the weld beid s supposed e be Jormcd con-
currently by an interaction between the surface tension
of the receding melt powol and the periodic growth of the
advancing dendrite iips
variations in the power supply 1o the welding head cause
periodic changes in solidification rate through 1heir
effect on the are force on the weld pool and the heat
input 1o the weld v 1
(d) Muctuations in weld-pool (wrbulenve due 1o cither “are
resonance ' or 1o the Loremz forces acting on the
pool*s =* disturb the surface of the pool and form both
ripphing and solute banding
the contined weld poot under the inltuence of the down-
ward stream of shiclding gas, e.g. in TIG welding.
assumes a mode of periodic oscillation with an associat-
ed effect on sohdilication characieristics due 10 the
change in surface 1ension of the liquid metal with tem-
perature as it moves cither nearer or further from the
welding heat source*'*; this effect would seem of mar-
ginal importance, howeser, since rippling is observed
in electron beam welds in the absence of a gas shield
wind in melt pools afier the estinction ol the arc?';
further, the variation in surtace tension of liquid meial
with temperature is very small. =

A number of these hypotheses would. however, have been
expected 10 be equally applicable (0 solidification processes
other than welding. e.g. {a) and (b), where solute banding and
associated surface rippling are nor normally observed, and all
lacked conclusive supporting experimenial evidence until
comparatively recently, when it was found 1hat surface rip-
pling was only associated with solute banding and structural
periodicity in the weld bead where the welding current had
cyclic characteristics, e.g. ac ur dc arcs with superimposed
ripple. 4
The frequency of this surface rippling is the same as that of
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the -power source and it now seems well established that
specific regular changes in the are characieristics once cvery
complete current cycle™? cant Cituse an increase in temperatlure
at the solidiliguid interface. and with this a periodic retarda-
tion in its rate of advance into the weld pool. Such a change in
solidification rate will gencrawe both the characteristic pattern
of structural banding observed in the weld bead (Figs.4 und
11 and the line of solute enrichment marking the instan-
wneous position of the inlerfuce when the normal laster
growth mode is reassumed for the majority of the curremt
cycle.

Less regular surface rippling without any corresponding
periurbation of the solidification substructure has also now
been recognized in welds and melt pools made without any
periodicity in the power source.”!- ' While the former elliear
would seem to be due simply 10 uncontrollable variations in
arc stability,24 it has been demonsirated conclusively!™ (hat
meli-pool rippling is caused by oscitlation of the weld surfuce
after the removal of the pressure of ihe arc plasma on the
extinction of the arc. ’

For castings it has been proposed® that solute-rich or
solute-poor bands can result from fluctuations in the position
of the growing interface. These fluctuations were the resubt of
pericdic changes in heat Aow and arc analogous (o those
observed inarc welds when the arc energy is varying.

It will be evident from the preceding discussion that solule
segregation in the weld bead can take a number of forms
which could lead to variation in mechanical properiies
throughout the weldment and also to the occurrence of a
raunge of weld-metal defects including porosity and solidifica-
tion cracking. The influence of the nature of weld-pool solidi-
fication upon the subsequent in-service performance of the
welded joint and the soundness of the deposit is outlined in
the following section.

4. Relationship Between Solidification Structure and the
Properties of Weldments

Since the mode of weld-pool solidification controls the size und

pattern of solidified grain development as well as the nalure

and extent of the associated solute segregation in the weld

“bead, a significant correlation would be expected berween

solidification pattern and the properties of the weld deposit.
While the existence of such a relationship has long been recog-
nized, the absence until comparatively recently (xee Section
5) of any systematic study of the effect of moditications in
the mode of weld-pool solidification, independent of welding
conditions, upon the properties of the weld bead has limited
the direct experimental evidence availible, Many of the
experimental data, as outlined below, have been obtained with
vitriety of alloy systems, emphasis being placed on the par-
ticulur property under consideration rather than on the
nature of the parcnt material, No detiled investigations have
been performed on the effect of the mode of weld-pool solidi-
fication upon the whole range of relevant weld-metal proper-
ties in a given alloy system. The remainder of this secteon musi,
of necessity, reflect the limited matuere of the avlable dat
and it is intemded, therefore, 1o concentrate i turn on ndi-
vidial weld-metal propenties, identifying where appropriane
the alloy systems which have provided the experinwnial data

4.1 Soliditication (Cracking

Soliditivation gracking frequentdy owvurg between thg growing
grivins during the terminal stages of webd-pool sobididication
(Fig. 181 when the thermal straims apphicd across djacent
prains eseeed  the ductility o the almost soliditied s3s-
e, Phe various theories™ T are effecin el identi-

IB Sofidittoution cracking in two-pass submerged v wold it oa
[ ¥ TRy -4

cal and embody the idea of the formation of a4 coherent
interlocking solid network separuted by essemtially continuous
thin ligttid tilms which are ruptured, without healing, by the
contraction stresses. A's the contacting dendrites pull apart, the
liguid fitms solidify giving the fracture surface o rounded den-
dritic morphology (Fig.19). Solidification cracking is thus
favoured by (xctors which decrease the solid solid contact
arca during the Jast stages of solidification. This concentrates

B Foantroe e fone od solishification craeh i o gy steel
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Solidification Structures amd Proporties of Fusion Welds

the contraclion stresses at a refatively small number of solid
bridges in the weld pool. These factors include:

(i} low melting point segregates

(ii) the solidified grain size.

Low melting point segregates may persist as grain-boundary
fitms 10 temperatures well below that of the effective alloy
solidus. This allows the contraction stresses to rise (o a high
level in the pool while at the same time keeping the area of
grain-boundary contact small.1"' The larger the solidifying
grain size the smaller the area of grain-boundary contact is
for a given liquid content.!''* This increases the solidification
crack susceptibility. Thus coarse-grained weld metals are more
prone to the formation of solidification cracks.

Both these factors are critically dependent on the nature of
the solidification processes in the weld pool. The role of
solidified grain size in determining crack susceptibility has only
recently become clear with the advent of reproducible tech-
niques for refining the solidification structure of the weld pool.
This is discussed in Section 6 after techniques of refining the
solidified grain structure have been considered.

A number of studies have been carried out, however, in
which the important influence of segregation patterns in con-
trolling solidification cracking susceptibility have been ex-
amined. Before discussing this work, it is appropriate 10 note
that the importance of solute segregation in determining the
likelihood of solidification cracking has stimulated interest in
predicting the nature of the solidification processes in the weld
pool and the form of the associaied grain-boundary segregates
in a given alloy system from a consideration of equilibrium
phase diagrams.?!® The extent of the depanure from equili-
brium during weld-pool solidification due to the rapid solidi-
fication rates (see Section 2) is so great, however, and its varia-
tion with welding conditions so large, that such an approach
has little real value. Information of this nature can only be
obtained from an initial direct experimental study over the
range of welding conditions likely to be encountered in prac-
tice. Accordingly, it is not proposed in this section to pursue
further the application of equilibrium diagram data to weld-
pool solidification. The work correlating segregation patterns
with solidification crack susceptibility is presented on an essen-
tially empirical basis. ‘

The influence of the solidification macrostructure of a weld
bead upon the extent of solute segregation, and hence the
likelihood of solidification cracking. is most clearly evident at
the weld centre line. Solidification cracking occurring at the
point of impingement of the columnar grains growing from
opposite sides of the weld pool is a very frequently observed
weld-metal defect. As the columnar grains grow out into the
weld metal and take part in the competitive growth process,
the solute-rich liquid present at the solidfliquid interface moves
toward the weld centre line. Where the outward growing grains
impinge, the solute-rich liquid from both solidification fronts
tends to be trapped, forming a boundary region at the weld-
pool centre line. When the angle of abutment of columnar
grains is steep a liquid film is retained between the impinging
grains and fraciure can occur under the influence of transverse
contraction stresses. Working with a low-alloy steel, Savage
et al.#3 have shown that welds made with a tear-shaped weld
pool, where the angle of abutment between the columnar
grains is steep (Fig.9), are inherently more susceptible to
solidification cracking than welds made with elliptically
shaped pools. In the latter case, the much shaliower angle of
abutment of the grains tends to sweep the solute-rich liguid
out into the weld pool instead of trapping it at the weld centre
line (Fig.10), and under these conditions the contraction
stresses have a much less marked effect.

95

From a general consideration of the solule segregation
associated with different solidification substructures a den-
dritic substructure would be expected to have a grealer sus-
ceptibility to solidification cracking than a more cellular
growth morphology. This has been investigated by Bray and
Lozano®? in the Cu-Si-Mn alloy sysiem, where they tested the
solidification cracking susceptibility of different substructures
using a cruciform-type cracking test. The obscrvation that
crack propagation in these tests ceased when a structure tran-
sition from cellular-dendritic to cellular took place in the
solidified bead led them to claim that the cellular growth
mode was the least susceptible 1o cracking. The strain applied
te the solidifying bead in this work, however, was thermally
induced. A structure transition in the weld implies a change in
the thermal field surrounding the bead and this will alter the
strain applied to the solidifying pool. It is this strain which
causes cracking. It was, therefore, impossible to determine
unequivocally whether it was a change in structure, or simply
a change in applied strain, which terminated the crack. Such
problems are inherent to cracking tests of this type, where
thermally generated strains developed in the testpiece during
welding cause cracking. The influence of different solidifica-
tion substructures upon solidification crack susceptibility thus
remains to be established. ’

if low melting point segregates occur and are concentrated
at the regions of grain impingement then there is a marked
increase in cracking susceptibility. This is particularly the case
with steels in which sulphut and phosphorus segregation can
enhance weld cracking?!3- 11 by prolonging the stage at which
liquid films exist.

In cast metals it has been observed107. 113. 128 that fine-
grained materials are far more resistant to cracking than coarse-
grained materials. This has been shown!'? to be due to the
greater ability of fine-grained castings to deform to accom-
modate the contraction strain. Furthermore, it is clear that
liquid feeding can proceed more effectively in fine-grained
material. Thus incipient solidification cracks can more readily
be healed. The evidence of the grain-size effect in welding is
less well established.

4.2 Mechanical Properties

Apart from some anisotropy in weld-metal propertics as a
result of the preferred orientation developed in the fusion
zone during competitive grain growth,$® particularly under
conditions favouring 2 tear-shaped weld pool, the effect of the
mode of weld-pool solidification upon mechanical propertics
again stems directly from the pattern of segregation in the
bead. This is evident on both a macroscopic and microscopic
scale.

Probably one of the most significant results of the normal
columnar growth mode of fusion welds is the formation of a
plane of weakness at the centre of the bead where the two
solidification fronts from opposite sides of the weld,impinge.
This is most pronounced in large, coarse-grained deposits
such as those formed in the submerged arc or electrosiag
processes,!'*e.g. Fig.18.

The enhanced leve! of solute and impurity segregation at the
centre of a bead need not cause solidification cracking but
instead can, under certain circumstances, so impair the tough-
ness of the weld deposit as to make it unsuitable for in-service
application. indeed, acceptance codes for particular high heat-
input welding procedures now contain provisions to assess the
extent of this effect by specifying Charpy V-notch impact test
specimens from about the centre line of the weld. The causcs
of this low level of oughness at the weld centre line may -
clude embrittiement due to grain-boundary precipitation and
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non-mctallic inclusion films* ' or, in 1he case of transform-
ahle alloys. a change in the nawure ol the weld microstructure
in this region as compared with the rest of the bead (see below ).

The nature and extent of interdendritic and cellular solute
segregation can influence the strength and response of a non-
wransformable weld deposit 1o post-weld heat treatment, or
where solid-phase transformation oceurs after solidification,
cun alter the form of the final microstructure of the wekd bead.
It has been shown in a range of commercial aluminium aloys,
Tor example, that the smaller the dendrite size. the higher the
vield strgngth* 1'* and ductility''* ol the weld. and the more
rapid the attainment of optimum mcchanical properties
during heat treatment,**-**- 11 due 1o the tiner distribution of
interdendritic, second-phase precipitates associaled with this
solidification mode.

For example, Fig.20, from the work of Lanzafame and
K attamis,*” shows how 1his is uchieved by refining the dendrite
arm spacing by decreasing the heat input {cf Fig.14).
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Tt is less casy to identily any correlation belween mechanicug
properties and selidification substructure in a weld bead whichy
hus undergone solid-phase trunsformation since the origingg
sofidification mode tends 10 be obscured by the final micrg-
structure. In mild and Jow-alloy steel weld metal, however, »
relationship is clearly apparent between the segregation uyse-
ciaded with the extended cellulur-dendritic growth character.
istic of these materials and the formation of low-temperatyre
transformation preducts and. in particular, low- and high-
carbon martensites, 12" 124 . )

Under particular welding conditions and with particalar
consumables. low- and high-carbon mariensites and bainitie
curbides form in groups of islands along the prior salilifica-
tion boundaries (Fig.21). This produces a marked falling
away in as-welded impact strength. 2" After o standard stress-
rcliel heat treatment, e.g. 650 C ror 2 h,'** degencration of
these phases into ferrite-carbide aggregates occurs which
gives an increment of toughness provided no other micro-
structural changes occur.

Some form of relationship must also exist beiween the segre-
gation associated with the extended cellular-dendritic growth
characieristic of alloy steels and thin veins of pro-eutccioid
ferrite in the transformed microsiructure (Fig.22). This rela-
tionship may be due essentially 1o the grain boundaries formed
during the initial solidification of the bead acting as nucleating
sites for the first transformation products, the nature of which
is determined by the effect of the scgregation of alloving ele-
ments upon the hardenability of the deposit.* Such elongated
veins of pro-eutectoid ferrite, separated by lower-iemperature
ransformation products, are known to reduce the toughness
of the weld bead compared to more equinxed microstruc-
tures. ' #- 4 Similar correlations may atso be established under
certain circumstances between the distribution ol delta lerrite
in austenitic stainless steel weld metal and the initial solidifica-
tion substructure. '2?

With the increasingly severe demands being pluced on the

_properties of welded fabrications, the deleterious inlluence of

normal weld-pool solidification upon certain properiies of the
weld deposit has stimulated research into 1echniyues lor con-
trolling weld-pool solidification to produce welds with im-
proved properties. The results of this work arc discussed in the
following section.

X1 Beendive of maviensitic sviceophases Gorrowed vodone v -h’dim't_llfof'
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& 3 gnd P segregation au the cellular-dendrite solidification bound-
arics in the same area of the weld: etched in 3 ssquraied solution
of picric acid containing a wetting agent
n .Un‘lg steel submerged arc weld metal showing the general correla-
tiond hetween pro-eutectoid ferrite banding and sexrexation pasier
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5. Control of Weld-Pool Solidification
The nced for the conirol of the struciure of solidifying weld
pouls is clear from the resulis described in the previous sec-
tion, As outlined there are three major requirements:
(i) control of the distribution of grain sizes and shapes
tii) control of segregation
tiii) control of solidification cracking.

In normal casting practice- 4 structure control can readily be
ohimingd cither by control of nuckalion using heterogencous
inguulanis. or by dynamic grain relinement utilizing (1) nu-
cleistion events at 1he free surface, amd or (b) Fragmentinion of
the growing dendrites by mechanical or thermal means. Be-
cuuse of scale effects (see Section ) control of events oocurring
in (the weld pool is more difficull than the control of siructure
in castings. In addition, the absence of a discrete nucleation
event (see Fig8) intecduces further complications. In con-
‘trolling the grain struciure, and particularly when aiming o
produce grain refinement, it is aocessary both 1o produce
nudei for new grains end to cnsure that thes survive. In this
secrion the dilferent methods which lane led w strocture con-
tros] will b deseribed.
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S.1 Control by Using Inocelan(s
This is. in principle, one of the simplest approaches 1o the
control of gram strecture in the weld pool, 1t involves the
ieoduction inte 1he pool of effective bewerogencous inoci-
Tants which will induce The nucleation of new grains and wlach
will, in due course, be incorperated into the advancing inter-
face, The main ditticulty in applying this technique in Tusion
welding arises bocause of the high temperatures in the poul,
pacticulasrly in the vicinity of the are. The inoculating particles
must be protecied from these high temperatures i they are 10
survive. Attempis to inoculate the poot by introducing the
inocutants as part of the wire which is actually supporting the
arc thus have little chance of success. Early work on the grain
refinement of mild steel submerged arc weld poolsts 12«
cither used alloyed filler rods or tubular electrodes filled with
the addition agents and iron powder. Some grain refinement
and some reduction in the dendrite arm spacing were produced
but these were probably as much the result of alloying effects
and the introduction of melt supercooling as they were the
result of inoculation action. In one study'*™ which formed
part of & more general examination of the inoculation of stecl
caslings '3 ' it was possible to identify ferro-titanium, lerro-
niobium, and titunium carbide as effective grain refiners of
steel. This last compound together with titanium nitride. were
also found to be most effective inoculants in a separate ex-
tensive study of the nucleation of liquid iron. '3

Very few attempts have been made 1o introduce the inocu-
lants near to where they are required to act, i.e. immediately

23k Codummar solidification pattern of « mild steel submerged are
-6
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234 Swbmsergod are weld produced wider conditions of optimel grain
refinonnes by inoculation - #

ahcad of the trailing edge of the weld poul. Aloy and Bobrovta:
achieved considerable grain pefinement of gubmerged arc
welds in aluminium by introducing irconium or titanium
inovulants from the flux, Similur work on siceli*7 using tita-
nium in a oeramic fux reportedty kd to comploie suppression
of columnar grow th although no metallographic e idence was
provided in support of the clsim.

In the work already described amd in work 10 be discussed
below, atention has boen concentraied on subowerped ane
welds, Only with the large weld ponls obained in submerged
are welding is it possible o make additions casils o the weld
pool. This is particularly the case i substuntiol additions ane
to be made unay from the are near the trailing odge of the
weld pool, Grain refinement in austenitic stainkess sieel sub-
merged are welds was achiesed '™ by introducing the inocu-
lant using an auxitiary foed wire situated some distance bchind
the are, Ina similar way it has been showo than additions of
metal poswdert or chopped wire!'™® hasing the sanke compo-
sition as the wehd metad can proaduce sonwe grain refinenwent
and some relinemem of the dendrite ann spacing, None of this
wark investigated in oy detanl the effect of dw position of
introduction of the inoculant supply upon the grn relinement
achicved, Furtiermore, avither the influence of welding parse-
meters it the elliciency of inoculution nor te subsoyuent
properties of the inculated  weldment were satisfactorily
studicd. :

I revent work Dy Glarland ™ on ahe inoculation of mild
st submierged are wekls with titanium carbide and ferro.
itk baniom carbide nivaares o numbee o ariables

24a Alicrosiructure of an unmodified weld bowd; crched in nital E 7]

were studicd in detail. ‘The inoculant was introduced by feeding
it in inside & mild steel wbe. This 1wbe was led through the
flux inlo the rear of the pool at various sclected positions, The
ruse of inoculant supply, the position of introduction of the
inocutant, the size of the inocutant powder, and the welding
conditions were all examined as variables. The undisiurbed
weldment showed a well developed colwfnar structure (Fig.
23a). _Equiaxed growth could be induced (Fig.215 provided
sufficiently high feed rates of inoculamt were achieved. Con-
ventional metallography reveals evidence of grain refinement
{Figs.24a and 245) but unequivocal evidence is only ubtiined
by the use of a sclective erchant {in this case picric avid topether
with a wetting agent SASPA-Nansa)which reveuls the dpcation
of segregated sulphur and phosphorus. This is determined by
the original as-solidified grain structure and is ot allecied by
the subsequent ¥ 10 a transition. Typicel resulis are given in
Figs.25q and 254.

. This. grain rcfinement involved the formation of heieros
gencous solidification nuclei of titanium carbide in the weld
pool, together with the generation of sullicient constitutional
supercooling through titanium solution in the melt to prawide

AL PIVR
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the necessary driving force lor growth on these nuclei ahead
of the advancing solid liguid interfice. Grain refinement only
bevame possible when enough of the growing crystals were
present in the melt 1o obstruct further extensive columnar
development. The effective operation of this grain-refining
technigue was shown to depend critically upon:

i) the rare of invculant suppiy - Tully equinxed solidification
only occurred at inoculant supply rates above a critical
level, in this case corresponding to a total titanium
content in the weld pool ot (- 18",

tit) the position of inocnlation in the poel: inoculition near
the trailing edge of the weld pool was the most effective
in promoting grain refincment

(iii} the size of the inoculant powder: the equiaxed grain size
generated with ferro-titanium powder of 75-53 um
particle size was noticeably liner than that formed with
u particle size of 500-390 ;em

tivy welding conditions: the higher the heat input during
welding, the less efiective was the TiC {ormation in the
melt essential for grain refinement.

285h The sedtion of Fig, 290 ctched 1o reveol vquiaxed sedidification
sFHChre /]

I eaweessive amounts of titaniem {03 ) were retained in
sofution then undesirable  low-temperature  transformation
prodducts were formed on cooling. Control could be exerted
10 soine extent by using an equadh proportioned misture of
ferro-itaniom and titanium carbide. With such o misture the
omet of effective grain retinement occurred at o redueed rate
ol inevutant supply.

The presence of titanium in solution in the weld pool also
led 1o the formation of other producis. c.g. titanium sufphide.
which had a deleterious effect on the propertics of the weld-
ment (see Section 6).

This work thus clearly indicaied the general feasibility of
the grain refinement of large welds by inoculaion without
providing any indication that such an approach would yield
any significant practical benetic,

5.2 Contrdd by Stimulated Surface Nucleation

As established by Southin®® a significant contribution 10 the
formation of the equiaxed zone in ingots comes from crystal
fragments generated by cooling and subsequent nuckeation at
the surface. This suggests that some Jegree of suppression of
columnar growth in the weld pool might result if conditions
were ercaled which induced nuckeation on the surface of the
weld pool. This has been studied by Garland™ who produced
nuclei by directing streams of argon on (0 the weld pool sur-
face through small nozzles. Various nozzle geomelries were
examined. The most effective was one in which three nozzles

a withowt argon flow o to the surface
B with argon tfow on (¢ rhe surface

26 Sudicliication stractures of an H-2-3 Mg attoy wold. 32 o thick
tleporited L
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were used, one impinging on the pool surface ahead of the arc
and two impinging on the plate at the trailing edge of the
weld pool. These latter two nozzles were also instrumental in
controlling the weld-pool shape and producing the most ad-
vantageous pool geometry (cf Figs.9 and 10). This technique
was effectively used to produce the complete suppression of
columnar growth in TIG welds of an Al-2-5Mg atloy (Fig.
26a and b) although it was found that refinement occurred only
over a limited range of welding cenditions (Fig.27).

The equiaxed grains formed have the same characteristic
comet-shaped morphology as those found by Southin?® in
ingots. The head of each of these ‘comet” grains exhibits a
free dendritic type of substructure, while the tail develops in
the same mode and direction as the body of the weld bead.
‘The presence of two clearly distinguishable growth régimes in
a single grain implies, under these conditions, two distinct
periods in the life of the grain. For the first part of its life, the
grain must presumably have existed as & discretz fragment of
solid which was detached from the interface and able to grow
in a free dendritic manner. Eventually it would appear that

- this solid fragment met the advancing interface and became
incorporated into its growth pattern. Rapid growth could then
take place along those dendrite arms in the fragment oriented
nearly pareflel to the direction of the maximum thermal
gradient of the solid/liquid interface as it advanced past, thus
generating the highly directional substructure composing the
tail of the grain. Each grain could then take part in the normal
competitive growth process in the weld pooi until it was
eliminated by vltimately more favourably oriented grains, so
forming the comet-like morphology ecxhibited to varying
degrees by all of these grains.

One possible effective source of the very many free dendritic
solid fragments composing the heads of the comet grains was
the surface nucleation and growth stimulated by the action
of the argon jet on the surface of the pocl ahead of the arc.
Under the conditions of rapid cooling present at the pool sur-
face at the point of impingement of the argon jet, free dendritic
growth was promoted by the local high driving force for
solidification and the characteristic substructure form of the
comet heads was developed by the individual growing frag-
ments. Although the solid fragments so formed were subjected
almost immediately to the passage of the arc, some must have
already been carried to the sides of the pool by the high levels
of turbulence present in the melt, and were thus in a position
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1o survive the passage of the arc without complete remelting.
Once the arc had passed, these remaining fragments were
carried to the advancing solidification front by the weld-poul
turbutence, where sooner or later incorporation into the over-
all solidification pattern took place.

For complete grain refinement, cnough solid fragments had
to be supplied to physically block columnar development w
all points on the advancing interface. Furthermore the nuclei
supply needed to be continuous or else a reversion to the nat-
ural columnar growth occurred. The high level of weld-pool
turbulence therefore must play a critical role in the achicve-
ment of weld-metal grain refinement through its action in
continuously transporting the solid fragments from the surfuce
of the pool, ahead of the arc, te the whole of the advancing
solidification front.

This method of grain refinement was not, however, effective
with material in excess of ~5 mm thickness. Here only the
upper part of the fusion zone exhibited a refined grain struc-
ture, due to the failure of sufficient nuclei to survive during
transport from the weld surface to the increased depths of the
weld pool.

5.3 Control by Dymanic Grain Refinement
As described in Section 1.5 crystal fragments generated by
dendrite remelting are a prominent source of equiaxed crys-
tals in ingots and castings. The formation of these fragments
is enhanced by stirring arising either from free or forced con-
vection. The primary requirement is that the growing inter-
face becomes subjected to Aluctuating thermal conditions.
There has been little attempt to apply this approach to the
solidification of welds, even though the mechanics of weld
solidification were long known to be basically identical to
those of castings.

Arc Vibration and Weaving

In an effort to improve the external appearance of the weld
bead and the stability of the arc in TIG and MIG welding,
Alov and Vinogradov!38. 13 studied the effect of arc motion
transverse to the direction of welding. Not onlfy was a con-
siderable improvernent in weld appearance and arc stability
achieved, but also the weld metal was found to possess en-
hanced properties. This cffect was most noticeable at the lower
level of the electrode vibration frequencies studied (15 Hz)
and at vibration amplitudes of about 5 mm. Although the
improvement in properties was ascribed to the refining effect
of arc vibration on weld-poo! solidification, no systematic
investigation was undertaken. As the results of this work indi-

cated that the optimum effect of transverse arc motion was
at the lowest frequency and highest amplitude levels studied,

Russian work tended to concentrate on. [requencies and
amplitudes of arc movement within the electrode weaving
range, ¢.g. 5 Hz, 3-5 mm amplitude. Electrode weaving was
found to improve bead shape considerably in TIG,!?* sub-
merged arc,’3* and electroslag welding 49 as well as producing
better weld-metal properties compared with those of welds
made without e¢lectrode weaving.'! Deminskii and Dyat-
lovH? used an alternating magnetic field about the arc to gen-
erale clectrode motion transverse to the welding direction in
the MIG welding of Al-Mg alloys and they observed & re-
duction in weld porosity, together with some unspecified grain
refinement. No further details were given, however, regarding
the frequency and amplitudes of weaving studied.

Electrode weaving in submerged arc welding has been used
on an industrial basis to achieve improved weld-metal appear-

ance™? and also to refine the solidification structure.'** The

arc weaving was generated by two severely kinked consumable

i
[
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+ electrendcs in a twin arc assembly. The pool motion so formed
was described, hardly surprisingly, as vigorous and some
resultant griin refinement was claimed, although the photo-
microgruphs published 1o illustrate this refinement show very
littke suppression of columnar growth, The mechanism pro-
pesed for this grain refinement was interface fragmentation
caused by pressure puises resulting from the motion of the
kinked electrodes, but it is very doubiful that vibrations at
- 8117 am) amplitudes of 8 mm could have generated ihis cavita-
tion 1ype of elfect. Moreover, all of the photomicrographs,
puldished in this and previous work on weaving, seem to indi-
cate that geniune grain refinement was not in fact achieved. No
repeated substantial nucleation and growth of the new grains
nceded to block columnar development is evident. Instead,
the eifeet of weaving appears 10 have been 10 ensure the sur-
vival of many more columnar grains during competitive
growth by producing continual distortion of the weld-pool
shape, Although this would undoubtedly give some improve-
ment in weld-metal properties it cannot be considered as a
true grain-refining effect. Suppression of columnar growth
dues appear 1o have been achieved in the electron beam weld-
ing of aluminium bronze ai relatively high welding speeds
{505} mm:min).'* Vibration of the electron beam was applied
parallel to the welding direction at frequencies of up to 300 Hz

INE Egwinxvd grain avuctire produced by fongitwdingl vibration of
the are . vibration Brequeney X0 Hz, vibeation amplinmle 1Y aun:
irrane A 250 affer 3

Solidification Stroctuves and Properties o Favion el 101

und amplitudes of 2:5 mm. Some grain refincment was ob-
served umder these very favourable conditions of high sofidini-
cation rates and alloy coptent, although once again the inter-
pretetion of the photomicrographs is mst clear and no detailed
Ivestigar Lo was atempied.

Transverse snd longitudinal are vibration has also been
naade use of by Tseng and Savage. ' This failed o produce
grain refinenent but formed a refined substructure with en-
hanced propertics (see- Section 6). On the other hand very
effective grain relinement was produced in Al-Mg by Gar-
land** using vibration parallel 1o the weld direction. The re-
sultant motion of the arc caused backwashing of the pool over
the interface which fragmented and reoriented the solidification
substructure at the traibing edge of the pool to yield the
necessiry suppls of nuckei.

This work showed that this 1echnique could be used 10
compietely suppress columnar growth as shown in Figs. 28«
and 28, The feasibility of achieving high levels of grain
refinement using torch vibration was found 10 depend critically
upon 4 number of factors:

() the frequency of torch vibration: an optimum frequency
was obsenned which was determined by the welding
conditions themselves
the amplitude of torch vibrarion: this is illustrated in
Fig. 29
the rate of hear input durving welding : this was a function
of the welding current and the welding speed and it was
found that refinement was limited to a band of welding
conditions lor a sheet of given thickness (Fig.30)

{d) sheer thickness: overall grain refinement was only
possible in sheet up to 3-2 mm thick : above this a con-
siderable increase in grain size with depth in the weld
bead occurred until, at a thickness of 6:3 mm, no sig-
nificant suppression of columnar growth could be
achieved answhere in the bead

are lengeh: Tor a maximum refinement at given condi-
tions of welding and torch vibration, the arc length
needed to be as short as was compatible with process
stability.

The general restrictions 10 grain refinement, discussed above,
do not delract from the fact that practically meaningful re-
finement can be achieved in TIG welds in thin aluminium
#Hoy sheet using the simple physical technique of arc vibra-
tion parallel to the welding direction.

b
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30 Grain refinement is possible with longitudinal arc vibration at
10-30 Hz and 1-2 mm amplitide only at welding conditions falling
within the cross-haiched band; limits of grain refinement in 3-2 mm
Al-2-3Mpg sheet

The direct application of torch vibration parallel to the
welding direction to achieve grain refinement in melt runs on
stainless steel sheet (A1S{ 321) was not successful. ™ Extensive
grain refinement was only attainable in 2-0 mm thick plate at
electrode vibration amplitudes as large as 1-8 mm, with an
associated loss in process stability over long weld lengths. The
reduced effectiveness of torch vibration as a grain-refining
technique in this material was believed to be due to the ex-
tensive natural stirring present in a stainless steel weld pool.34
The action of high amplitude vibration does demonstrate,
however, that provided some means of delivering a significant
disturbance to the advancing solidification front can be de-
veloped, grain refinement in stainless steel welds is perfectly
feasible.

In the work carried out by Garland® it was found that trans-
verse arc vibration had a less significant grain-refining effect.

Ulrrasonic Vibrations

Despite the fact that grain refinement in castings using ultra-
sonic vibrations applied to the melt has been studied in some
detail, it is only in the USSR, with the exception of early work
by Welty,!7 that any serious attempt has been made to apply
these techniques to the control of weld-pool solidification.
Methods of introducing ultrasonics into the weld pool were
developed for a range of processest® '4% and it was found
that the most efficient and practical method was through a
vibrating filler wire, Where this was not possible, however,
or where the pool size permitied, eg. electroslag welding,
water-cooled copper probes were designed to transmit the
uitrasonics by insertion in the melt. Lebiga'*!' and Erokhin,
Balaudin, and Kodolov'3? studied the effect of introducing
ultrasonics into the pool during submerged arc and electro-
slag welding. They observed that the welds formed were much
less prone 1o solidification cracking (see¢ Section 6) and pro-
posed that this was associated with the quile considerable
grain refinement generated. [t must be stressed, however, that
is apparent rom some of the work %132 that very great care
must be taken in the choice of the manner in which the ultra-

sonic vibrations are apptied (o the solidifying weld il accept
able properties are 10 be achieved. This is discussed in fur
ther detail in the following section.

None the less, it seems that a significant improvement in the
resistance of the weld metal to solidification cracking may be
achieved in both submerged arc and electroslag welding by the
careful use of ultrasonics. Industrial application in these
fields'** would seem to substantiate the usefulness of this
technigue.

Weld-Pool Stirring

As discussed above controlled stirring of solidifying melis is an
important grain-refining technique in casting. Before discuss-
ing how this has been applied to weld-pool solidification, it is
necessary [0 consider the natural motion of metal in the pool
during welding. When a current flows through a conductor,
a magnetic field is set up around the conductor which leads 1o
a sefl-compressive effect on the conductor due to the resultant
Lorentz forces. In a fluid medium, this leads to a pressure
build-up on the axis of the conducting column of the Auid,
Any asymmelcy in the conducting column produces a pressure
gradient in the column as the compressive effect of the Lorentz
forces is greatest where the current density is greatest. This
causes fluid flow. Such an imbalance in the Loreniz forces is
operable in welding, where under most circumstances an
asymmetrical current path, determined by the position of the
earth connection, e¢xists outside the pool. This imbalance
generates rotational motion of the metal in the weld pool.
Woods and Milner!™ have studied the mechanism of self-
induced stirring in the weld pool using shorted arcs on
pools of mercury and extended this work to include simulated
welds on thin copper sheet, where direct observation of the
fluid motion in the pool was possible. Further work by Tel-
ford155 using the same technique showed that the effect of an
applied magnetic field perpendicular to the plane of the poot
was to produce stirring in a particular direction in the weld .
pool, independent of the asymmetry of the current flow, but

dependent solely upon the polarity of the applied field. This

effect had been used some years previously by Brown, Crossley,

Rudy, and Schwartzbart!4 to induce stirring in a periodically

reversed direction in the weld pool by applying an aliernating

vertical magnetic field parallel to the arc. As in casting, they
found that the application of controllied, periodically reversed '
stirring generated grain refinement, the extent of which de--
pended upon the frequency of reversal and extent of the

stirring, i.c. the strength and [requency of the alternating mag-
netic field. Maximum cflect was recorded at 4-7 Hz. Refine- |
ment lines were observed in the weld bead corresponding to]
the field periodicity indicating that the renewal of motion-in
the pool was apparently generating interface fragmentation,
and hence grain refinement.

It must be emphasized that Brown er af,'** only observed
significant grain refinement at such severe field reversal fre-
quencies and strengths that the MIG welding process studied
became extremely unstable due to arc blow and occasional .
ejection of the pool. These conditions made any meaningful ;
solidification swdy difficult and would prohibit any commer-
cial application. The problem of process stability during the
electromagnetic stirring of weld pools docs not, however,
appear to be anything like 50 prohibilive in clectrosiag weld-
ing. Russian work!'**. 3 has shown that it is possible (0
achieve almost complete suppression of columnar growth in
cleciroslug welding, using an aliernating magnetic field paraliel
to the direction of welding. No deterioration in the process
was observed in this work, and some improvement in deposi-
Lion rate was recorded. The frequency of field reversal and the
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31 Schematic cureent waveform for low amplitnde mocdulationt of a
pulved TG arc welding process

field strength were so adjusted as to give an eflfective vibratory
motion of the pool which was found to gencrate optimum
grain refinement. Indeed. the results of Russian work appear
1o huve been so encournging that the study of the grain-size
control in welding using electromagnetic stirring has become a
major research ficid and equipment has been developed for
industrial use applying this technique 1o ac or dc welding. '
Since this stage was approached, however., few papers on the
topic have appeared in journals made available outside the
USSR. It is thus difficult 10 judge 10 what extent the industrial
apptication of eleciromagneric stitring to achieve grain re-
finenent has been successful,

%4 Grain Refinement by Arc Modulation

Itis clear from the work described in Section 5.3 that whereas
mechanical or physical disturbance of the weld pool. e.g. by
arc vibration or clectromagnetic stirring. is effective in in-
ducing grain refinement the method has limitations. The
essence of the technique is the generation of dendrite fragmen-
tation at the growing solid/liquid interface by forced thermal
fluctuations. An alternative approach is 10 generate these
fiuctuations by varying the energy input into the weld pool.
This cun be achieved by using either a puised arc or modulation
of the arc current, or even a combination of the two.

Nu Colwrmmar solidification stevctore in @ modidated pubwd wre
witheut stupe-out; bunding associated with the pulse frours is
ety evident: meteriol, staindess steed, 3-2 o thick -y

32k Eqeiaxcd soltditication siructure in a modidared pulved arc with
slape-oul . muteriul, staindess steel, 3-2 mng thick 4

It has been reported!** 41 that high-frequency are modula-
tion can have bencticial effects on the structure and properties
of TIG welds but the results are far from conclusive.  _

Pulsed arc welding is an established process which is well
documented.'4- %3 The basic waseform consists of a back-
ground welding vurrent which has superimposed upon it a
pulse with a square front and a linear trailing section. This can
be seen as the average line in Fig.31. In practice the relative
size of the pulse, the duration of the pulse and the “siope-
out’ of the trailing edge are independently variable. Pulsing
of the arc aione docs not seem to generate effective grain or
substfucture refinement, If, however, current modulation is
superimposed upon the pulse 10 give a waveform as shown
in Fig..’n‘l quite signiticant effects can result®® provided a stope-
out period is used {Figs. 320 and 325).

Work on arc modulation is still very exploratory but this
technigue has considerable promise,

6. Effect of Control of the Solidification Structure on
Weldment Properties

The nature of the solidification process in a weld pool has been
shown 10 exert 4 vonsiderable influence upon the occurrence
pl‘ dcfccls.. cg. undercutting, porosity, solidification cracking
in the solidified bead.43. 1% Only o few results are available
which present a quantitative assessment of the relative proper-
Lies of unmoditied and modified weldments.

Alov and Vinogradov,'3% 137 Mandelberg and Gordonnyi.
1~ 13t Markara ' 1Y Deminskii and Dyatlov,** Autonets
er of V11 have all reported improved bead shape. improved
weld-metal propertics, and lower defect densities as a result of
are \'ir!rulion or weaving, In addition Lebigat® and Erokhin
et ol 1% have reported a reduction in solidification cracking
after introducing ulirasonic vibrations imo the weld pool.

Using the Varestraing test, Tseng and Savage!'™s made a
comparizon of ho-cracking sensitivity in welds of an alloy
steel (HY 8 with and without transverse or longitudinal arc
vibration. Typical resubis are given in Table 1. These resulis
showed that meditication of the structure reduced bath 1he
total simounnt of vracking and the size of the largest crack,
Similur resulis were reported by Garland™! in his study on the
clTn.‘ct.-s of arc vibration on TIG welds in an Al-2-5Mg alloy.
I this case ¥ modified Howlderoft test's% was used. Results
are shown in Table 1.

_In contrast it was Tound* that although inoculation with
titzenium carbide could be used 10 produce grain refincment in
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Tanur 1
Efect of Arc Vibration on 1{01-Cracking in an Alloy Stecl (HY 80)*

Vibration Vibration Mecan (otal Mean maximum
frequency., amplitude, crack length,  crack length,
Hz mm mm mm

No oscillation  Nooscillation  6-0 o

042 1-65 5.7 057

i-19 1-65 19 0-42

‘e Tseng and Savage '

submerged arc welds in mild steel {(see Figs.23q and 234) there
was an cffective embrittlement of the sieel. This was contrary
to the expected behaviour'** and was shown 1o be the result of
grain-boundary flms of TisS. Presumably desulphurizing
procedures, c.g. rare-carth additions, could be used toc elimi-
nate film formation of this type 2nd thus allow the realization
of acceptable toughness levels.

There is clearly a need for considerable research effort in
this area. R

7. Future Developments

The demands of industry for 2 welding process capable of
consistently depositing weld metal with enhanced mechanical
properties and low defect concentrations have directed atten-
tion away from detailed studies of normal weld-pool solidifi-
cation towards the development of practical grain-refinement
techniques based on the recently established fundamenial
principles for the suppression of columnar growth in the weld
pool.

Future developments in lower heat-input automatic welding
processes such as pulsed TIG and MIG are likely 10 be derived
from the arc modulation technique first described by Gar-
lands? (see Section 5.4), since this does not require periodic
deflection of the welding arc, but may be achieved simply by
modification of the characteristics of the welding power
source. Considerable progress has already been made in this
area and the first practical applications of the technique in
special high-quality welded assemblies are now under serious
consideration.'$? Arc vibration has also been employed in
practical welding situations 10 generate grain refinement. In
this technique, practical limitations of mechanicaily induced
arc vibration can be overcome by deflecting the arc magneti-
cally, but the results achieved 10 date with this approach have
notl been fully satisfactory. The whole area of the magnetic
control of weld-pool solidification, however, is one which re-
quires further attention in view of its potential rich rewards. In
particular, further fundamental study is required into the

TasLe 1l

Solidification Crack Lengths in Modificd Houldcroft Tests on 3-2 mm
thick Al{1-7-2-8)Mg (NS 4) Sheet

Test condition Mean crack length, mm

196 - 6

Normal TIG weld
147 . §

TIG weld with longitudinal arc
vibration of amplitude (-2 mm

at 20 Hz
Welding condilions: current 160 A
travel speed 275 mm min
arc gap 24 omm

. . shiclding gas supply 9 1'min argon
The welding conditions sefected for audy were chosen 1o give
cracking of maximwm scverity

feasibility of using the interaction beiween an c&lcrnnllyﬂ
applicd, alternating magnetic ficld and the Lorents lorces
created by the passuge of current through a wekd pool to induge
periodically reversed stirring at the advancing solid liguid
interface.'* and hence grain refinement, whilc at the same time
maintaining the stability of the welding process. The suceess.
{ul development of such a technique could have a wide runge
of practical applications as it involves only the attachment of 3
suitable probe 1o the welding head?™ and, more important,
it may be effective up 10 a much higher range of heut inputs
than the other physical grain-refining processes outlined
previously.

The physical grain refinement of high heat-input welds such
as those formed in the submerged arc process is much more
difficult since, as discussed above, the size of the weld pool is
normally so large that any disturbance applied to the welding
arc is damped out before it can reach the solidiication front
and modify the grain size. Under these circumstances, a pos-
sible solution could be the application of a modulated or
vibrated trailing arc to the weld pool, where the proximity of |
the solid/liquid interface would ensure the maximum pertur-
bation to the growth process from any disturbance ofthe form
of the trailing arc, irrespective of weld-pool size and the
distance of the actual welding arc. Although this could lead 1o
a versatile grain-refining technique, it is not a practically
attractive approach due to the problems involved in intro-
ducing a second trailing arc in many applications. Periodically
reversed weld-pool stirring induced magnetically, as described
above, could be a much more viable development, as its
cfiectiveness is less dependent on pool size and this has been a
surprisingly neglected area. In this context, it is worth noting
that the grain refinement of electrosiag welds using controlled
electromagnetic stirring appears 10 be widely practised in the
USSR 13

The problems involved in applying physical grain-refine-
ment techniques 10 large weld pools. and the limitation of these
technigues to automatic welding processes, have stimulated
research into methods of chemically controlling weld-pool
solidification by inoculation of the melt via, where appro-
priate, the welding fAlux, the clectrode coating, or flux-cored
wire additions 10 the rear of the pool (see Section 5.1). Much
of this work has concentrated initially on the submerged arc
welding of mild and low-alloy steel.™4- 1% where probably the
greatest benefits would accrue from the suppression of colum-
nar growth both in terms of improved toughness and a re-
duced incidence of solidification cracking. While very fine
weld-metal grain sizes have been achieved in this process
using TiC/Fe-Ti mixtures fed into the rear of the weld pool,
the deleterious side effects of this type of inoculation practice
upon toughness due to grain-boundary embrittlement have
precluded any further advances in this icchnique. 1t now scems
possible, however, that changes in the nature of the inoculant
used might eliminate these problems and rescarch at present is
being directed at the development of welding consumables
capable of introducing TiBsy, rather than TiC, into the pool.1**
This approach offers more promise than the earlier choice of
inoculant mix as TiBs appears able (o survive for a longer
period than TiC in the severe thermal conditions of the weld
pool. Encouraging results have abready been achicved by #
number of workersiss. 170 uging consumables specifically §
designed 10 add Ti and B into the pool by a variety of tech-
nigues. Further work is required, however, 1o identify the
muost effective method of introducing these additions into I_M
poal s0 as to maximize their influence upon weld-pool solidifi-
cation while at the sume time minimizing any deleterious s.ldc'
effects. Success in this fickd could have important implications
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for Tuture developments in the formulation of welding Nuxes
and clectrode coatings.

v has not been possible in this section 1o draw more than a
very brief outline of future developments in weld-pool solidifi-
cation rescarch. Current trends indicate that this will be
concenrated primarily on technigues to control weld-pool

- soliditication and, as discussed previously, some of these ure

« already linding commercial application. It is likely, however,

" that as knowledge increases, more sophisticated methods of
suppressing columnar growth in a weld pool will become
available, especially since the interest of fabricators in im-
proned weld-metal performance should ensure that research
continues 10 ke pursued actively in this feld.
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Microstructure and Impact Toughness of

C-Mn Weld Metals

The formation of acicular ferrite in over half of the weld
appears to be the key to improving impact toughness

ABSTRACT. The effect of variation in car-
bon and manganese conterts on the mi-
crostructure and impact properties of all
weild metal samples has been studied. The
welds were made using the shielded metal
arc welding technique. Four different car-
bon levels, ranging from 0.03-0.12 wt-%
and four different manganese contents
{0.8-2.1 w1-%) were used.

It was found that significant improve-
ments in impact toughness at low tem-
peratures were achieved with increasing
amounts of acicudar ferrite. High levels of
acicular ferrite could be achieved with
several different combinations of carbon
and manganese. At excessive amounts of
alloying additions, the impact toughness
decreased. This is attributed to the pres-
ence of bands of microphases being
aligned with the notch in the fracture sur-
face. For the lowest carbon content, un-
expectedly low toughness was observed.
This may be due to the fact that these
metals contained a somewhat higher ni-
trogen content.

Introduction

" The effect of carbon and manganese
on the microstructure and mechanical
properties of mild steel arc welds has been
the subject of many investigations. Vuik
{Ref. 1) has recently summarized the in-
vestigations made concerning the effect
of carbon. Evans has published a number
of papers dealing with the effect of car-
bon {Ref. 2), manganese (Ref. 3), silicon
{Ref. 4), interpass temperature (Ref. 5),
impurity elements {Ref. 6), molybdenum
{Ref. 7), heat input {Ref. 8) and heat treat-
ment (Ref. 9) on the microstructure and
mechanical properties of mild steel welds.
The welds that Evans examined were of
the all-weld-metal type, deposited with a
shielded metal arc multipass technique. In
the work most comparable to the present
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one, Evans found that the optimum im-
pact toughness properties were achieved
with an alloying combination of 0.07 wt-
% C-1.4 wt-% Mn, and attributed this to
the competitive action between the pro-
gressively finer ferrite grain sizes obtained
by increasing alioying additions and by the
simultaneously increasing yield strengths.

In this paper, an investigation of the mi-
crostructure and impact toughness of 16
different welds, with varying carbon and
manganese contents, is described. The
experiment to a large extent mirrors the
one of Evans (Refs. 2, 3), but the results
differ somewhat. The intention of this pa-
per is to darify the reason for the discrep-
arky between the different investiga-
tions and to point out some additional
microstructural effects that might be of
importance for the impact toughness.
However, first a short description of the
role of carbon and manganese in control-
ling the microstructure and how this may
influence the impact properties will be
given.

Background

With the help of experimental (Refs. 1-
9) and theoretical [Refs. 10-12) work, the
effects of various elements on the micro-
structure of the as-deposited area in a
weld is now relatively well understood.

The as-deposited microstructure of
C-Mn weld metals is commonly described
with three major microstructural compo-
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Impact Toughness
C-Mn Weld Metal
Acicular Ferrite
Mechanical Properties
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Arc Welding

Alloying Content
Microphases

nents: grain boundary ferrite, ferrite with
aligned M-A-C (martensite-austenite-ce-
mentite) and acicular ferrite. The classifi-
cation of the various microstructures is
based on the visual impression in the op-
tical microscope. However, in the theo-
retical work based on thermodynamics,
the microstructural components are de-
scribed from the mechanism of formation
point of view. The components are then
called allotriomorphic ferrite (same as grain
boundary ferrite, but a more correct
name), Widmannstitten ferrite side plates
{according to Dubé classification) and ac-
icular ferrite. It should be noted that the
mechanism of formation of acicular ferrite
is not yet known. In the following text, the
last mentioned denotation will be used.

The effect of carbon is mainly to fimit
the width of the coarse-grained allotrio-
morphic ferrite, formed at the prior aus-
tenite grain boundaries, and in influencing
the rate of Widmannstaiten ferrite forma-
tion. During the transformation from aus-
lenite to ferrite, the carbon atoms diffuse
into the remaining austenite and the
growth {or thickening} rate of the allotrio-
maorphic ferrite is controlled by the diffu-
sion rate of carbon in austenite. A higher
carbon content gives a slower growth
rate of the ferrite and, thus, a thinner layer
of ferrite at the prior austenite grain
boundaries.

Increasing carbon content leads to
lower contents of both allotriomorphic
and Widmannstitten ferrite, giving room
for increasing contents of the fine-grained
acicular ferrite. However, it is not known
whether the actual growth rate of acicu-
lar ferrite is influenced by the carbon con-
tent.

The manganese atoms, on the other
hand, are not redistributed during the
transformation, but an increased manga-
nese content reduces the driving force for
the transformation. Thus, increasing man-
ganese also leads to a thinner layer of al-
lotriomorphic ferrite. in a way, manganese
and carbon can be considered as com-
plementary elements, and in principle, the

~same microstructure should be attainable



with several combinations of these ele-
mMents.

Hawever, there is at least one point
where this way of reasoning fails. During
solidification, manganese segregates to
the remaining melt and is, thus, enriched
al the cell boundaries at the solid/liquid
interface. This segregation pattern (al-
though much less pronounced than for
nickel) persists during the whole cooling
sequence of the weld since manganese is
nol redistributed during the transforma-
tions. Especially when the weld is heavily
alloyed with manganese, extensive for-
mation of microphases (retained austen-
ite, martensite, degenerate pearlite, bain-
ite or carbicles) takes place in areas where
the manganese content is high. The term
microphases indicates that the volume
fraction of these phases is low and this is
true also for welds with high manganese
content, but the difference is that the mi-
crophases appear in bands, reflecting the
sohdification pattern, while in the lower
manganese welds, the microphasés are
more evenly distributed. This will be illus-
trated more clearly later in this paper.

it should be noted, that in practice there
are many other alloying elements used to
control the microstructure. Apart from
carbon and manganese, the most fre-
quently used ones are Ni, Mo and B. The
nfluence of indusions on the amount of
acicular ferrite has been debated for sev-
eral years. It has been argued that certain
types of inclusions are better nucleants
for acicular ferrite than others, due to
lattice matching between ferrite and the
inclusions. Thus, another route for con-
trofing the microstructure would be to
choose the slag system in such a way as to
obtain the most favorable type of

Tuming to the mechanical properties
and the relationship between microstruc-
ture and properties, it should first of all be
noted that the mechanical properties of
weld metals are usually not just deter-
mined by the as-deposited microstruc-
ture, since commonly many beads have
been deposited to complete the weld.
Thus, a range of microstructures exists in
the weld. The reheated area under a bead
can be divided into a coarse-grainad zone,
a fine-grained zone and a recrystallized
zone. The relative amounts of these zones
will vary with, among other things, chem-
ical composition, and this will, of course,
influence the mechanical properties. How-
ever, it can be assumed that there is a re-
lationship between the as-deposited mi-
crostructure and the microstructure in the
other zones and, therefore, itis possible to
discuss the mechanical properties with
reference to the microstructure in the as-
deposited region.

~4hen designing weld metals, the most
difficult thing is to meet requirements on
impact properties while maintaining oper-

ational properties as good as possble.
Tensle properties are, at least for mild
steels, a smaller problem since usually the
strength of the weld metal is higher than
the strength of the steel.

Specifications onimpact toughness vary
substantially, but in many cases the re-
quirement is 27 ] (20 fi-ib) at a certain
temperature. For more advanced appli-
cations, higher toughness values are re-
quired, e.g.. 34 or 40 } (25 or 30 ft-ib).
These levels of toughness vahies are
achieved with only a refatively small frac-
tion of the fracture surface of an impact
toughness test bar having a ductile, fi-
brous fracture, while the remaining part is
a brittle, cleavage type. To achieve ac-
ceptable impact toughness at lower tem-
peratures {(which in many cases & the
trend in development work today) it is
necessary to avoid cleavage fracture start-
ing ton near the notch in the impact bar.
This can be achieved by control of the
microstructure.

To improve impact toughness, some
well-known physical metallurgy principles
are used. First, increasing the amount of
acicular ferrite by the control of alloying
elements gives a reduced grain size. Sec-
ondly, use of basic-type consumables
gives a low amount of oxygen, which
leads to a low volurmne fraction of indu-
sions. Finally, strict control of impurity ek
ements like S, P, Sn, As, Sb and N heips to
prevent embrittlernent of the structure.

The application of the first of these
principles leads us back to the main ques-
tion of this paper: how can the micro-
structure be optimized by changing car-
bon and manganese contents?

As a contrast to this, Dolby (Ref. 13)
suggested that weld metals with a very
lean alloying content, having mainly a
coarse-grained structure and a low yield
strength, could have good impact tough-
ness.

Although there have been major im-
provements in the toughness levels that
can be achieved in weld metals during the
last few decades, by application of the
principles mentioned above, there is still
room for further improvement. A more
fundamental understanding of the mech-
anisms controlling the onset of cleavage
fracture and the compiex interrelationship
between microstructure and fracture
needs to be developed. Major advances
have indeed already been made in this
field by Knott and coworkers (Refs. 14-
16) who have studied the fracture behav-
ior of C-Mn welds in detail and combined
that with their earlier experience of frac-
ture in steels. They concluded that cleav-
age fracture in welds often originated
from cracking of oxide inclusions, in par-
ticular those situated in the coarse-grained
allotriomorphic ferrite, and that the size
distribution of these inclusions had a sig-
nificant effect on the fracture toughness

results. In steels, where the volume frac-
tion of oxide inclusions is much less, frac-
ture toughness is linked more to the ca
bides precipitated along grain boundarie
nucleating cleavage cracks(Ref. 17). Hox
ever, it should be noted that in testir
fracture toughness of weld metals, Kn¢
and coworkers used small size notch:
bars and tested them in slow strain-rz
four-point bending, in a manner similar
CTOD testing. The observation of de;
age cracks nudleating frominchusions we
numerous in these tests but similar obs
vations on impact specimens are, in fz
fairly rare.

Experimental

Laboratory-made shielded metal arc
electrodes, 4 mm (0.16 in.) in diameter, of
E7018 type with basic coatings were used
for the investigation. The electrode coat-
ings were varied to a systematic series of
four different manganese contents (0.8,
1.1, 1.2and 2.1 wt-%) at each carbon level
{0.03, 0.06, 0.09 and 0.12 wi-%). Al weld-
ing was made in accordance with 150
2560, with a current of 180 A, voltage 23
V and a maximum interpass temperature
of 250°C {484°F). A stringer bead tech-
nique was used giving a welding speed of
about 4 mm/s (9 in./min). The heat input
then was around 1 k)/mm {25 k)sin.).

The chemical composition of the weld
deposits was measured using an optical
emission spectrometer (OES), except for
oxygen and nitrogen, which were deter-
mined' using combustion furnaces. The
OFES arialyses were made on the head of
the tensile specimen.

Two longitudinal all-weld-metal tensile
specmens {10 mm/0.4 in. in diameter)
and 25 Charpy V-notch impact specimens
were taken from each weld. The speci-
mens were taken from the middle of the
plate. The impact toughness was tested at
five different temperatures, with five spec-
imens tested at each temperature.

The microstructures of the weld metals
were examined by conventional metal-
lography, using light optical microscopy.
The etching was made using first a solution
of 4% pigric add in alcohol, followed by
2.5% nitric acid in alcohol.

The quantitative assessment of the mi-
crostructure was made using a Swift point
counter. At least 500 points were mea-
sured on each specimen. The microstruc-
ture constituents were identified accord-
ing to the dassification of the IW (Ref. 18).
The austenite grain size was measured
normal to the length axis of the grains {i.e.,
the results are equal to Ly, as denoted by
Bhadeshia, et al. —Ref. 19).

Tofurther study the microphases, trans-
mission electron microscopy (TEM). was
used. Thin foils were prepared by polish-
ing in a Struers Tenupolin a 5% soltion of
perchioric acid in methano!.
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Table 1—Chemical Compositions of the Weld Metalst?

C Si Mn
Sample No
1 0.030 0.45 0.78
2 0.032 0.45 127
3 0.031 0.42 1.71
4 0032 0.45 2.05
5 0.059 0.34 077
6 0.059 033 1.09
7 0.059 0.30 1.44
8 0.065 033 183
9 0.090 o4 078
10 0.089 0.35 1.18
n 0.083 037 1.59
12 0.093 0.39 225
13 0.12 0.43 0.86
14 02 0.44 1.35
15 on 0.37 183
16 on 0.36 218

P S Al Ti
0.010 001 0.009 0.014
0.0%0 0.008 0.009 0.013
0.010 0.004 0.008 0011
0.01¢ 0.002 0.009 0.012
0.010 0.010 0.007 0.011
0.070 0.008 0.007 0.010
0.010 0.006 0.007 0.009
0.010 0.003 0.007 0.009
0010 0.013 0.003 0.014
0.010 oomnm 0.008 0.012
0.070 oon 0.003 0.012
0.014 0.008 0.003 0.013
0.014 001 0.005 0015
0.014 0.010 0.003 0.015
0011 0.010 0.003 0013
0.01% 0.008 0.003 0012

Sn As sb N O
0.006 0.001 0.002 95 336
0.006 G.001 0.003 94 321
0.006 0.001 0.003 109 297
0.006 0.001 0.005 19 320
0.003 0.001 0.001 66 306
0.005 0.0013 0.005 64 310
0.004 0.001 0.005 65 305
0.004 0.00 0.005 76 291
0.005 0.004 0.004 36 421
0.005 0.003 0.003 73 404
0.005 0.005 0.004 77 491
0.006 0.005 0.005 88 330
0.005 0.003 G.003 54 329
0.006 0.005 0.006 55 326
0.006 0.005 0.005 63 38
0.006 0.007 0.008 74 342

) AD concemtrations are in wi-%, excepd lor oxygen and nitrogen, which are given in weight ppm.

Results
Chemical Composition

The chemical compositions of the weld
metals are given in Table 1. The carbon
contentshave successfully beenkept dose
to the nominal values. The manganese
content scattered somewhat around the
nominal values, the maximum deviation
being around 0.15%.

The phosphorus content was relatively
constant throughout the investigation,
typically 0.010%. The sulfur content de-
creased with increasing manganese con-
tent. This decrease was especially pro-
nounced at the lower carbon contents.
The other impurity elements (5n, As and
Sb) were all on a low level, and their sum
did not exceed what is considered a safe
level (Ref. 20).

The nitrogen content increased some-
what with increasing manganese content,
being especially pronounced for the low-
fént on e Wwhor wil Tulhemr R eRsa;
however, be noted that the three lower
manganese contents in the 0.09%C spec-

imens had an oxygen content approxi-
mately 100 ppm higher than in the other

specimens.

Mechanical Properties

The yield strength measured is shown
as a function of Mn-content in Fig. 1. As
expected, the yield strength increased
with increasing carbon and Mn-content_
The influence of Mn is relatively strong,
while the influence of carbon is quite
small, except for the highest carbon con-
tent.

The Charpy V-notch impact toughness
curves are plotted in Figs. 2 A-D. First, it
can be noted that increasing manganese
content decreased the upper shelf ener-
gies, probably simply due to an increased
yvield strength of the matrix. The impact
properties at lower temperatures showed
mixed behavior, depending on the com-
bination of C and Mn. For the lower man-
AN L SONENIN NRTRATINS EACRRN. SN
pact toughness at lower temperatures. At
the higher manganese contents, the inter-
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MANGANESE(%)

mediate carbon contents gave the best
impact values at the lower temperatures.

in Fig. 3, impact toughness at —60°C
{—76°F) is plotted as a function of Mn
content, for constant carbon levels. For
two of the carbon levels (0.09 and 0.12%),
optimum contents of Mn were found,
while for the two lower carbon contents,
the optimurm Mn content seemed to be
higher than the maximum contents used in
this investigation.

The best impact toughness at —60°C
was found for the combination 0.12C-
1.35Mn, but also the intermediate carbon
levels, combined with a relatively high
manganese level, showed goodresults. At
—40°C (—40°F) almost the same pattern
was followed. The best impact toughness
was achieved with the combination
0.12%C-1.2%Mn. Also, the combinations
0.09%C-1.2%Mn and 0.06%C-1.4-1.8%
Mn gave satisfactory toughness. Increas-
ing the manganese content 2bove 1.4%
Rave a redyction in toughness for the two

Microstructure

The austenite grain size, measured in
the last deposited bead, decreased with
increasing carbon and manganese con-
tent, except for the 0.06% carbon welds,
which all had a slightly larger austenite
grain size. The austenite grain sizes are
given in Table 2.

There is no systematic variation in aus-
tenite grain size with oxygen content.
However, it should of course be noted

L L LR L P,

L% TP FO~

fairly narrow range,

The results of the guantitative assess-
ment of the microstructure are given in
Figs. 4 A-D. For a given carbon content,
the amount of acicular ferrite increased at
the expense of both allotriomorphic fer-
rite and ferrite side plates with increasing
manganese content. The maximum
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Fig. 2—Charpy V-notch impact toughness curves. A—0.03%5C, B—006%C, C—009%C D~ 12%C.

amount of acicular ferrite achievable with
only carbon and manganese additions
seems to be around 65-70% for this par-
ticular set of welding conditions. Keeping
Mn constant and looking at increasing
carbon content, the same trends are
found. However, it should be noted that
for a manganese content of 0.8, a maxi-
mum acicular ferrite content of only about
50% is achieved, and for both 1.1 and

Table 2—Auslenite Grain Size of the Weld
Metals*

1.5% Mn, 0.12% carbon is necessary to
maximize the amount of acicular ferrite.
Representative micrographs of the weld
metaks with “extreme’ compositions are
shown in Figs. 5-8.

The number of microphases naturally
increased withincreasing carbon and man-
ganese content. For the lower alloy con-
tents, the microphases were evenly dis-
tributed in the microstructure. With in-
creasing manganese content, the
microphases became more segregated.
This can be seen by comparing Figs. 9 A
and B.

The nature of the microphases can lead

some of the specimens was examined by
TEM to establish the nature of the mi-
crophases. For the low-carbon/low-man-
ganese weld metal, a few regions with
grainboundary carbides were found. With
high carbon content, but stifl low manga-
nese content, isolated grains of retained
austenite were found, as well as grain
boundary carbides (Fig. 10). With both
high carbon and high manganese content,
continuous layers of retained austenite
were found —Fig. 11.

The impact specimens were extracted
from the middle of the plate, and there-
fore, it cannot be directly assumed that
the microphases present in these speci-
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last bead. However, since the microphases
appear as retained austenite in the as-de-
posited microstructure. they will be either
ferrite + carbide aggregates. untempered
martensite or still retained austenite in the
reheated material, depending on reheat-
ing temperature. All these phases couid
induce brittleness. Examination of cross-
sections of impact specimens containing
segregaled bands of microphases shows
that in areas where the segregation bands
are parafiel with the notch, the fracture
surface has a brittle appearance —Fig. 12.
in other cases, in adjacent beads, where
the segregation bands are inclined 10 the
notch, the fracture surface has a more
ductile appearance —Fig. 13.

These observations cannot be taken as
strict evidence for microphase-induced
cleavage cracking, but combined with
many observations made earker, we cer-
tainly feel confident that the segregated
microphases are responsible for the drop
in toughness at higher manganese con-

tents.

Discussion
It s commonly assumed that a high

amount of acicuar ferrite should be
present in the microstructure to obtain

goodimpact toughness through the effect
of the fine grain size. The increase in ac-

icular ferrite is usually. but not always, ac-
companied by a decrease in the amount
of coarse-grained allotriomorphic ferrite
and, thus, as discussed previously. con-
nected to the amounts of carbon and man-
ganese.

In Fig. 14, the impact toughness values
at —60“C is plotted as a function of the
amount of acicular ferrite. Figure 15 shows
similar information extracted from the
data of Evans (Ref. 2).

In both investigations, the same general
trend is found, that increasing amounts of
acicular ferrite improves toughness. In-
deed, there is large scatter in the relation
between acicar lerrite and toughness,
but as a rule of thumb, & can be said that
more than 50°% acicular ferrite gives ac-
ceptable impact toughness. However, in
Fig. 14 it can be noled that the weld met-
als with the lowest C contents give much
lower impact toughness values than ex-
pected from the acicular ferrite content.
This behavior is in contradiction to the re-
sults of Evans (Ref. 2}, who found a2 much
faster improvement in impact toughness
with increasing the amount of acicular
ferrite.

The only element which clearly is dif-
ferent between the low-carbon welds
and the other welds in this study is nitro-
gen; being much higher in the low-carbon
welds. Nitrogen is well known to embrit-



Fig. 6~ Optical micrograph ot the weld metal
with0.03 — 2. 1% Mn. Mainly acicular ferrite and
thin rims of alfotriomorphic ferrite.

tle wekd metals, although the values found
here would not be considered as danger-
ous. Unfortunately, Evans did not give
values of nitrogen content in his report.
The agreement for low values of acicular
ferrite is not surprising, since this is deter-
mined by the overal brittle microstruc-
ture. The deviation at the high amounts of
acicular ferrite is, for lack of a better
explanation, assumed to be due to nitro-
gen. However, this is purely speculative
and needs more investigation.

Another observation that can be made
frombothFigs. 14 and 15 is that the impact
toughness shows a slight decrease for the
highest amounts of acicular ferrite. This
decrease in toughness seems to occur for
acicular ferrite contents in excess of about
70%. Companison with Fig. 12 shows that
the lower toughness is due to increased
amounts of brittle cleavage fracture.

Evans (Ref. 2) argued that the decreas-
ing toughness of high alloying content
welds was due to increasing yield strength
without a corresponding decrease in grain
size. As explained in the background sec-
tion, the mechanical properties are a
function of a mixture of microstructures.
To assess the influence of each type of
microstructure on the properties is a com-
plex task. Even if it is a great oversimplifi-
cation to relate the mechanical properties
to the as-deposited microstructures, this
approach should give guidance to the op-
erating mechanisms.

However, as noted above, the highest
aloyed welds contained higher amounts
of acicular ferrite than the lower alloyed
welds. The yield strength of these alloys
also was higher than the lower alloyed
metals. If the above way of reasoning is
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Fig. 7— Optical micrograph of the weld metal
with0. 12%C —0.8%Mn. The rim of alotriomor-
phic ferrite is quite thin. The amount of ferrite
side plates & quite high.

accepted, then a higher amount of acicu-
lar ferrite is equivalent to a decreasing
grain size in the whole weld metal. The
higher yield strength is, thus, partly a grain
size effect. Finer grains should ako lead to
better toughness, contrary to what is ob-
served.

The classical model of cleavage fracture
is that this occurs at a temperature where
the yield strength exceeds the fracture
stress. However, both the yield strength
and the fracture stress are grain-size de-

Fig. 8 — Optical micrograph of the weld metal
withQ. 12%5C = 2. 2%Mn. Shownis the extrermsely
fine microstructure with a high amount of acic-
wilar ferrite. '

pendent in such a way that finer grains
lead to both higher yield and fracture
strength. Thus, the amount of cleavage
fracture is not expected to increase in the
highest alloyed weld metals, but this is
obviously what happens when the tough-
ness falls. Obviously, something in the mi-
crostructure offsets the beneficial effect
of finer grains. The most likely factor
responsible for this is the segregated mi-
crophases, which is in line with the obser-
wations in Figs. 12 and 13.

Fig. 9— A — Optical micrograph showing how the microphases (white small grains) are randomiy

dispersed: B— with higher alloying content, the

are becoming mare segregated. Etch-

ing was made, using Klemms reagent {Rel. 21), to more easily distinguish the microphases.
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Fig. 10— TEM micrograph showing solated islands of retained austenite
{arrowed) and some grain boundary carbides.

IMPACT TOUGHNESS AT - 60° C (J)

460-s | DECEMBER 1990

2 2%Mn, showing an almost continuous layer of retained austenite.

appearance of the fracture surface in an area
where the bands of microphases appear at an

ange to the fracture surface.
120
O 0.03%C -
101 B ooe%c
1 e ooo%ec .. o
801 m pi2%c
] ™
80 - ®
e
40 - g o o
3 o
20 - o
4 o o
o T T b T T T T ad
0 20 40 €0 80 100
ACICULAR FERRAITE {%)

Garland and Kirkwood (Ref. 22) have
pointed out the detrimental effect to
toughness of segregated microphases in
the form of martensite. On the other
hand, if the microphases appear as grain
boundary carbides, they may fadiitate
propagation of cleavage cracks across
grain boundaries, as suggested by Knott
(Ref. 17). Also, if they appear as small,
randomly dispersed regions of martensite
or retained austenite, they may act as
starting points of cleavage cracks, in a
manner similar as suggested for oxide in-
clusions. Thus, the microphase generally
has a negative effect on toughness, by fa-
ciliating the nucleation of cleavage cracks.

If the microphases are martensitic or
retained austenite, they will have a high
carbon content, since carbon is diffusing
into these areas, away from the ferrite
during the austenite to ferrite transforma-
tion. Martensitic regions would be very
brittle, if they are not tempered. How-
ever, most of the martensite appearing
under the notch in an impact specimen
from a multipass weld metal would have
been tempered and, thus, should not be
detrimental to toughness. The work of
Garland and Kirkwood (Ref. 21} is related
to a two-pass welding procedure, and the
impact testing was made on solely as-de-
posited microstructure, whete no tem-
pering of the martensitic regions could
occur. Retained austenite microphases in
multipass wekd metal must, on the other
hand, be considered as a more unreliable
component in terms of toughness, since it
is Bkely to be unstable and transform to
brittle martensite during the impact test-
ing. If the microphases appear as segre-
gated bands, as in the high-carbon, high-
manganese welds, the situation is even
worse, since cleavage cracks should then
be able to both nucleate and propagate
easily.

The observation of the microphases in
the high~carbon, high-manganese sped-
men being only retained austenite and not
martensite can be understood by consid-




ering the enrichment of carbon in the re-
maining austenite. From average compo-
sition data, the M, temperature is so high
that no retained austenite is expected.
However, withincreasing carbon content,
the M, temperature falls below room
temperature and, consequently, the aus-
tenite is retained. *

As noted previously, the highest impact
toughness in the present work was ob-
tained with the combination 0.12 C - 1.35
Mn, but several other combinations had
almost the same toughness. This shows
that a proper microstructure, and hence
good toughness, can be obtained balarc-
ing carbon and manganese in several
combinations. What is obviously essential
is 10 achieve high enough proportion of
acicular ferrite, but then not alloy the
welds further, since this causes segre-
gated bands of microphases. This obser-
vation is somewhat at variance with the
work of £vans (Refs. 2-9), where mainly
the combination 1.4 Mn-0.07 C-gave op-
timum toughness. :

Thus, to summarize, the impact tough-
ness values found can mainly be un-
derstood by considering the general mi-
crostructure and, for high manganese
comtents, the detrimental effect of mi-
crophases. Nitrogen may have caused
low impact toughness values in some

specmens.

We would further fike to point out, that:

1} The positive effect of only 50% ac-
icular ferrite is something seldom noticed,
in fact it is more common to believe that
80-90% acicufar ferrite is necessary to
obtain satisfactory impact toughness at
-60°C.

2} An increasing yield strength of the
alloys did not negatively influence the im-
pact toughness. The increase in vield
strength was mainly achieved by a de-
creasing grain size and naturally, this im-
proves the impact toughness.

3} The positive effects of decreasing
grain size by increasing alloying content
can be offset by the formation of segre-
gated bands of brittle microphases.

We believe that these points are im-
portant to note for future developments
in this field.

 Conclusions

1) Several combinations of carbon and
manganese produced impact tough-
ness of the level of 100 ) (74 ft-Ib) at
—60°C (—76°F).

2) The most important factor seemed
to be an acicular ferrite content of
more than 50%.

3) With excessive alloying, the segre-
gation pattern of microphases
caused decreasing toughness.

4) Although only a imited variation in
oxygen content was studied, no in-
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fluence of oxygen could be found
on impact toughness.

5) With low carbon content, surpris-
ingly low impact toughness was
found. The nitrogen content of these
specimens was higher than in the
other specimens and this may lead
to embrittlement.

6) The nature of the microphases var-
ied from grain boundary carbides at
low alloying content to more or less
continuous layers of retained aus-
tenite at the higher alloying con-
tents.
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Research & Development
This special section is devoted to technological progress reports and accounts of new experiment:

work in welding and also metal forming and cutting. Contributions of direct practical significanc
from authors working on these aspects of fabricaticn both in Britain and overseas will be publishe:

WELD HEAT-AFFECTED ZONE STRUCTURE
AND PROPERTIES OF TWO MILD STEELS

E. SMITH, Ph.D., B.Sc., A.LM., M. D. COWARD, M.Phil..

B.Sc., A.R.S.M., and

~ R: L. APPS, Ph.D., B.Sc., F...M., M.Weld.l.

. SYNOPSIS: An examination has been made of the structures formed in the heat-gffected
m(HAZ)afmnﬂd:udrbambmed—wcbmd—o&-ﬂaumddm I in. thick plate
using a Reat input of 108 Rifin. A sirulation techmique has been used to reproduce the
structuses of the HAZ in uificient bulk for mechanicdl testing. An attempe ts madse to
mmwmﬂmwmmmm with special
emphasis on notch-toughness, Finaily, the effect of an applisd restraint during thermal
smbmmmm:d-mbuxmmhahmmmd

ILD steel is the most widely used
metnlmweldodhbnamom It under-

immediate vicinity- of a weld in thicker -
material and this, coupled with the
continuous nacure of a welded strucrure
mdd:esmmmmnntyof:teel

ismpouibletoavoidmplemlygotenﬁﬂ

can be rendered less harmful if they occur

“"in a microstructure which is less sensitive
tocrackm:muonandgmwm. )

1t is not surprising that the potennal
dangers of the weld HAZ were ignored for

many years while considerable efforts were -

devoted to improving weld metal quality; .

mkhwlyhmmﬂnt“ld "n.dnnoidttmnimd.

metal quality has equailed or surpass;zd that
of wrought steel. However, in a minority of
failures in welded strucrures, fractures have

_ initiated andfor propagated in the weld

HAZ. These structures have failed, uninlly
with expensive results, because of regions
of low d:ucuhty and fracture toughness
produced in the HAZ by the complex

" thermal and strain cycles accompanying
- welding. Teclniques for evaluating mech-

anical properties of the HAZ struchures
have been of limited value owing to the
difficulty of isolaring individual scructures

~ in a specimen of sufficient size for mech-

" anical testing. In recent years, this problem
has been overcome by the development of
simuladon techniques for reproducing the
microstructures found in the HAZv-?,
These require rather costly pieces of equip-
ment but can accuratcly simulate the heat
effect of welding and produce weld HAZ
structures of reasonable size.

The aim of the present work was ©
examine the relationship between th
mechanical properties and ke mice
structures in synthetically prodonced wel
HAZ structures of two comunercial mil
steels. These structures were produced bt
thermal cycles identical to those occurring
in submerged-arc welds made with 2 hea
input of 108 kJfin. in 1§ in. thick plate
Previous work has established that ther
are threse main regions in the HAZ
namely, the grain coarsened, grain refined.
and partial transformation regions'".
Representative structures from each of
these regions were examined.

Materials

One steel was a silicon-killed mild steck
to BS1501-161 Grade B and was supplied as
2 in, thick hot rolled plare. The other was z
mild steel to BS15 and was supplied ac
14 in. thick hor rolled plate. This creel was
jatermediate between a rimroing aud 2
semi-killed steel. The chemical analyses
and mechanical properties of both mazerials
are shown in Table 1.

Experimental Procedure

The thermal cycles used for simulatng
the HAZ structures are shown in Fig. 1 and

Table 1, Chemical Analyses and Machanical Properties of BS 1581 and BS 15,
[ s Mn s P Ni Cr cy -| UTS |Elong.| Re
ton/ | ton/ % duc-
In? |fiin.: tian
of -
Are?
Y
BS 1501 o1% | 023 064 | 0048 | 0032 | 0-14 012 1841 29-2 28 55
8515 [Yo21 {0068 ]| 089 | 0050 | 0040 | nd.* | nd* | md* | ndt | ndt | ndt




in.
7% in. mlid steel |
012V
B90£10 A
6414 injmin -
108 2.2 kJfin.

¢ yaristion of peak temperature across
AZ in Fig.2. These results were
i onamhmcsged-arcbead—on—
phu ‘weld using the conditions listed in
Yible 2. Embedded thermocouples were

. :ﬂdm:emrdthemeﬂnalcyduat various

asewhenc®,

Shrdiminces from the fusion boundary.
fbem‘hofthcpmwdurembefound
M-

memls using the conditions showa in
_Tahl:Z.Secuonsfmmudzwctegmund,
", polished, and etched in 29 Nital and the
;-Tange of microstructures zcxoas the HAZ
esamined by optical microscopy. The
., variation in hardness across the HAZ was
determined using a Zwick hardness testing
mchncmda!oadofSkx
Smml:mon of the HAZ structures was

Tacbmlogy Dezails of this cqulpmcntcan

..’be found in anorher repori**. Bricfly, the
Wunuuc.mmnoe heating and
s water oooling to impose the desired thermal
tycke on specimens 2-5in.: by 0-4in. by
-0-4in,, the thermal cycle being chosen by
'ﬁmoﬁhmkol‘vmuemmu
?..

smmwddswemmﬁmm.

construct a voltage analogue. Control of .

specimen temperature is achieved using a2
thyristor and two ignitrons to control the
input at 440 V- to & welding vransformer.
Feedback is apphedfmma thermocouple
welded to the specimen hot zone, The
equipment has been shown to produce the
desired ﬂn:ma! cydcsin a reproducible
manner.

Four thenml cyces were chosen for

' ﬁmukﬁminnchmumdumemng

mnsfmanmreponsofdxe}mz. :
-In the main part of the work the specimens

were held in a pair of movable jaws so that
they could expand and contract freely

during heat-treatinent. Another scries of -

tests was carried out on the BS15 material
in which the specimens were held rigidly
in the 1aws to prevent expansion and
contraction and so determine the effect of
restrgint on the resulting microstructure
and properties,

After simulation, one specimen from
cach category was sectioned and examined
optically and the structures compared with
the equivalent ones formed in the specimen
weld HAZ. In addition, carbon extraction
replicas were prepared and examined using
the electron microscope.

Mechanical testing of the simulated
structures consisted of hardness tests using
the Zwick hardness machine and a load
of 5 kg, standard Charpy V-notch impact
tests, and tensile tests. The latter were
pcrformad on a 10,000 Ib Instron universal
testing machine at room temperature and
a cross-head speed of 0-05 in.fmin.
Hounsfield number 13 test-pieces with 2
modified gavge length of 0-3 in. were used
to ensure a uniform structure throughout
the gauge length, A series of preliminary

tests indiczted that these modifled test-
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Dislance from Weld Fusion Boundary, mms,
. th.! (Left) Thermal cvcles measured in the weld HAZ and
- used for spectmen slmu!atlon o ..
Fig. 2. (Above) Variation - of thermal cycle pesk temperature
x

‘with distance from the fusion boundaly

p_ieécé -yicldé'd the same tensile property
results as the standard onesil.

Results

The ranges of microstructure produced
in the HAZ of both materials arc showm in
Figs.S.and4.‘IthAZoouldbedivided
into three distinct regions as follows: -

1.” The region of grain cosrsening,
immedistely adjacent to the fusion boun-
dary, where pesk temperatures exceeded
about 1,100°C." Marked austenite grain
growth took place and the relatively tapid
cooling rates through the critical range

- pro&uced a Widmanstiitten structure.

- 2, Thcregmnofgxmmﬁnment which
upenenced peak temperatures in the
approximate range 1,100—900°C. Com-
plete austenitization took  place bur the
temperature and time were insuffident
to cause grain growth so that = torally
refined equiaxial grain structure was
produced.

3. The region of partial transformation

-which experienced peak temperatures in
the approximate range 900--756°C. This
region: was heated between the temperature
limits of Ac; and Ac, which produced
partial austenitization of the original
structure. The regions richest in carbon
where partial dissolution of the pearlite
occurred, exhibited extremely fine grained
structures, while the ferritic regions
became less affected as the peak temperature
diminished. No trace of martensite forma-
tion was observed.

In addition there was a very nammow
region, about 0-1mm wide, iz which

. spheroidization of the pearlite had oocurred.
Thisregnonupenenocdpnktunpmmm

just below the Ac;. “The lamellar carbides
have partially dissolved and reformed as

243




DISTANCE FROM FUSION BOUNDARY, mm.

-

PN .
G SR

S < Tarant o L
A
rd

y
+ .

»
-h
e ;ﬂi

PARTIAL ) SPHEROID- PARENT

T B Eraesietal, o : TRANSFORMATION [ISATION PLATE -
WELD METAL CRAINCOARSHNED- GRAIN REFINED RECION REGION

REGION REGIO®

Fig. 3. (Above) The heat-affected zone microstructures asso-: .
ciated with a bead-on-plate weid in BS 1501 mild steel. i

Fig. 4. {Below) The heat-affected zone microstructures asso-Z:
ciated with a bead-on-plate weld in BS 15 mild steel. | oae

'DISTANCE FROM FUSION BOUNDARY, mm.

R g W ..c

Ay

T

S
[ 18

GRMY COARSENED -+ -
REGION B

REGION




s 3) poarllte.
vﬁ» ;

'l'

8.2 %

vt

Wsumm A Adewas

x 22, 860

2 3 £
DSTNCE FROM  FUSON  BOUNDRY

5

6 Tmm

8S 1607 heat-sffected zone hardness survay. "

[ R ——")

F'q.? (Right) 8s 1501 mild steel parent matenal. (A) femte

%= Fig. 8. (Below) BS 1501 'rmld steel slmulated 10 2 pesk
meum of 788°C. (A) ferite, (B) upper ba:mte.

l-"q 9 (Below right) B8S 1501 mild ‘steel snmalated to a peak
mporatme of 893‘0. (A) ferrite, (B) upper bainite.

0 1 2 3 y 5
) DISTANCE FROM FUSION BOUNDARY

Fig. 6. BS 15 heat-affected zons har&ness_sumy.

¢ —r— s i
4 .



Fig. 10. BS 1501 mild steel simulated to
a peak tempersturs of 1,088°C. (A)
proeutectoid ferrite_, {B) upper bainite.

spherical particles on cooling. The ferrite
matrix was unaffected by thesc low
changes were not observed by optical
as the boundary of the visible weld HAZ.

- HAZ sye shown. in Figs. 5 and 6. In general

fusion: boundary,

The Simulated HAZ Structures

- The parent plate microstructites and
those produced by simulation are showa in

Fig. 12. (Below) BS 15 mild steel pa
material, (A) ferrite, (B) pearlite.

Fig. 13. (Right) B8S 15 .mild steel simu-
lated t0.a peak tempevature of 788°C. (A)
transformed "pearlite. (B) untransformed
peadlite, (C) newly formed ferrite, (D)
untransformed ferrite. .

rent

the hardness incressed on approaching the -

Fig. 11. BS 1501 mild steel simulated to & peak temperature of
1,387°C. (A) proanocto!d ferrite, {B) upper bainite,



Fig. 15.

F:g. 14 B85S 15 mild steel simulated to a peak temperature of

" B93°C. (A} ferrite, (B) upper bainite.

Figs. 7—16. The parent pinte micro-

strucrures (Figs. 7 and 12) were typical of

- hot rolled structures' and consisted of
:+ banded pearlite in & ferrite matrix, Sinmala-

ton- t0 a peak temperature of 788°C
. - produced struciures typical of the partial
wasformation region (Figs. 8 and 13).
. Feathery upper bainite was observed in the
eiecumm:aogrtphs.Snnuhm:oapak
tenipersture of 893°C produced a yefine-

¢ of the ferrite ‘and acicular upper

formed in the former pearlite areas
(Figs.sand 14). These structures simulated

** "the grain refined region. Simulation to peak
" temperatures of 1,088°C and 1,070°C

produced a fine Widmanstitten structure
repmennngthemrtol'dnegrmoomenmg

region (Figs. 10 and 15). Simulation to peak
temperatures of 1,347°C and 1,305°C
produced very ooarse Widmanstitren

" Sructures typical of the grain coarscaed

region immediately adjacent to the fusion
boundery (Figs. 11 and 16).

The hardnesses of each structure arc
recorded with the micrographs in Figs.
7—16. They compare directly with the

tquivalent structures formed in the actual -

weld HAZ (Figs. 5 and 6).

The results of the Charpy V—notch
impact tests areshuwanlgs. 17—20 and
the variations of tramsition temperature
with peak temperamare of simuiation in

" being sssocisted with the grain-coarsened -

Figs. 21 and 22. The tensile test results on

BS 1501 are shown in Fig. 23.
BS 1501 showed a tontinuous increase in

bardness, proof stress and U.T.S. with

increasing pesk temperatare of simulation.

All the simulated structures had higher
transition femperatures than the parent
materisl, the highest transition temperatare

and partially transformed structures.

BS 15 also showed a continuous increase
in hardness with increasing peak tempera-
ture of simulation. Most of the simtlated
HAZ:trumuha‘dmnsiﬁmtempmms
lowey than the parent material which is
most probiably due to the refinement of the
relatively coarse prain size of the parent
material. However, an increase in transition
temperature was observed in the grain

region. .
‘The restraining mechanism used in one
series of tests on BS 15 was calculated to

produce plastic deformations of 29, for 2 .

peak tempersture of 788°C, 39, for 893°C
and 4%, for 1,070°C. There was no apparent
difference " in notch-impact properties
bewween the specimens simulated with and
without restraint.

Discussion

One of the man difficulties in attempting
to explain the structural changes occurring
during fusion welding is that, due to the
marked departure from equilibrivm con-
ditions caused by the rupid heating and
cooling rates and the short times at peak
temperatures, conventional  equilibrium
data are not spplicable,

The correlstion of the tempersture
measurements made in the HAZ of the
BS 15 bead-on-plate weld with the changes

Wbing AND METAL FABRICATION. Tone 1970

BS 15 mild steel simulated to a_peak femperature of
1.070°C. (A) Proeutectoid ferrite, (B) fine carbide and ferrite.

Fig. 16. BS 15 mild stee! simulated 10 a peak tempersture of
1,305°C. (A} proeutectoid ferrite, (B) fine carbon and ferrite.

in microstructure showed that, owing to the
rapid heating, the Ac, point was raised
by approximaiely 35°C to 750°C and the
Ac, point by approximately 75°C to 900°C.
‘These results agree with those of Feuerstein
and Smith'*. The dependence of the Ac,

.-and Ac, remperatures on heating rate is

understandable in ¢he light of the inabilicy
of carbon-and other alloying elements to
diffuse umiformly. Albutt and Garber’?
showed that for a given carbon content the
distribution and shape of the carbide
influenced the degree to which the Ac, was
increased, whereae the A¢, was insensitive
to this.” However, it is possible that other
factors, such as initial inhomogeneity and
grain size may affect the values of the Ac,
and Ac,temperatures.

Simulation of Thermal Cycles. Metallo-
graphic structure and hardness of the
simulated regions of "the weld HAZ
coprpared directly with the equivalent
regions of the actual weld HAZ in both
materials. . A comparison between the
thermal cycles measured during welding
and those reproduced by the simulation
equipment is shown in Fig. 24. The two
cxamples represem the extremes of the
thermal cycles used in this work. In all
instances, good agrecment was obtained in
heating and cooling rares and peak
temperatures.

The measured difference of 30°C between
tbcmrfacelndtheoentrcofthelpeumen
during simulation was neglecied®. In most
cases the volume of simulated structure
produced was approximately 0+4in.? and
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ature rwith peak temperatute of
nulat] nfor BS 15 mild steel specumens

bylmgnhe:al‘forasteelof

‘ —--sdaetmsilemtnmlu.ﬂthe simulated "~
: .w.ldmzmmrushowedanmuusc
: u\:wfmandu.'r.s..andadeuﬂse

'ﬁkfﬁﬁugmtbe.'l'hehndncss,onthc
~uther hand, was omnpm\nve]y little affeczed
; swing to the small propordion of upper
{. - Minite in the structure,
"o (&) Simulation t0-a Peak Temperature of
7 §93%C, Austenjtization was more fully
-*'ehpedﬂnnmﬂleptmnmpleand
-*-te structure had a coarser ferritc and
- bainjte grain size (Fig. 9). The norch-
_ wughness  properties improved  slightly
*: probably because of some homogenization
“ofthecazbmonntmbydﬂuuonmtoﬂm
-#wgrounding ferrite during the time the
wmperature was above the Ac,. There was
-4 slight increase in hardness due to the
increazed yproportion of transformation
producr.

.
.

¢+ (€) Stmulation to a Peak Temperature of
"‘IM‘C.A jtization was fully de-
=nweloped in this sample and the high rate of
mmolmg through the critical range resulted
-ia the formaton of a Widmanstitten
mm (Fig. 10). However, the total
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time at which the temperature was sbove
the Ac, was too short (approximately 5s3)

* ‘for hoinogenization and grain growth to

_oocur so that the resulting structare was
fine grained. Acicular upper bainite was
‘tesolved st higher magnifications. The
. reansition temperarure was slightly higher
“than in the previous sample but stll lower

* thin that 'of the specimen cycled to 788°C.

The hardness, ptoofstrcss, and U.T.S.

: .. were higher than in the previous sample

probably becausc of the greater proporhon

of transformation

product.
() Simulation to a Peak Temperature of

| 1,347°C. This temperature was greatly in
.-.mousoftheAc,.Consaqumdy the theymal
e m&mmsuﬂiaent foroo;npletcor

‘ encugh to produce a very coarse Widman-

- stiiteen structure (Fig. 11) consisting of a
- network of procutectoid ferrite outlining the
~ prior _-iustenitc' grain  boundaries and

enclosing large areas of carbide and ferrite
in a fine distribution. More acicular upper
bainite was present than in the previous
sample resulting in a marked increase in
trangition temperature, proof stress, U.T.S.
and hardoess and a decrease in ductility.

. These results indicate that the grain-

coarsened region experiencing peak tem-
peratures in the vicinity of the melting
point has the worst combination of mech-
anical properties from the viewpoint of
susceptibility to brittle fracture. The
properties of the partial transformation
region are only slightly better. Some pre-
cautions -would be advisable if the steel is
to0 be used at low temperatures in welded
construction.

‘Mechanical Properties and
Microstructures in BS 15

The parent material had a higher
transition temperature than tlie BS 1501
steel, which is probably due to its coarser

éwn.nma AND METAL FABRICATION, June 1970

grain -size snd the smaller degree of de-
oxidation used during manufacture, Ther-
mal simulation to peak temperatures of
788°C, 893°C and 1,070°C produced an
improvement in potch-impact properties,
whilst simiularion to 2 peak temperature of
-1,305°C produced a severe detcrioration.
Once again these changes in mechanical
properties were related to microstructural
changes.
{a) Stmulation to a Peak Tenperature of
788°C. The microstructural changes ob-
served were similar 10 the equivalent
specimen of BS 1501. The slight improve-
ment in notch-toughness properties over
those of the parent-plate was attributed to
a breakdown of the coarse pearlite into a
- mixture of fine ferrite and pearlite (Fig. 13).
(8) Simulation to a Peak Temperature of
893°C. The micrestructure produced by
this trestment (Fig. 14), was quite different
from the equivalent specimen in BS 1501,
in that a considerabie refinement of the
ferrite grain size was apparent, leading 1o
much superior notch-foughness properties.
(c) Simulation to a Peak Temperature of
1,070°C. The microstructure produced by
this oeatment (Fig. 15), was similar to the
cquivalent specimen in BS 1501. The
notch-toughness properties had  deteri-
orated slightly from those of the specimen
cycled to 893°C, but were still better than
the parent material properties.
(d) Siunulation to a Peak Temperature of
1,305°C. A coarse Widmanstiitten structure
was produced by this treatment (Fig 16)
similar 10 the equivalent specimen in
BS 1501. The notch-toughness properties
wereconsiderably reduced, snd the transition
temperature was about 25°C higher than
that of the parent plate.

The Effect of Restraint on
Mechanical Properties

During welding, the HAZ undergoes an
extremcly complex strain cycle and the
cffects of this on the structure and proper-
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be raised contidersbly. Howiver, ‘tech-
niques to simulste HAZ, structures con-

work,
- Because of the sbasence of reliable data

. on the strain cycles ocourring in the HAZ,
- this problem has been tackled in a qualite-

tive manner by applying a restraint during
thermlsilmllalion. No detectable changes

cycles.

 and much lower than those that could cocur

at the root of a stress concentyator.

Practical Significance of Results

" This work has shown clearly the different

effects of the weld thermal cycleonthe HAZ
propesties of two mild steels manufacrured

~ to differentlevels of deoxidation. The fully-
" killed steel had markedly superior notch-
‘toughness properties to the ‘partially-

Killed stee]l iIn the uawelded conditon.

.'Afmweldmghmcveramarkcddeten-

oration . in notch-toughness. properties
occurred in all regions of the HAZ in the

- fully-killed' steel and in. most cases these

were inferior to the cquivalent

- propertics
region in_ the partislly-killed steel. By

mthepurmﬂy—ﬁlledsteelhzdbener
notch-toughness properties  throughout
most of the HAZ owing to the beneficial
effects of griin refinement. However, in

'mmmhwnotchmmm_

occurred in the grain coarsened region
owing to. the coarse Widmanstitten
structure and in this respect the partially-
hlledweelwudmnna:lym&not

Conclusions .
1. The non-equilibrium conditions
attending = -arc bead-on-plate

_ weld in 1} in. thick mild steel platc ata heat
-~ japur of 108 kJfin. resulted in an increase of
Ma&'cindnm:empmmua

-FngS (Left) Tensllq ptoperﬁes of BS1501- mild steel .
simulated specimens. L

r Fig. 24. (Above} Companson of mal end sumuleted thermd

and of:ppmmndy 75°C in the Aﬂmr.

tempersure. SRt =1
zmmumdmmsmlmﬂbe.

dmdulmmthmechmms.‘rhue'—-

were: (a) the region .of cnmeﬁht-ﬁ.
r(b)thcteglonofmrcﬁﬂ::;m,nd( )

ndd:donthmwuamymreﬁm-&t : ,,_.'
the low temperatire bovndsry oft:hem&
mwhchsphumdmmofthembmw

-simulated. stenctuces were directly- =73
panb!cmdteeqxdnlemmmtheamd

5. Ind:cBSlSOlmt&n!adeam
notch-toughaess oocurred in all :
of the HAZ. The

Embritdcmenti:ithepuﬁhl

reginnmthcmrmamnot'am

gtms,tmsile
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Motor Generalor Sel—1

"WELDING Industries Lid. have intro-
duced 2 new 375 A motor gencrator

engine wo
: an output of 35375 A, 50—85 V.
t will give continuous welding current of

" 300 A. The generator is of the “Brush

Shift’’ type, conxrolled by a single hand

wheel to give infinirely variable coatrol over

the current range. All rotating parts are
dynami

staticzlly and
lifting point is provided for site
work and the unirt is moynted on a frame
for wowing. High speed Flexitor undergear
and overrun brakes are incorporated. The
anit can also be supplied as a static ser.
Owenall dimensions are 7 ft 8 ia. long, with
tow bar, 4 ft 3 in. high and 3 ft 6 in. widc.
engmcvers:onamnbesupphed and
startiny is a further option.
Circle 167

E

" Motorized Probe Slide—2

HE model SP-300 ‘motorized probe
slide introduced by Cecil Equipment
Co. Inc. is vsed in crion with model
CMS-:OB CMS-10A and CMS-9A, auto-
cfnnce systems, 10 reference from
mgndewnuofadccpgroovewhﬂenweld-
ing head is being repositioned for making
muiti-pass welds. The probe slide allows:
off-setting of the probe while making multi-
plss welds; spacing of weld beads while
automatic coatrol of the
'tldmg head; final weld passes being
Mmade on tanks or vessels by using the probe
slide for repositioning the probe to pick-up
A new reference point. The slide is also
used in a vertical position when welding
having two or more web thicknesses
‘in a single beam and still maintain auto-
tmatic control of the welding head.
Circle 168

All-Position Electrode

THE S y
_ T upercord clectrode, marketed by

d., which is
wtitable for welding in any position, and

for vertically down contact weldi
available in sizes from 12—4 s.w.g.
m of the mild steel medmmwmated rutile

properti
a U.T.S. of 32 vonffin.t, yield poiat of
26 tonffin? and impact values ( v
notch) of 58—75 Ibf. Circle 169

Pressure Welding

Friction Welder—3

ANEW friction welding machine has
recently been completed by Biacks
Equipment Ltd., Friction Welding
Division, for ;ommg high speed tool bits
to .mild stecl shanks in the production of

twist drills. A feature of the machine is an .

automatic cutting head which removes the

metal upset after welding, Following the-

tuming operation the head withdraws into
aireccss below d:l:g chud:.l With a drill .:é‘
1§ in. diamcter, complete welding

flash removal cycle takes abour 45 5. The

machine is hydraulically operated through

a flow control valve which ensures a con-
stant feed rate during welding. This
machine is being delivered to Firth Brown
Tools Lad. Circle 170

news | |

esof Superoord include -
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