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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 io
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
metallurgical 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 aspecis 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 thai 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 so neglecied 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 sohidification. Then, not
only has it proved possible to interpret phenomenological
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 abservations 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.-* Only 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 heterogencous depending upon whether the
nucleation events occur without or under the influence of
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 yoo is the surface energy of the liquid-crystal interlace,
Tw is the cquilibrium melting temperature, Lw is the latent
heat of meliing, 4T is the undercooling below 7., and 8 is the
contact angle. It is clear from these equations that the critical
radius decreases rapidly with decreasing temperature as does
the 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 WkT)
where K is a constant, 4G . is the energy of activation for
addition ol atoms to the nucleus, and T is the temperature
{ = Tm—4T), is then correspondingly rapid.

In fusion welds the weld pool is formed by melting regions
ol the base metal and thus there is always a region of solid in
contact with the liquid.t This effectively reduces 4G* o a
point where the nucleation barrier djsappears. Only in those
cases where artificial nucleating agents (inoculants) are intro-
duced into the weld pool must the basic constraints of hetero-
gencous 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-
icaf and crystaltlographic parameters are important.

The above considerations treat nucleation as a quast-static
phenomenon. It 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 of the growing solid
and produce a grain-refining action. Here we have crystal
multiplication and this is nor a nucleation event in the normal
sense. 1t is, however, an important means of exerting control
over the grain structure, particularly with fusion welds since
the interface is always present. Dynamic grain refinement is
considered further in Section 1.5.

(2--3cosf - cosdf)
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U s s shiscussed ingreaser detal in Sectioa 31

1.2 Growth
After nucleation or in the presence of a pre-existing solid/
liquid interface, growth occurs by the additton of atoms 10 |hé

solid. Although three mechanisms Tor growth are normally
considered, namely,

(i) normal growth®
(i) growth by repeated surface nucteation®
(iii) growth on imperfections,*

only the first of these is important in casting and weld-pool

solidification. For normal growth the interface advances by
the continuous random addition ol atems and rapid growth
rales are comparatively easily sustained. During nowrmal
growth the macroscopic form of the interface is determined by

conditions adjacent to the interface and the interfuce maw vary

from being planar, through 4 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

(i1) fast growth rates

{iif) 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 k4 given
by the ratio of the solute concentration in the solid at a
given temperature to the corresponding solute concen-
tration in the liquid at the same temperature.

For low degrees of supercooling the interface is cellularii. 1z

As the degree of supercooling increases a dendritic interface

develops.!' Dendritic growth is strongly crystallographic and

the primary arms and side branches lie paraliel 10 specific

crystallographic directions,'2- 12 e.g. the < 100> directions in

fee and bee metals and alloys. These are the rapid casy-growth

directions. An extensive series of studies by Flemings and his
co-workers - have shown that these cellular dendrites

form a characteristic plate-like array with an arm spacing

determined by the local solidification time. The local solidifi-
cation time has been defined!$ 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.
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T et castiags o weld pools conditions will e Such thay
grewth s cellular or eellubar deswdritic. Uider thew condinensg
1 Semphiticd convept of constitutional supercoohng!™ i oo
Jeteer apphcalie aml atiention must ke given 1o the variong
coottrthunions 1 the totad wndercooding near the hguid Solnd
i tace. This mvdercosding i not only o funaction of the
st ture of e aierface but is also dependent on the growth
rate and tlemperature gradient in the liguid ahead of the grow.
ing inerface. 7 Then the wtal megsured undercosling 1/
jsenven n

A A J, - dr.
whére J10. i the contribuion due to the sehae ner, 47, s
ded Lo nterface carvature, and 37 is @ kinctic contribanion.
Coptitutional supercooling normally refers w4, only.
A1 s Tor metads, usuadly assumed to be negligibly smiadl
conepaared with the other contribuiions. One importaat con-
savuenge of these considerations is that it is feasible under
cortain conditions For orystals to grow in the liguid sthead of
the mterface. ’

1.3 Redistribution of Solute

Ag ulloas solidily there are marked elfects resulting from the
congursrent redistribution of solute, These itre not only res-
ponsible for the changes in growth morphology referred 1o
above but also kead to solute segregation on both a micro-
scale and @ macroscale (see Section 1.6). As a bar of iniial
compuosition (. solidifies directionally under conditions vars -
ing irom equilibrium {reezing Lo complete solute mixing in the
ligunl a range of solule distributions are produced e =1 2
{Vig 21 These distributions are derived assuming the interface
i macroscopically plunar and experimental evidence®® sup-
port§ his assumption. In the presence of cellufar or Jdendritic
growth these will be average values only and subsiamial
logadized microscopic fluctuations in compaosition in beth
longuudial and transverse directions are (o be expected. If
aShuange in the growth rate occurs during solidification mag-
roscopic fluctiuations in composition occur {Fig.3). These are
ustdly assowiated with structural banding. Banding is very
commuon in fusion welds because of the periodicity of the heul
input and is #pparent as both substructural bands (Fig.4) and
as Jurface rippling.=!

1 requently the expected average solute distributions are
complicated by Muid-flow effects. For example, because of the
contraction normally associated with solidification at the
latier stages ol 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 disiribution
oprosite to that predicied and this is known as inverse sep-
réetion, S8

1.4 Soliditication of Multiphase Alloys

Thesotiditicanion of alloys in which 1wo or more phases are
pegsent is oa complex process. In normal fusion welding
euwtectic abloxs are rarely encountered. Perilectic alloys are
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stightly more common and for virlually all compositions the
solidificd microstructure consists of cored primary dendrites
of one phase surrounded by 1he other phases.*” The peritectic
reaction seldom proceeds 1o completion because il becomes
stifled by the need for diffusion through the solid laver which
rapidls encapsulates the primary phase %

Insotubie particles and inclusions are common in weld pools
and a knowledge of their behaviour during solidification is
important. Although it is possible lor the growing interface 1w
push suspended particles before it the conditions in a wekd
poo! are such that paricle entrupment is to be expected, ™
cither by the advancing interface or by particles becoming
isodated in regions beiween 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 temperature liquid aluminium dissolves 9-036 cm?
of hydrogen per 100 g whereas solid aluminium dissolves
0-69 ¢m? per 100 g.% The high supersaturations that occur
near the solid figuid imerfaces lead to bubble nucleation and
alter this the bubble3! (a) loals away collecting more gas and
escapes at the free surface, or (b) moves with the interface,

schill_ia
CITFTHT

colurmnar
crystallsl

]

equi-axe,
one

5 Tranfivi e sweetion of an as-cast strwcture shoving the chitl zone.
colpmner zone, aed eguioxed Tone G alk erd3)
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1 growing ub the same tinwe and i due courge becoming on-
trapped. or (¢) bevonies iworporated in the interface w form
an clongied bloshole, or () is rapidly avergrown amd en-
rapped.

In fusion welds dissohed gases are nov uncommon and
although in principle all the above modes ol behaviour are
pumsible the high growth raes make modes (0 and () the
most probable. 11 means that steps are generally taken (o
climinate dissohed gas from the weld poul. e.g. by the incor-
poration i OXYRCN scavenging agenn into the welding fux,

1.5 Ingot Solidification

The microstructure of a cast ingol normally consists ol a chill
sonc. a colummar zone, and an cguined zone {Fig.5). The
chill zone is produced by heterogeneous nucleation in the
region adjacent 10 the mould walt as o result of thermal
undercooling.® 9 Sinve  heterogencous nuclcation is nol
expected in weld pools (see Scction LD this zone is absenL.
The columnar zone of an ingot develops by competitive
growth from crystals at the initial sodid liguid interface. These
correspond 1o the partially mehed crystals at the boundary of
1he fusion zone in a weld pool (see Section 2.1). The columnar
crystals show a sirong preferred orientation which corres-
ponds with the preferred crystaliographic directions of den-
dritic growth, i.c. < 100> in cubic metals.'? The columnar
zone persists until conditions become favourable for the for-
mation of eyuiaxed crystals which then grow, obstructing
further columnar growth.

There are three major sources of nucki for the equiaxed
cryslals,

(i) apparently isvlated heterogencous nucieation cvents in
the melt?*

{ii) Fragmentation of the growing columnar zone™

(i) nucleation events at the free surface.™

in imzot solidilication al! three sources are normally contrib-
utory to various degrees and it is manipulation of conditions
1o favour these ditferent mechanisms which is foremost in the
control of the cast structure.

Heterogeneous nuclcation oceurs in the initially chilled
liquid on pouring and some of these nuclet can be swept into
the bulk of the liquid and survive there,

Fragmentation veeurs by dendrite remelting and is a con-
sequence of therma! Nuctuations associmied  with convec-
tion™ (e Figt, Nuclei are produced v the free surface
because ol preferential heat loss and shower down into the
liguid sheaed of the colummar zone* ls all cases, however, it
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I Rgrtant 1 note that » L‘mof sthicent mwerch Lo geng:
nuclei but that these nucler mus sunvne wathout compléeiy
melung. :

The morphology of the solidificaion fron: and the ondi.
tions and selocities of dendriteg geowth ad and m foont o the
interface depend signiticantly on the rate of heat e 1
dnel on the magnitude of the local supercoohng. = A oen.
toned in Section 1.2 thernval conditions can wast aheid offhe
cotumnar interfice which tadbur the geowab of ke winich
enist aheud of the inerface. The inerruption of colusiar
growth oceurs when the growing dendrite fragments Moy
in the liquid adhere o the solidiivation from. Yhe clfeGine-
ness of the imtereeption pnu-ss dcpcmls upon an interplay
hetween the number and size of the Hoating cesstds and onhe
shape of the solidification (ront.™ The siructure produced
under given conditions in any Sisem s logically dependent on
the constitwtion of the Fastem and the composition ol the
particutar altoy under examination.

In weld pools the very hagh temperatures in the liguid nuke
fragment survival difficult and so normally only the columnar
zone appears (see Section 3.3). -

In casting practice structure conteal is normally exerted by
introducing  heterogencous nucleants (inoculanis)® * or h:v
encouraging dynmamic fragmentation of the growing dendrites

{dynamic grain refinement) using. lor example. mechanical |

stirring*!- or ultrasonic vibrations.

1.6 Segregation

Segregation is classified as either microsegregation texiending
over distances of the grain diameter or less) of macrosegre-
gation (extending over miore thun several gram diamelers). In
lurn microsepregation is sulxtivided into cellutar, dendritic,
and  grain-boundary  segregation.  The  shortrange  cifects
oceurring when an interface 5 growing in o cellular form!
produce compositional variations which although lirueti- 4%
can readily be eliminated by heat treatment. Dendritic segre-
gation cither as coring or by the accumulation of solte in
interdendritic spaces'™ is more ditlicalt 1o eliminate, Grain-
boundan segregation oceurs cither by solute wccumulation in
grain-boundary grooves (Fig.7a) or by the impingement of
two interfaces growing with a growth component nornvl to
each other (Fig.7h). This latter tape of scpregation is nwre
properly considered  as  macrosegregation  and centre-line
solute secumulations can be very marked when columnar
growth predominates,*’ The detailed nature of the Segreyation
pattern i dependent o the growth conditions amd mor-
phology of the growing dendrites and is largely & ninilesta-

tion of liguid Mow in the semi-solid region. & 0 OF the
grain 1 o
grain boundary

solute
accumulation

grain 2
= growth

direction
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other main forms of macrosegregation. gravity segregtion
am inverse segregation are normadly onhy expected in rela-
tively farge systems. They #re not of particular relevance
when considering weld-pool soliditication und do not warrant
further comnsideration here.

Normal macroscopic segregation can be described in terms
of average vompuositions and directional growth feads 1w
solute distributions broadly similar 10 those observed in
directionally solidificd bars,'* e.g. as in Fig.2, when allowance
is made for the influences of Auid Aow.

1.7 Solidification Defects
Although a wide range of solidification defects commoniy
occur in castingss? many of them are the result of deficiencies
in casting practice. The three most importamt in the present
context are:
(i} gas blowholes {porosity) produced by enirapment or
generation ol gas bubbles in the liquid (see Section 1.4)
{ii) contraction cracks (hot tears) formed when the melal
pulls itsell’ apart on cooling under the influence of
thermal stress
(iii) shrinkage cavities which appear as a result of the
volume conlraction associated with the iransformation
from liquid to solid.

These can be avoided by degassing, control of thermal
gradients, and promotion of directional solidification. res-
pectively. Ia weld-pool solidification each of these three de-
fects could possibly occur and similar remedies must, if
possible, be adopted to climinaie them. 1t shouid be noted,
however, that shrinkage cavities are only 1o be expected 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 thin of uan ingot in miniature, a number of

basic dilferences, already mentioned. esist which markedly

influence the structure and ultimaiely the properties of the
final weld deposit. These can be summarized us:

ta) during ingot solidification, the nucleation and growth of

metal crystals 1akes place on pouring, generating the

charucteristic chill zone observed in most castings (see

Section 1.5); in contrast, no nucleation cvent is neces-

sary o initiate weld-pool solidificution: the molten

weld pool readily wets partially melied prains in the

base material, which is usuully similar in chemical

compuosition to the weld pool itsell; as the weld pool

cools past its liguidus, a solidification interfuce is thus

effectively present a1 the Tusion boundary and growth

takes pliwe from partislly melied grains in the base

B Growth from the fusion Fenandury of TIG melt run in Al 4-5Cu
sheet: the fusion-zone howsdary is clearly defined in the partiolly
melred groing - 150

metal into the receding weld pool (Fig. %) with a mini-

mum of supercouvling -
(b} macroscopic solidification raics in wehkiments are orders
of magnitude greater than those found in ingots. being
determined by the speed of welding, e.g. they vary from
{00 mm/min in tungsten inert gas (TIG) welding up 10
as high as 1000 mm min in electron beam welding :
very steep thermal gradients in the weld poo! 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 toe more than 70 mm de-
pending on the speed of welding and process considered :
average thermal 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 measured 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 interfuce bounds the weld pool. the shape of
which remains constant over the major portion of the
weld length: this is disturbed in general only by weld
siart and finish effects or external perturbations 10 the
welding process by, for example, varistions in arc
behaviour

(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 welding,
where electromuagnetic stirring of the weld peol gen-
crated by Loremiz forces creates conditions of con-
siderable turbuience within the pool.+*

To appreciate lully the implications of these ditferences in
general solidification behasiour between @ weld poul and an
ingot, it is necessary to consider in derail the sequence of
events tuking place in a solidifying pool beginning with the
nitiation of growih at the l'usion boundary.

[(4

-

3. Weld-Poot Solidification
1.} Growth Initiation in 2 Weld Pool
The influence of base-mctal grain size and orientation upon
the initiation of soliditication in a mohen weld pool was first
recognized and swwdied systematically by Savage and his
vo-workers, ** 2% who concluded from the continuity of grains
across the fusion boundary observed in meh runs on a range
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of materials that solidification had begun by ‘epitaxial®
growth® on the parent plate (e.g. Fig.B). Such a process of
growth at 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 foed?- %1- 82 metals using the Laue
X-ray back-reflection technique. On the basis of these results,
it thus seems well 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 (HA Z) 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 2 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 e af.%* and has subsequently
been studied in more detail by Matsuda er al.3? and Loper
elal$s

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 metallurgical 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 er af.*3 have found,
however, that the average width of both 1the HAZ grains and
the weld-metal columnar grains at the fusion boundary re-
main approximately constant over a range of heat inputs up
to 94 kJfmm in TIG melt runs on 6-35 mm thick commercial
aluminium plate. This research confirmed the results of Mai-
suda er al.*® for commercially pure titanium, niobium, and
tantalurn, 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 clectrosiag and submerged
arc 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 to 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 to the pool
depends on the method of eiching of prepared metaliographic
specimens, and they suggest that this may be due to the exist-
cnce of a region of melted basc metal which has resolidified
without mixing with the main body of the pool. This effect
would not apply to simple melt runs, where the pool and the

* Lpituxy or oricnted overgrow th is ususlly reserved as u description for
orienled  crystallizalion on fureipn substrates from the vapour’® or
liquid.** Growth from partiafly axlted crystuls withour a nuclestion
cvent as in the case under consideration here cunaot, therefore. strictly
be described s epituxial.

base plate were identical in composition. but wowid be signi-
ficant in the realistic welding situation where filler meiat of a
different composition is used. Neither Duvat and Owcrurskiss
nor Makara and Rossoshinskii*® were able 0 hocate this
region of completely unmixed. meited base metal in more
quantitative studics but found instead a 20ne¢ of incomplete
mixing of filler and melied base metal at the extremitios of the
weld bead. Using electron microprobe analysis on the {usion
boundary of a steel weldment, Duvall and Owczarskis: identi~
fied a composition gradient extending from the average weld-
metal composition into the HAZ for 80-150 #m until the
average base-metal composition was reached. When cop.-
sidering welds made with filler metal additions it is. therelore,
more appropriate to look upon the area of the bead immed;-
ately adjacent to the general fusion boundary as #n ifl 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 Weid-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 dominaies the re-
mainder of the weld-pool solidification since, as will be scen
later, columnar-to-equiaxed growth transitions are compara-
tively rare during welding unless specific steps are taken to
suppress columnar growth. Consequently, the overall solidifi-
cation macrostructure of a weld bead is determined in general
solely by the nature 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:

z0ne,

As described in Section 1.5 both fcc and boc materials have
as preferred easy-growth directions the < 100> directions.
Solidification usnally proceeds along that easy-growth direc-
tion oriented most closely 1o the direction of the maximum
thermal gradient in the melt. During welding the maximum
thermal gradient in a weld pool is normal to 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 therefore be most favourable for those grains growing,

from substrate grains with a < 100> direction most nearly.
aligned parallel to the direction of the normal o the pool
boundary at the moment of solidification being considered.
This interaction between parent-plate grain orienlation 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 of.% They made.
full penetration TIG melt runs on deoxidized copper sheet in
such a way that the fusion boundary of the welds ran through)
particular grains and twins whose local orientations had been
previously determined. From considerations of the process
growth on these substrates of known orientation and the e
suing competitive growth in a pool of selected geometry, Bray,
and his co-workers were able 10 apply the gencral conceP“l
discussed above to predict correctly which grain or twin woul
dominate the solidification in particular welds. This Work'




an

Neefondefecaptseri Noven fures wind Propertios of Farsgerer W chils

D)

—>

9 t ofunms skevelapaient in o tear-shaped weld pool: arrews in the
weld pool show the almost invarien divection of the mximam
et erendient theoughout o large proportion of the soliditication
ynee. this vesults su the early climismation of wrfavonrabiv oriented
w1 aives vl fow carfunmtar grain survive to reach the cenree line

contirmed the resulls of carfier simitar investigalions by Savage
o ol and Chase.! and also showed that the theories de-
veloped 1o expliin competitive growth in ingat sulutification
coutd be applied with confidence to vhe particular conditions
of weld-pocl soltiditication.

3.3 Influcnce of Weld-Poo) Geometry
1t is evident from the above discussion that a change in weld-
poul shape caused by variations in welding parameiers may
markedh alter the structure of a fusion weld in a given mat-
erial. Considering the two-dimensional shape of a weld pool,
as scen on the weld surface, a tear-shaped weld pool has an
almost invariam direction of maximum thermal gradient at
all points on the pool edge from the fusion boundary 10 the
weld centre (Fig.9). This results in any grain fuvourably
oricnted for growth at the fusion boundary being able 10
grow ot optimum speed and expand at the expense of less
favourably oriented grains. Refatively few grains thus survive
10 reach the weld centre. In contrast, in an elliptically shaped
poul. formed at cither lower welding speeds or higher 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 continually from the fusion
boundary (o the weld centre (Fig.10). In consequence, no one
grain eapericnces favoured growth lor any extended period
and very many more survive 1o reach the centre of the weld.
Thi§ dilference in macroscopic yrain development for 1ear-
shaped and elliptical weld pools has been demonsirated ex-
perimentally in a number of papers*™-*" % * and_ as will be
seen in a later section, can have an important effect upon the
properties of the weld bead.

A columnar grain which survives over any great distance in
an elliptival weld poal exhibits considerable cunvature (Fig.
113 due to the progressive change in the favoured growih
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divection. The crystailographic orientation of this grain re-
matins constant. however, the curvature observed being gen-
erated by the repeated side-branching of the solidification
substructure.* ™ As such columnar grains develop, a’situa-
tion may be reached when growth by side-arm branching be-
comes difficult for 4 number of adjacent grains due to the rela-
live orientation of the casy-growth direction and the con-
tinually changing direction of the maximum therma! gradient.
Under these circumstances, a new columnar grain may be
initinted from a random solid fragment which has been in-
corporated into the advancing interfuce from the melt with a
<100> direction oriented purallel 1o the direction of the
maximum therma! gradient at that particular moment ol
solidification.”-** *! This fragment is thus able to grow more
vapidly than neighbouring grains and rapidly expands 1o
Jdominate the local solidification process. The source of these
solid fragments during welding has yet to be investigated, but
it would seem clear that they are gencrated by some process of
interface fragmentation similar 1o that which can occur in
ingot solidification due to either thermal fuctuations in the
melt or mechanical disturbances at the solid;liquid interface.
indeed, it is important Lo note in this context that recent work
on grain refinement during weld-pool solidification® has
demonstrated that variations in arc behaviour, such as arc
vibration or periodicity in the heat input o the pool associated
with cyclic current characieristics. can promote such interface
fragmentation (see Sections 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 apparently minute dendrite fragments®®: *!
to relatively large grains cxhibiting free dendritic growth
morphologies™'- 7' similar to those observed by Southin?* in
the heads of the characteristically comet-shaped grains found
in the equiaxed and columnar zoncs of a solidified ingot. The
accurrence of solid fragmems within the body of columnar
development in a weld pool is promoled, as in ingot solidi-
fication. by conditions which enhance constitutional super-
cooling and dendrite remelting in the melt.*7 71 This is sub-
stantiated by the increased tendency to obsesve large frag-
ments showing evidence of free dendritic growth a high alloy
contents.”! Solid fragments of the 1ype described above are
alser found in tear-shaped as well as elfiptical weld pools, but
under these conditions of imariat dicection ol maximum
thermal gradient, they emd to be grown ow by the already
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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
welding of mild steel. 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
place along that Tavoured growth direction mosi nearly
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 (6" 8) cos{d—6)
where R, is the growth rate in a direction normal to 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 Secuien |3 some

puddle 1sother—

v
-
welding
direchon
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mherface nterface N
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limited gencration of nuclei can take place during welding
associated with either arc instabilities or periodicity in heat
input. The theemal conditions in the melt are 5o scvere during
welding, however, that nuclei survival is very limited unless
cither the mechanisms promoting nuclei gencration are par-
sicularly effective, which is normally only the case when steps
are specifically 1aken 10 obtain equiaxed growth (see below),
ot the conditions of welding are such as to produce a high level
of cellular or dendritic undercooling in the pool. Accordingly,
nuclei 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-poot solidification thus tends tooccur unaided
in the region of the centre line of the pool, where solidification
rales are highest and the therma! gradients fattest duc 10 the
distance of the arc, and is generally associated with high weld-
ing speeds®¥- * and high alloy contents.¥*-*! For example,
Matsuda er of.3? only succeeded in generating equiaxed grains
at the centre of full penetration melt runs in 0-32*,, steel sheet,
1-0 mm thick. when the welding speed reached I 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 cncourage equiaxed growth because of the
overlap of the regions of solute accumulation ahead of the
converging solidification fronts at the centre 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 poot 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 Calve, Bentley, and.Baker** in
which ceflular, cellular-dendritic, and free dendritic growth
modes were observed in stationary melt pools 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 ¢f 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 to generate a range of growth
substructures in melt runs in a given materiat simply by vary-
ing the welding conditions. Working on TIG melt runs in low-
atioy steel, they found that increasing welding current at a
fixed welding speed, or decreasing speed 2t a fixed current
level, caused the melt run substructure to change from a
cellular to a cellutar-dendritic growth mode. Although it was
again proposed that the variation in welding conditions had
promoted the observed growth transitions by flattening the
thermal gradients 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
cellutar growth through the associated reduction in the solidi-
fication rate of the pool (see Section 1.3).

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

cation processes, it is worth remarking au this point tha
structural transitions in weld metal of the type outlined above
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 paramcter was first introduced
by Tiller and Rutter'! in an attempt to quantify the boundary
solidification conditions for particular growth modes. There
is, however, no sound experimental evidence for the adoplion
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 focal solidification rate and thermal
gradient in a single weld on moving around the fusion bound-
ary from the side to the weld centre line causes a progressive
change in solidification substructure across an individual 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 transition to dendritic growth modes. As a result,
a range of growih substructures can be observed in melt
pools** and in individual weld beads, particularly at refatively
high welding speeds.3- 7. 29 At 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 dinections have been confirmed in welds of both fcc
and bcc materials, 3. %0. %8¢ Nakagawa ef al.%- 7' observed
that the secondary dendrite arms could be misoriented from
the main stems 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 molten 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
cellular 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
cormrespond closely to the characteristic easy-growth direction
of < 100> for foc metals. In this context, it is worth noting
that these results are in agreement with carlier fundamental
work on the general effect of solidification rate upon cellular
growth directions.*¢

As discussed earlier, 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-0-9Si 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 at thal
locality. From these considerations, Brown and Adams'’
predicted theoretically that the dendrite arm spacing in partial
penetration welds deposited under conditions of three-dimen-
sional heat flow on relatively thick plate would be related
directly to the square root of the heal input per unit length of
weld. This calculation was based on a very much simplified
analysis of one-dimensional dendritic growth,*® which yields
the expression for dendrite arm spacing L.
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where D is the diffusivity of solute in the liquid, 4T 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 penetrating arc
deposit, assuming three-dimensional heat fiow, i.e.

- Lug

T 20 KCoV( Tn-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
alloy, ¥ is the arc travel speed, T is the liguidus 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 nickel 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 penctration
welds on Al-4-5Cu shect, 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 of
weld. The results of work on the influence 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 solidification process so promoting 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 and it is more likely that the variation in
spacing within a given weld is simply the result of the changes
in local solidification rate at different positions on the ad-
vancing solidfliquid interface necessary to maintain constant
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weld-pool geometry {(sce abovz). Most rapid weld-poo! satidi.
fication occurs at the centre of the bead, which would thus be
expected to have the finest solidification substructure,

3.6 Solute Segregation During Weld-Pool Solidification

As will be seen in Section 4 segregation during weld-pool
solidification may lead 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 quantitative in-
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 electron probe microanalysis. Neveriheless, i
Miller®! has established the presence of a solute-rich layer
ahead of the advancing solid/liquid interface in a weld pool
and, using microprobe analysis on back-filled weld-metal
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 appears to be
the same in both cases and, just as in ingot solidification, -
microsegregation is more pronounced in a weld bead, the
more dendritic is the solidification mode, e.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 kifmm to 1-65 k)J/mm reduces the amount of 3
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
for this latter effect are not yet clear, but may be associated
with solute entrapment in the primary phase at the very rapid 2
solidification rates characteristic of welding.*o- »

Segregation at grain boundaries will be greater than that 3
encountered within the substructure composing the grains and _j
both Miller*t and Bell*s have identified the existence of such i
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 {cl Fig.75). This is most marked for welding
conditions which produce a tear-shaped weld pool and hence
a sieep angle of abutment between the columnar grains at the -
weld centre,?? b

A very characteristic segregation pattern observed fre-
quently in both manual and automatic welding. made with or -,
withoul the use of Aller additions, is solute banding (see -3
Section 1.3}, This solute banding may be abserved as periodic 3
regions of solute enrichment or depletion and is revealed on
ctching a weld surface, as light or dark lines marking successive '
positions of the advancing interface (Fig.15). In exireme cases, -
lines of porosity may be located on subsequent sectioning of g
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 thai such segregation -
patterns 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 reccived considerable attention.

Since the mode and extent of solute redistribution is a func-
tion of the solidification conditions and partitioning character-
istics of the system, soluic banding must reflect some per iodic
change in these characteristics. The surface of a weld beads
even when deposited using an automatic process, exhibits
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periodic undulations or ripples (Fig.16). These ripples repre-
sent i disturbanae of the mohien weld pool which is likely 1o be
refloctedd in the solidification of the bead and some correlation
thus might be expected between such surface ripples and the
chunge in soliditication behaviour of the weld pool necessary
10 cause solute banding. Direct experimental evidence for such
a relationship was obtained on welds made with cyclic curremt
characieristics by Cheever and Howden™ who found a
similirity in the periodicity of the o effects. This was sub-
stantiated in u later, more detailed study by Garland and
Davics.=* In this investigation, weld-surliace ripples in TIG ac
meh runs were found 10 correspond not only with sofute
bunding. but also with an associuted periodicity in the solidifi-
cation substructure (see Fig.d4).

A number of explanations have been advanced 1o account
for surface rippling and solute banding. Prior to the work
outiined ubove most of these were based on an ussumed corre-
lation between the two disturbances in weld-pool sotidification.
The essentials of these various proposed mechanisms of for-
mation are considered below:

ta) solidification halts are said w occur during welding due

1o the removal of supercooling at the interface by the
rapid evolution of laient heat caused by the high rates of
solidification®s-*5 1%1: during cuch hall, it is proposed
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that ditfusion of §elute tabes phwe Troim lhc}-hd 1o the
adgwcent ligquid which, when solibiied on the feqom-
mencement of growth, generaies the solute hamding
observed e anm e 18
focid periodic wariationg in the Soliditication rate of the
weld bead 1ake plave due to i retandiation in growih of
the primary dendrite armis caused by heat evolution
during branching 10 form secondary arma'* 0 surface
rippling of the weld bead is supposed to be formed con-
currently by an interaction between the surface tension
of the receding melt pool and the periodic growth of the
advancing dendrite ips
variations in the power supply 10 the welding head cause
periodic changes in solidification rate through their
effect on the arc force on the weld pool and the heat
input to the weld .14
() Nuctuations in weld-pool wrbulence due o either “urc
resonance ' or lo the Loreatz forces acting on the
pools> * disturb the surfzce of the pool and form both
rippling and solute banding
(&) the confined weld pool under the inltuence of the down-
ward stream of shiclding gas. e.g. in TIG welding.
assumes a made of periodic oscillation with an assoviat-
ed effect on solidification characieristics due 10 the
change in surface 1easion of the liguid meta) with tem-
perature as it moses cither nearer or further from the
welding heat source!**; this effect would seem of mar-
ginal importance. however, since rippling is observed
in electron beam welds in the absence of a gas shield
aind in melt pools afier the extinction of the arc®;
further. the variation in surface tension of liquid metal
with temperature is very small, "+
A number of these hypotheses would. however, have been
expected 10 be equally applicable to solidification processes
other than welding. e.g. {a) and (b), where solute banding and
associated surface rippiing #re nor normally observed, and all
lacked conclusive supporting experimemial evidence until
comparatively recently, when it was found that surface rip-
pling was only associated with solute banding and structurzl
periodicity in the weld bead where the welding current had
cyclic characteristics, €.g. ac or dc arcs with superimposed
ripple. 3
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
specilic regular changes in the ure characteristics once cven
complele current cycle™? cait cause an Increase in temperalure
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 gencrate both the characteristic pattern
of structural banding observed in the weld bead (Figs.4 aml
17) and the line of soilute enrichment marking the instan-
taneous position of the interface when the nornval luster
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 rccogniud in welds and melt pools made without any
periodicity in the power source.!- 1% While the former ciect
would seem to be due simply 10 uncontrollable variations in
arc stability,®* it has been demonstirated conclusively'™ that
melt-pool rippling is caused by oscillation of the weld surfuce
after the removal of the pressure of the arc pl.um.x on the
extinction of the arc.

For castings it has been proposed® that soluig-rich or
solute-poor bands can result from fluctuations in the position
of the growing interface. These fluctuations were the result of
periodic changes in heat flow and are analogous 1o those
observed in arc 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 properties
throughout the weldment and also to the occurrence of a
range of weld-metal defects including porosity and solidifica-
tion cracking. The influence of the nawure of weld-pool solidi-
fication upon the subsequent in-service performance of the
welded joint and the soundness of the deposit is cutlined in
the following section.

4. Relationship Between Solidification Structure and  the
Properties of Weldments

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

pattern of solidified grain development as well as the nature

and extent of the associated solute segregation in the weld

“bead, a significant correlation would be expected between

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 (e 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 owtlined below, have been obtained with o
vitriety of alloy systems, emphasis being placed on the par-
ticulur property under consideration rather than on the
nature of the parcal material. No detailed investigations have
been performed on the effect of the mode of weld-poot solidi-
fication uporn the whole range of relevant weld-metal proper-
ties in a given alloy system. The remainder of this sectron musi,
of neeessity, reflect the limited nature of 1he avanfable data
and it is imemnded, therefore, 1w concentrate in turn on nwdi-
vidual wehlt-metal properties, identifying where appropriate
the alloy systems which hive provided the esperinenial datir

4.1 Soliditication Cracking

Soliditicaton Cracking frequentty tweurg between thg prow ing
grains doring the terminal stages of seld-pool solidddication
thig I8y swhen the thermal strains apphicd swross adjioemt
prains oseeed  the ducility of the alnnst solidified sy s-
e ™ Phe sarious theories'™ 1 are etfeconels idemi-

I8 Sofidiftcation cracking in iwo-pass submerged oo weld i oa
C M steet 4

cal and ¢mbody the idea of the formation of a4 coherent
interlocking solid network separated by essemtialiy conlinuous
thin liguid films which are ruptured, without healing. by the

contraction stresses. A's the contacting dendrites pull apart, the -

liguid films salidify giving the fracture surface o rounded den-
dritic morphology (Fig. 19). Solidification craching is thus
favoured by litctors which decrease the solid solid coatact
area during the last stages of solidification. This concentrates

B Figntine - o hnie oo seediclifioution crach in mar g seed u‘f’d
ractl e s d s anming electeon miceoseope - 190
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Solidification Structures and Praperties of Fusivn Helds

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

(i} low melting point segregates

(i3) the solidified grain size.

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

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 to note
that the importance of solute segregation in determining the
likelihood of sofidification cracking has stimulated interest in
predicting the nature of the solidification processes in the weld
pool and the form of the associated grain-boundary segregates
in a given alloy system from a consideration of equilibrium
phase diagrams.!!? The extent of the departure 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 solid/liquid 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
er al. % 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 susceplible 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 liquid
out into the weld pool instead of trapping it at the weld centre
line (Fig.10), and under these conditions the contraction
stresses have u much less marked effect.

Y5

From a general consideration of the solute scgregation
associated with different solidification substructures a den-
dritic substructure would be expected to have a greater sus-
ceptibility to solidification cracking than a morc cellular
growth morphology. This has been investigated by Bray and
Lozano™ in the Cu-Si-Mn alloy system, where they tested the
solidification cracking susceptibility of different substructures
using a cruciform-type cracking test. The observation that
crack propagation in these tests ceased when a structure tran-
sition from cellutar-dendritic to cellular took place in the
solidified bead led them to claim that the celiular growth
mode was the least susceptible 10 cracking. The strain applied
to 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 wil! 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 lo 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 10 be established. ’

1f 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 sufphur and phosphorus segregation can
enhance weld cracking?}3- 1M by prolonging the stage at which
liquid films exist.

In cast metals it has been observed?97.115. 52¢ 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
matesial. 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 properties as a
result of the preferred orientation developed in the fusion
zone during competitive grain growth,$® particularly under
conditions favouring a 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 ofa
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, acoeptance codes for particular high heat-
input welding procedures now contain provisions to assess
extent of this effect by specifying Charpy V-notch impact test
specimens from about the centre line of the weld. The causes
of this low level of toughness at the weld centre line may in-
clude embrittlement due to grain-boundary precipitation and
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non-gmetallic inclusion films* ' or, in the case o transform-
able alloys. a change in the nawure of 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-
transformable weld deposit to post-weld hwit treatment, or
where solid-phase transformation oceurs alter solidification,
can alter the form of the final microstructure of the weld bead.
It has been shown in a range of commercial aluminium aloy s,
for example, that the smalier the dendrite size. the higher the
vield strgngth™- 1'* and ductility """ of the weld, and the more
rapid the attainment of optimum mechanical properties
during heat treatment,*-¥* 11* due 1o the finer 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 this is achieved by refining the dendrite
arm spacing by decreasing the heat input {cf Fig.14).
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It is bess cusy toidentily any correlation belween mechunicyg
properties and sofidification substructure in a weld bead whicky
hias undergone solid-phase transformation since the originag
solidification mode tends 10 be obscured by the fina BT~
structure. In mild and low-alloy steel weld metal, however, i
relstionship is clearly apparent between the segregation HE
viited with the extended cellular -dendritic growh charucter-
istiv of these materials and the lormation of low-temperature
trinsformation products and, in particular, low- und high-
airbon martensites, =0 124 . )

Uinder particular welding conditions and with particular
consumables, Yow- and high-carbon martensites and bainitic
carbides form in groups of islands along the prior solidifica-
ton boundaries (Fig.21). This produces a marked fatling
away in as-welded impact strength.'?* Afier u standard stress.
rclief heat treatment, e.g. 650 C ror 2 h ' degeneration 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 between the segre-
gation associated with the extended cellular-dendritic growth
characieristic of alloy steels and thin veins of pro-eutcctoid
ferrite in the transformed microsiructure (Fig.22). This rela-
tioaship may be due essentially to 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 segregation of alloying ele-
ments upon the hardenability of the deposit.™ Such clongated
veins of pro-eutectoid ferrite, separated by lower-temperature
transformation products, are known to reduce the toughness
of the weld bead compared to more cquiaxed microsiruc-
tures. #4314 Similar correlations may also be estaMished under
certain circumstances between the distribution ol delta ferrite
in austenitic stainless steel weld metal and the initial solidifica-
tion subsiructure, '2?

With the increasingly severe demands being pluced on the

properties of welded fabrications, the deleterious inlluence of

normal weld-pool solidification upon certain properties of the
weld deposit has stimulated research inte techniyues for con-
trolling weld-pool solidification to produce welds with im-
proved properties. The results of this work are discussec in the
following section.

2 Bumding of mavtensitic aviveephases Qurcowid ddony wdidibeaiion
hoserdories ina C M i 0 Nbsteel weld meteal - 50
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5.0 Control by Using Inoculants
This is. in principle. one of the simplest approaches 10 the
control of grain structure in the woeld pool. 1t invohves the
introduction inte 1he poal of effective heterogencous inocu-
tants which wilf induce The nuckeation of new prains and which
will, in due vourse, be incorpenated into the advancing inter-
face. The main dilficulty in applving this fechnigue in fusion
welding arises because of the high temperatures in the pool.
pacticutarly in the vicinity of the are, The moculating particles
must be protecicd from these high temperatures i they are 10
survive. Attempis to inoculate the poot by introducing the
inoculants as part of the wire which is aciually supporting the
arc thus have little chance of success, Early work on the grain
retinement of mild steel submerged arc weld paols'?s 12
cither used alloyed filler rods or webular elecirodes filled with
the addition agents and iron powder, Some gruin refinement
andt some reduction in the dendrite arm spacing were produced
but these were probably as much the result of alloying elfects
and the introduction of melt supercooling as they were the
resuli of inoculation action. [n one study'** which formed
part of a more general examination of the inoculation of steel
castings'2®. '3 it was possible to identify ferro-titanium, ferro-
niobium, and titunivm carbide as effective grain rcfiners of
steel. This lasi compound together with titanium nitride were
also found to be most effective inoculants in u separate ex-
iensive study of the nucleation of liquid iron.'s!

Very few atiempis have been made to introduce the inocu-
lamis near to where they are required to act. ie. immediately

PR

o Eencrul microstructune: ewhed in 2 nival
5 3 and P segregation at the cellukar-Jeadrite solidification bound-
arics in the same arca of the weld: erched in o saturated solution
of picric acid containing a wetting agem
12 Mild steel submerged arc weld metal showing the general correloa-
tinwi betwoen pro-eutectoid ferrite bunding and seprexation partern

in head o

' 5. Control of Weld-Pool Solidification
; The nced for the control of the structure of solidifying weld
Pouls is clear from the results described in the previous sec-
tion. As outlined there are three major requirements:

{i) control of the distribution of grain sizes and shapes

tii) conirol of segregation

tiii} controf of solidification cracking.
In normal casting practice'- structure control can readily be
; obiained cither by control of nuckaion using heterogencous
indvulants, ar by dynamic grain relinement utilizing (3) nu-
cleation events at the free surfuce, and or (b) fragmentation of
the growing dendrites by mechanical or thermal means. Be-
Gause of scale effects (see Section 2 control of evenis oecurring
in the weld pool is more difficult than the control of structure
in castings. In addition, the absence of 4 discrete nucletion
ewent (see Fig8) introduces Turther complivations. In con-
‘trofling 1the grain strociure, and particularly when aiming o
produce grain refinement, it is secessary both o produce
mudei for new grains end to ensure that they survive. In this

section the different methods which have led o structure con- 2a Colemnar soliddificarion putters of ¢ mitd steel iohmerged are
trol will be deseribed. welid deposived witheur moditivation -6
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ahead of the traifing edge of the weld povl. Aoy and Bobroviaz
achieved consierable grain relinement of submerged arc
welds in aluminium by introducing zirconium or titanium
inoculants from the Aux. Similur work on sieel?=* using tita-
nium in a ceramic Mux reportediy ked to complete suppression
of columnar grow th although no metallographic evidenoe was
provided in support of the claim.

In the work alrcady described and in work 10 be discussed
betow, attention has been concentrated on submerged anc
welds. Only with the large weld pouls obtained in submerged
arc wekding is it possible 1o make additions casily to the weld
pool. This is particulurhy the case if substancial additions are
o be muade wnay from the are near the trailing edge of the
weld pool. Grain refinement in avstenitic staintess. sieel sub-
merged are welds was achieved!™ by introducing the inocu-
lant using an auxiliary foed wire situated sonwe distance behind
the are, B similur way it has beon shown than additions of
metal ponder'® ar chopped wire'® hasing the same COMP-
sition as the wehd metad can produce sonwe grain refinement
and some retinement of the demdrite anm spaving. None of this
wirk investigated in any detail the effeqr of dw ponition of
introduction of the inocant supply upen the grain relinement
achicved. Furthermore, acithier the inflwenoe of welding pars-
meters o the dlicicney of imwulation nor the subseyuent
properties of the imwulated  weldnmemt were sntisfiwtorily
studiedl. :

In recemt work Iy Garkind® on the inoculation of mik)
stee) submicrged are wekds with tianium carbide and ferro-
ttarim nimiom carbide mivimres o number of yaciables
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were studied in detail. “The inoculant was introduced by feeding
it in inside 2 mild steel wube. This 1ube was led through the
Aux into the rear of the pool a1 various selocted positions, The
rate of inoculant supply, the position of introduction of the

.y,

inoculant, the sire of she inoculant powder, amd the welding

conditions were all examined as variables, The undisturbed
weldment showed a well developed colwfnar structure (Fig.
2)a). Equiaxed growth could be induced (Fig.23 provided
sufficiently high feed rates of inoculant were wchivved. Con-
ventional metallography reveals evidence of grain refinement
(Figs.24a and 245) but unequivocal evidence is only vbtained
by the use of a selective etcham (in this cuse picric acid wopether
with a wetling agent SASPA-Nansa) which reveuds the docation
of scgregated sulphur and phosphorus. This is determined by
the original as-solidified grain struciure and is not alfecied by
the subscquent ¥ to a transition. Typical results are given in
Figs.25« and 254,

. This_ grain refinement involved 1he formation of herero-
geneous solidification nuclel of titanium carbide in the weld
pool, 1ogether with the generation of suflicient constitutional
supercooling through titanium sofution in the mels (o provide




Soliditication Stractures and Propertios of Fasion Weldy Yy

_'-":3 l-‘:" y ey
1"'4& p*:..;;‘; ’.'. b B,

B

Ty e A e
2o gl -

'I i Bt Fa: 3 - "
ol e v AT L e R e
, o e 1 AT W gt ol -
£ AR R N C S O
25 The section of Fig. Ma ctched 1o reveal colummar solidification

sHHCHure - 50

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 formation 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 benefit,

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 failurc 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, c.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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* ehectrondes in a twin arc assembly. The pool motion so formed
was deseribed, hardly surprisingly, as vigorous and some
resultant grain refinement was claimed, although the photo-
mivrographs published to illustrate this refinement show very
little suppression of columnar growth. The mechanism pro-
posed for this grain refinement was interface fragmentation
caused by pressure pulses resulting from the motion of the
kinked electrodes, but it is very doubtiul that vibrations at
- 811z aml amplitudes of 8 mm could have generated ihis cavita-
tion ype of elfect. Moreover, all of the photomicrographs,
published 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
peeded to block columnar development is evident. Instead,
the effeet of weaving appears 10 have been to ensure the sur-
vival of many more columnar grains during competitive
growth by producing continual distortion of the weld-pool
shiape, 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
does appear 10 have been achicved in the electron beam weld-
ing of aluminium bronze at relatively high welding speeds
{300 mm:min)."** Vibration of the electron beam was applied
purallel 10 the welding direction at frequencies of up 10 300 Hz

%A Egiriased grain svectne produced by fongitilinal vibeation of

the are ., vibration trequeney X0 Hz, viteation amplinmde 102 oun
forvnr AP 2-SAEp alten - X
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and amplisades of 225 mm. Some grain relinement was ob-
served under these very favourable conditions of high soliditi-
cation rates amd alloy content. although vnce again the inter-
preition of the photomicrographs is not clear and no detailed
imvestigittion was stempied.

Transverse and longitudinal arc vibration has also been
made use of by Tseng and Savage.* ' This failed (o produce
grain refinement but formed a refined substructure with en-
hanced properties (see Section 6). On the other hand very
effective grain refinement was produced in Al-Mg by Gar-
land** using vibration parallel 1o the weld direction. The re-
sultant motion of the wrc caused backwashing of the pool over
Ihe interface which fragmented and reoriented the solidification
substructure at the trailing edge of the pool 1o yield the
necessary supply of nuclei.

This work showed that this technique could be used 10
completely suppress columnar growth as shown in Figs.28«
and 284, The feasibility of achieving high levels of grain
retinenmwnt using torch vibration was found o depend critically
upon a number of actors:

(2) the frequency of toreh vibration: an optimum frequency
was observed which was determined by the welding
conditions themselves

(b} the amplitude of torch vibrarion: this is illustrated in
Fig.29
the rare of heat input during welding: this was a function
of the welding current and the welding speed and it was
found that refinement was limited 10 a band of welding
conditions lor a sheet of given thickness (Fig.30)

(d) sheet 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 anywhere in the bead

arc length: for a maximum refinement at given condi-
tions of welding and torch vibration, the arc length
needed (o be as short as was compatibie with process
stabiliy.

The general restrictions 10 grain refinement, discussed above,
do not deiract irom the fact that practically meaningful re-
finement cun be achieved in TiG welds in thin aluminium
alloy sheet using the simple physicat technique of arc vibra-
tion parallel to the welding direction.
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30 Grain refinement is possible with longitudinal arc vibration at
10=30 Hz and 1-2 mm amplitude only at welding conditions falling
within the cross-hatched band; limits of grain refinement in 3:2 mm
Al-2-3Mg sheet

The direct application of torch vibration parallel to the
welding direction to achieve grain refinement in melt runs on
stainless steel sheet (AISI 321) was not successful. ™ Extensive
grain refinement was only altainable in 2-0 mm thick plaie at
electrode vibration amplitudes as large as 1-8 mm, with an
associated loss in process stability over long weld lengths. The
reduced efiectiveness of torch vibration as a grain-refining
technique in this material was belicved to be duc 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.

Ultrasonic 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 Welly, "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® 3¢ 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 permitted, e.g. electroslag welding,
water-cooled copper probes were designed to transmit the
ultrasonics by insertion in the meft. Lebiga'’! and Erokhin,
Balaudin, and Kodolov'$? studied the effect of introducing
ultrasonics into the pool during submerged ar¢ and electro-
slag welding. They observed that the welds formed were much
less prone Lo solidification cracking (see Section 6) and pro-
posed that this was associated with the quite considerable
grain refinement generaled. [t must be stressed, however, that
is apparent from some of the work 4% 132 thal very greal care
must be taken in the choice of the manner in which the ultra-

sonic vibrations are applied to the solidifying weld il accept
able properties are 10 be achieved. This is discussed in fTur
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 ¢lectroslag 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 solidifyirig melts is an
important grain-refining technigue in casting. Before discuss-
ing how this has been applied 10 weld-pool solidification, it is
necessary to 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 to
a self-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 fluid,
Any asymmetry 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 Lorentz forces is
operable in welding, where under most circumstances an
asymmetrical current path, determined by the position of the
earth connection, exists outside the pool. This imbalance
generates rotational motion of the metal in the weld pool.
Woods and Milnert3! have studied the mechanism of self-
induced stirring in the weld pool using shorted arcs on
pools of mercury and extended this work 10 include simulated
welds on thin copper sheet, where direct observation of the
fluid motion in the pool was possible. Further work by Tel-
ford!%s 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 Schwartzbari!* to induce stirring in a periodically
reversed direction in the weld pool by applying an alternating
vertical magnetic field parallel to the arc. As in casting, lhcy:
found that the application of controlled, periodicaily reversed
stirring generated grain refinement, the extent of which de--
pended upon the frequency of reversal and exient of the
stirring, i.e. the strength and frequency of the alternating mag-
netic field. Maximum cffect 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- in1L
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 exiremely unstable due to arc blow and occasional .
ciection of the pool. These conditions made any meaningful j
solidification study difficult and would prohibit any commer-
cial application. The problem of process stability during the
cleciromagnetic stirring of weld pools docs not, however,
appezr to be anything like so prohibitive in cleciroslag weld-
ing. Russian work'*<- 138 has shown that it is possible to
achieve almost complete suppression of columnar growth in
electroslag welding, using an aliernating magnetic field paratlel
10 the direction of welding, No deterioration in the process
was observed in this work, and some improvement in deposi-
tion rate was recorded. The frequency of ficld reversal and the
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38 Schemwatic current waveform for low amplitide nrdulation of o
pulsed TIG ure welding process

field strength were so adjusted as to give an eflective vibratory
motion of the pool which was found to generate optimum
grain refinement. Indeed. the results of Russian work appear
to have been so encouraging that the study of the grain-size
control in welding using electromagnetic stirring has become a
major research field and equipment has been developed for
indusirial use applying this technique 1o ac or de welding. '3
Since this stage was approached, however, few papers on the
topic have appeared in journals made available outside 1he
USSR. It is thus difficult 10 judge 10 what extent the industrial
application of electromagnetic stirring to achieve grain re-
finemient has been successful.

%4 Grain Refinement by Arc Modulation

It is clear from the work described in Section 5.3 that whereis
mechanical or physical disturbance of the weld pool. e.g. by
arc vibration or electromagnetic 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 1o generate these
fuctuations by varying the energy input into the weld pool.
This can be achieved by using either a puised arc or modulation
of the arc current, or even a combination of the two.

Nu Colunmar solidification siructore i« moduloted pubwd are
without slupe-out: bunding assaciuted with the pulse froms is
cAearly evident material, staindess steet, 322 mm thick -y

32b Equiaxed soliditication sirucinee in a modilared pulsed are with
slope-ouet : nitterial, staindess steel, 3-2 mm thick -9

It has been reporied!an 181 ghyy high-frequency arc modula-
tion can have beneticial effects on the structure and propertics
of TIG welds but 1he resulis are far from conclusive.

Pulsed arc welding is an established process which is well
documented.'®2- %3 The basic waveform consists of a back-
gmund_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.3t. In practice the relative
size of the pulie, the duration of the pulse and the “slope-
out” of the trailing edge are independently variuble. Pulsing
of the arc aione dows not seem to generate effective grain or
subsl(uclure refinement. If, however, current modulation is
superimposed upon the pulse 10 give a1 waveform as shown
in Frg.31 quite significant effects can result?' provided a slope-
out period is used (Vigs. 320 and 32b).

Work on ar¢ muodulation s 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 1o exert a considerable influence upon the occurrence
ol dcfccts: €.8. umlercutting, porosity, solidification cracking
in Ehc solidified beud.*2. 14 Only a few results are available
which present a quantitative assessment of the relative proper-
ties of unmoditied and modified weldments.

Alov and Vinogradov, 13e. 137 Mandelberg and Gordonnyi.
a1 Markara, 0 Deminskii and Dyatlov,'¥? Autonets
ef @131 have all reported improved bead shape. improved
wcld-mclifl propertics, and lower defect densities as a result of
ire \-irrruuon or weaving. In addition Lebiga®® and Erokhin
el f 3 have reported a reduction in solidification cracking
after intraducing ulirasonic vibrations into the weld pool.

Using the Varesiraint test, Tseng and Savage'™ made a
comparizon oF hoi-crucking sensitivity in welds of an alloy
steel (?{Y 80y with and without transverse or longitudinal arc
vibration, Tapicil results are given in Table 1. These resulis
showed that moditication of the struciure reduced both the
total swmount of cracking and the size of the largest crack,
Similar results were reported by Gurland™ in his study on the
effects of are vibration on TIG welds in an Al-2-5Mg alloy.
In this case i modditied Houlderoft tesi' was used. Results
ire shown in Table 1),

) In_cummsl.il was found® that although inoculation with
Htanium carbide could be used 10 produce grain refinement in



ek

104 - Daviex and Garland

Tanr )
Effect of Arc Vibration on 1Ht-Cracking in an Alloy Stecl (HY 80)*

Vibration Vibration Mean total Mean maximum
frequency., amplitude, crack length,  crack kength.,
Hz mm omm mim

No oscillation  NMNooscillation 60 07

042 1-63 5-7 0-57

i-19 1-65 19 0-42

‘e Tseng and Savage '

submerged arc welds in mild steel {see Figs.232 and 236) there
was an cfiective embrittiement of the sieel. This was contrary
10 the expected behaviour!** and was shown to be the result of
grain-boundzry films of TisS. Presumably desulphurizing
procedures, c.g. rare-¢arth additions, could be used to elimi-
nate film formation of this type and thus allow the realization
of acceptable 1oughness levels.

There is clearly a need for considerable research effort in

this area. X

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 atien-
tion away from detailed studies of normal weid-pool solidifi-
cation towards the development of practical grain-refinement
techniques based on the recently established fundamental
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-
land¥ (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 weided 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 mechanically induced
arc vibration can be overcome by deflecting the arc magneti-
cally, but the results achieved 10 date with this approach have
not been fully satisfactory. The whole arca 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 fundamenial study is required into the

Tasee 1§

Soulidification Crack Lengths in Modificd Houldcroft Tests on 3-2 mm
thick AI(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 204z
Welding conditions:  curremt 160 A
travel specd 275 mm min
arc gap -4 mm

. . shiclhing gas supply 9 1'miin argon
The welding conditions selected for stwdy were chosen 1o give
cracking of maximum severity

feasibility of using the intcraction beiween an C\lcrllullyﬂ
applied, alternating magnetic ficld and the Lorents loreeg
created by the passage of current through a weld pool to induce
periodically reversed stirring at the advancing solid liquid
interface.'* and hence grain relincment, while at the same time
maintaining the stability of the welding process. The success.
{ul development of such i technique could have a wide runge
of practical applications as it involves only the attachment of a
suitable probe to the welding head! ™ and, more imporwunt,
it may be effective up 10 a much higher range of heal 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 solidification frone
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 solidfliquid interface would ¢nsure the maximum pertur-
bation to the growth process lrom any disturbance ofthe form
of the trailing arc, irrespective of weid-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
effectiveness 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 clectrostag welds using controlled
electromagnetic stirring appears 10 be widely practised in the
USSR 1%

The problems involved in applying physical grain-refine-
ment techniques 10 large weld pools, and the limitation of these
techniques 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 flux, 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,™- 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 technique. 1t now scems
possible, however, that changes in the nature of the inoculant
used might eliminate these problems and research at present is
being. directed at the development of welding consumables
capable of introducing TiBs, rather than TiC, into the pool.2*®
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 already been achieved by &
number of workers'* 1°¢ uging  consumables specifically §
designed 10 add Ti und B into the pool by a varicty of tech-
nigues. Further work is required. however. o identify the
most cffective method of intraducing these additions into t_hﬂ
pool so as to maximize their influence upon weld-pool sotic_ilﬁ'
cution while at the same time minimiring any deleterious s.ldc’
effects. Success in this ficld could bave importint implications
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for Tuture developments in the formulation of welding fluxes
anl electrode coatings.

It has aot been possible in this section 10 draw more than a
very brief outline of future developments in wekd-pool solidifi-
cation rescarch. Current wrends indicate that this will be
concentrated primarily on 1echaigques to control weld-pool

- solidification and, as discussed previousty, some of these are

. alrcady finding commercial application. It is likely, however,

* ghat 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-
proved weld-metal performance should ensure that research
continues 10 ke pursued actively in this field.
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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-

KEY WORDS
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Impact Toughness
C-Mn Weld Metal
Acicular Ferrite
Mechanical Properties
Mild Steel

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-
tenite 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-
ments.

However, 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 segregalion pattern (al-
though much less pronounced than for
nickel) persists during the whole cooling
sequence of the weld since manganese is
not 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 carbides) 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
solidification 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
influence of indusions on the amount of
acicular ferrite has been debated for sev-
eral years. It has been argued that certain
types of indlusions are better nudleants
for acicular ferrite than others, due to
fattice matching between ferrite and the
inclusions. Thus, another route for con-
troling the microstructure would be to
choose the slag systemin 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. Therelative 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, it is possible to
discuss the mechanical properties with
reference to the microstructure in the as-
deposited region.

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

ational properties as good as possiile.
Tensile propeérties are, at least for mild
steels, a smaller problem since usuially 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-lb) 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 values are
achieved with only a relatively 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 is the
wrend 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 irmpact 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 volumne fraction of indu-
sions. Finally, strict control of impurity el
ements like S, P, Sn, As, Sb and N helps 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 stil
room for further improvement. A more
fundamental understanding of the mech-
anisms controlling the onset of cleavage
fracture and the complex 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 steeks, 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). Hov
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 simitar
CTOD testing. The observation of dle:
age cracks nucleating from inclusions we
numerous in these tests but similar obs
vations on impact specimens are, in f:
fairly rare.

Experimental

Laboratory-made shielded metal arc
electrodes, 4 mm (0.16 in.) in diameter, of
E70118 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, 1.2 and 2.1 wt-%) at each carbon fevel
{0.03, 0.06, 0.09 and 0.12 wi-%). Al weld-
ing was made in accordance with 5O
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)/in.).

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
QIS arialyses were made on the head of
the tensile specimen.

Two longitudinal all-weld-metal tensile
specimens {10 mm/0.4 in. in diameter)
and 25 Charpy V-notch impact specdimens
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% picric acid in alcohol, folowed 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 IIW (Ref. 18).
The austenite grain size was measured
normal to the length axis of the grains (i e.,
the results are equal to Ly, a5 denoted by
Bhadeshia, et al. — Ref. 19).

To further study the microphases, trans-
rnission electron microscopy (TEM) was
used. Thin foils were prepared by polish-
ing in a Struers Tenupol in a 5% solution of
perchloric acid in methanol.
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Table 1—Chemical Compositions of the Weld Metalst)

C Si Mn
Sample No.

e 1 0.030 0.45 0.78
2 0.032 0.45 127

3 0.031 0.42 171

4 0032 0.45 2.05

5 0059 0.34 077

6 0.059 0.33 109

7 0.059 0.30 144

8 0.065 0.33 183

9 0.090 041 0.78

10 0.089 0.35 1.18

n 0.088 0.37 1.59
12 0.098 0.39 225
13 0.12 0.43 0.86
14 012 0.44 1.35
15 o 0.37 183

1% on 0.36 2.18

Sn As sb N O
0.006 0.001 0.002 95 336
0.006 0.001 0003 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 0.001 0.005 64 310
0.004 0.001 0.005 65 305
0.004 0.001 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 0.003 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

P S Al Ti
0.010 0013 0.009 0.014
0.010 0.008 0.009 0013
0.010 0.004 0.008 oon
0.01¢ 0.002 0.009 0012
0.010 0.010 0.007 o0Mn
0.070 0.008 0.007 0.010
0010 0.006 0.007 0.009
0070 0.003 0.007 0.009
0010 0.013 0.003 0.014
0.010 00M 0.008 0012
0.0710 oom 0.003 0012
0014 0.008 0003 0013
0.014 0.011 0.005 0.0
0.014 0.010 0.003 0.015
0011 0.010 0.003 0013
0.011 0.008 0.003 0.012

{8) Al concentrations are in wt-%, excepl tor owygen and ritrogen. which are given in weight ppm.

Results
Chemical Composition

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

The phosphorus content was relatively
constant throughout the investigation,
typicaly 0.070%. The sulfur content de-
creased with increasing manganese con-
tent. This decrease was espedcially pro-
nounced at the lower carbon contents.
The other impurity elements (Sn, 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 espedially pronounced for the low-
fénton Be AR Wi ToltAN T SR6aR;
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
yield strength of the matrix. The impact
properties at lower temperatures showed
mixed behavior, depending on the com-
bination of C and Mn. Far the lower man-
AR, TONSEN INRTRATINR. £ASRRD. SON:
pact toughness at lower temperatures. At
the higher manganese contents, the inter-

Fig. 1— Yield 650
strength as a
function of carbon —O— 003%C
and manganese 600 —HE— 006%C
content. g —e— 009%C
= —{— 012%C
E 550 -
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400
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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 optimum 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 above 1.4%
gave a reduction 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

—rn ke ah wmmr fmw -- el o

fairly narrow range.

The resuits of the quantitative 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%C; B—0.06%C; C—0.09%C; D~ 0. 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®

Specimen No. Austenite Grain Size (um)
1 65
2 55
3 42
4 42
5 71
6 65
7 60
8 48
9 45

10 45
11 45
12 45
13 36
14 36
15 40
16 45

{a) Measured perpendicular to the length axis of the grains.

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

The number of microphases naturally
increased withincreasing carbon andman-
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
to ambiguous identification by light optical
microscopy. Therefore, the last bead in

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 stil low manga-
nese content, isolated grains of retained
austenite were found, as wel as grain
boundary carbides (Fig. 10). With both
high carbon and high manganese content,
contingous 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-
mens are of the same kind as those in the

2 Fig. 3—Impact
3 100 toughness at —60°C
g as a function of
. manganese content.
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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 could
induce brittleness. Examination of €ross-
sections of impact specimens containing
segregated bands of microphases shows
that in areas where the segregation bands
are parallel with the notch, the fracture
surface has a brittle appearance —Fig. 12.
in other cases, in adjacent beads, where
the segregation bands are inclined to the
notch, the fracture surface has & more
ductile appearance —Fig. 13.

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

tents.

Discussion

It is commonly assumed that a high
amount of acicuar ferrite should be
present in the microstructure 10 obtain
goodimpact toughness through the effect
of the fine grain size. The increase in ac-

W C:B-006% C. C—0.09% € D=0.12C

icular ferrite is usually, but not atways. ac-
companied by a decrease in the amount
of coarse-grained allotriomorphic ierrite
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 acicular ferrite 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 noted that the weld met-
als with the lowest C contents give much
lower impact loughness values than ex-
pected from the acicular ferrite content.
This behavior is in contradiction to the re-
sults of Evans (Ref. 2), who found a 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 of the weld metal
with0.03 — 2. 1% Mn. Mainly acicular ferrite and
thin rims of alotriomorphic ferrite.

tle weld 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 overall brittle microstruc-
ture. The deviation at the high amounts of
acicdlar 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%. Comparison 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
alloyed 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 afotriomor-
phic ferrite i5 quite thin. The amount of ferrite
side plates i quite high,

accepted, then 2 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 also lead to
better toughness, contrary to what is ob-
served.

The dlassical 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-
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Fig. 9— A—Optical micrograph showing how the
dispersed: 8- with higher alloying content, the microphases
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fig. 8— Optical micrograph of the weld metal
withQ. 125C ~ 2. 2%Mn, Shownisthe extremely
fine microstructure with a high amount of acic-
ular 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 ni-
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.

are becoming more segregated. Etch-
ing was made, using Klerams reagent (Ref. 21), fo more easily distinguish the microphases.
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Fig. 10— TEM micrograph showing isolated islands of retained austenite

{arrowed) and some grain boundary carbides.

cross-section through an
showing that the brittle appearance of the
fracture surface is pacallel with the segregation
band of microphases.

impact spedmen,

Fig. 13— Optical micrograph showing a ductile
appearance of the fracture surface in an area
where the bands of microphases appear at an
angle to the fracture surface.

fig. 14—impact 120
toughness at —60°C

Carland and Kirkwood (Ref. 22) have
ponted 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 faciitate
propagation of cleavage cracks across
grain boundaries, as suggested by Knott
{Ref. 17}. Also, if they appear as smak,
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-
dusions. Thus, the microphase generally
has a2 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 fermite
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 muitipass 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, where no tem-

as a function of
acicidar ferrite
cordent, from this
nvestigation.

0.03%C -
0.06%C

0.09%C m, 0
0.12%C

pering of the martensitic regions could
ocaur. Retained austenite microphases in
multipass wekd metal must, on the other
hand, be considered as a more unreliable
u component in terms of toughness, since it
® is likely 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-
mangzanese welds, the situation is even
20 - waorse, since dleavage cracks should then
be able to both nucleate and propagate
1 o 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-

ReOo
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ering the enrichment of carbon in the re-
maining austenite. From average compo-
sition data, the M, temperature is 50 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 balanc-
ing carbon and manganese in several
combinations. What is obviously essential
is to 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 Evans {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

spedmens.

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 yield
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 noie 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-b) at
—60°C (—76°F).

2) The most important factor seemed
to be an acdicular 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-

120
n
H 0.04%C o
T 1001 o goexc
§ O 06.10%C ©
D n
il 80 - O 0.15%C o
o
P ] o
2
6 -
§ 40 oOo@ ©
[l E
2 ° )
% 20 4 Fig. 15—Impact
= Im a toughness at —60°C
as a function of
L Y T v T - T v acicudar ferrite
0 20 40 60 80 100 content, from the
work of Evans
ACICULAR FERRITE {%) {Ref. 2).

fluence of oxygen could be found
on impact toughness.

S) With low carbon content, surpris-
ingly low impact toughness was
found. The nitrogen content of these
specimens was higher than in the
other spedmens 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 fabrication bath in Britain and overseas will be publishe:

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

£: SMITH, Ph.D., B.Sc., ALl.M., M. D. COWARD, M.Phil.,

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

- R. L. APPS, Ph.D., B.Sc., F.LM., M.Weld.l.

- SYNOPSIS: An examination has been made of the strucrwcsfarmed mthchear—qﬂ'ectcd
zone (HAZ) of troo mild sisels by a submarged-arc bead-on-plate weld in 1} in. thick plate
using a heat input of 108 K¥lin. A simulation technique has been sised 1o reproduce the
structures of the HAZ in sufficient bulk for mechanicdl testing. An attempe is made to
mmmmammmmlm with special
smphasis on notch-toughness, Finally, the «ffect of an applisd restraint during thermal
mhmmﬁcm:d—mbmmmhahmmmd

ILD steel is the most widely used
metal in welded fabrications. It undec-
goes oaly minor hardening in the HAZ and
. tests carried out oh welded joints show that,
in genersl, weldments in mild steel are

material and this, coupled with the
continuous nacure of a welded soucrure
and the strain rate sensitivity of steel
increases the likelihwod of catastrophic
failure occurting. Thus, it becomes
mamhglympormntmavmdmdxm
under which cracks may be initiaved and
gTow to a critical size. Ar the same tims, it
is impossible to avoid completely potennial
sources of stress concentration which may
- arise, for example, from weld defects,
because even carefully execured inspection
methods cannot guarantec freedom from

defeces. However, siress concentrations .

mnberwduedlashamﬁ:lnfthqom
““in a microstructure which is less sensitive
toctackmnmonandgmw:h. ’

It is not surprising that the potenual
dangers of the weld HAZ were ignored for

many years while considerable efforts were - -

devoted to improving weld metsl quality; ,
s-"'-' z

_mkhcnlyhmmﬂmnld --n.u.-moammd.

metal quality has equalled or surpasséd thar

of wrought sceck. However, in a minority of
fmlu:esmwe.ldedatmaum,ﬁacnueshave
initisted andfor propagated in the weld
HAZ.The:estrucmreshavcfulcd,mmlly
with expensive results, because of regions
of low ductility and fracture toughness
produced in the HAZ by the complex

" thermal and strain cydes accompanying
- welding. Technigues for evaluating mech-

aniczl properties of the HAZ structures

‘have been of limited value owing to the

difficulry of jsolating individual scructures

. . ~ in a specimen of sufficient size for mech-
immediate vicinity- of a weld in - thicker--

anical resting. In recent years, this problem
has been overcome by the development of
simulation techniques for reproducing the
microstructures found in the HAZV-?,
These require rather costly pieces of equip-
ment but can accurately simulate the heat
effect of welding and produce weld HAZ
structurcs of reasonable size.

The aim of the present work was
examine the relationship between th
mechanical properries and {he micre
structures in synthetically prodoced wel.
HAZ structures of two commercial mil.
steels. These structures were produced b
thermal cycles identical to those occurrin;
in submerged-arc welds made with a hea:
input of 108 kjfin. in 14 in, thick plate
Previous work has established thar thert
are three main regions in the HAZ,
namely, the grain coarsened, grain refined.
and partiel transformation regions*.
Representative structures from each of
these regions were examined.

Materials

One sceel was a silicon-kilied mild steel
to BS1501-16] Grade B and was suppliedas
2 in. thick hot rolled plate. The other was s
mmild steel to BS15 and was supplied ac
1§ in. thick hot rofled plate. This creel was
intermediate between a rimtoing wod =
semi-killed steel. The chemical analyses
and mechanical properties of both mamwsials
are shown in Table 1.

Experimental Procedure

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

Chemical Analyses and Mechanica! Properties of BS 1581 and ES 15.

Table 1.
[ -1 Ma s P Ni Cr ¥ '] UTS |Flong.| Re
tonf | ton/ % duc
Im2 |{gin.2 tient
of
Are?
Y
BS 1501 019 | 023 064 | 0046 | 0032 | Q14 012 | 181 29-2 29 55
BS 15 X021 | 0068 | 089 | 00506 | 0-040 { nd.* | nd.* | nd.* | nd.* | nd.* [ ad*

' Wr:um«: .nm Mﬁjn'Fﬁnmnm. Tune-1970¢
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2 Tabie 2. Bead-on-Plate Welding Conditions.
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1iin,

3012V
IN0XWA
&t 4 inJmin .
10822 kJfin.

e viriation of peak temperature across
AZ in Fig.2. These results were
Ldcnined on a submerged-arc bead~om-

# plate weld using the conditions listed in
g‘l‘abtc 2. Embedded thermocouples were
%'Details of the procedure can be found

)

#3 _ﬁagg‘

i materialy using the conditions shown in
“Table 2. Sections from each were groumd,
> palished, and etched in 2% Nital and the
;-Tamge of microstructures across the HAZ
emmined by optical microscopy. The
. ¥ariation in hardness across the HAZ was
 dttexmined using a Zwick hardness testing
"inachine and a Yoad of 5 kg.
- -Simulation of the HAZ structures was
achicved using equipment designed and
.-Soostructed at the Cranfield Institute of
= T . Derails of this equipment can
-be found in sanother report™. Briefly, the
* =quipment uges.a.c. resistance heating and
-y ¥ater cooling to imposc thie desired thermal
ycle on specimens 25in: by 0-4in, by

;04 n., the thermal being chosen by
zf"‘imoflhnk?fc::ﬁlbkt\eﬁsmm

.'{:'::

% in. mlid sfeel |

Bstd 0 record the thermal cycles at varions

construct a voltage analogue. Control of .
specimen temperature is achieved using a
thyristor and two ignitrons to control the
input at 40V to 2 welding transformer,
Feedback is applied from a thermocouple
welded to the specimen hot zone, The
equipmm:hasbcenthowntopmduoethc
desired thermal cydles in a reproducible

Fow'thmnilcydcswctechounfor

' simulstion in each material as representing

the grain coarsened, grain refined and
partial transformation regions of the HAZ. -

-Intheminpnnot'th:mkthc:pedmens

were held in a pair of movable jaws so that

they could expand and contract freely

during heat-treatment. Another scries of -
tests was carried out on the BS15 material

in which the specimens were heid rigidly

inthci:wstopreveme:p’amionmd

<ontraction and so determine the effect of
restreint on the resulting microstructure

and propertics.

After simulation, ope specimen from
each 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 ¢lectron microscope.

Mechanical testing of the simulated
structures consisted of hardness tests using
the Zwick hardness machine and 2 load
of 5 kg, standard Charpy V-notch impact
tests, and tensile tests. The latter were
performed on a 10,000 ib Instron universal
testing machine at room temperature and
2 cross-head speed of 0-05 in./min -
Hounsfield number 13 test-pieces with a

modified gauge length of 0-3 in. were used |

1o casure a uniform structure throughout
the gauge length. A series of prelimitiary

tests indiceted that these modified test~

r NG mnMuuchamu,Jmelm

; AN
- 750 | %
% . N
o - .
-3 -\
500 S —
\.-__ .
N -'-“—-‘_-._._‘
250
0 - - -
B S0 3 5 2 ” . 18 g

Oistance from Weid Fusion Boondary, mms,

{ Fig. 1. (Left) Thermat cycles messured in the weld HAZ and
used for specimen _sirr_au!ation. o - -

Fig. 2. (Above) Variation of thermal cycle pesk temperature
*  “with distance from the fusion boundary. -

picces yielded the same tensile properry
results as the standard onesh,

Results

The ranges of microstructure produced
in.theHAZofbothmateridsuc:hownin
Figs..‘i.and‘i.'.l'thAZoouldbedividcd
into three distincr regions as follows: -

1. The region of grain cosrsening,
immediatetyndimm:mthefusionboun-
dary, where peak tesiperatures exceeded
about 1,100°C.- Marked sustenite girin
gtowthtookphoeam:lthe'rehtivﬂyrapid
cooling rates through the cxitical range

- produced & Widmansritren structure,

. 2. The region of grain refinement which
experienced pesk temperatures in the
approximate’ range 1,100—900°C. Com-
plete austenitization took  place but the
teoperature and time were insufficient
tocnusegraingmwthsothntllotally
refined equiaxial grain structure  was
produced.

3. The region of partial transformation

-which experienced peak temperanures in

the approximate range 900-—750°C. This
region was heated between the ¢ ture
limits of A¢; and Ac, which produced
partial austenitization of the otiginal
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 Yery namow
region, about 0-1 mm wide, in which
i tion of the pearlite had occurred.
msregiqnupeﬁagoedpnktempenmm
just below the Acy. The lamellar carbides
have partially dissolved and reformed as
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= Fig. 8. (Below) BS 1501 mild steel -simulated to a pesk
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- HAZ are shown in Figs. 5 and 6. In general

Fig. 11. BS 1501 miid steel simulated to a pesk temperaturs of
1,347°C. (A) prosutectoid ferrits, {B) upper bainite.

Fig. 10. BS 1501 mild stesl simulated to
a pesk tempersture of 1,088°C. (A)
proeutectoid ferriter {B) upper bainite.

spherical particles on cooling. The ferrite
matrix was unaffected by these low
changes were not observed by optical
as the Boundary of the visible weld HAZ.
. The:wasiations in hardness across the .

the hardness incressed on approsching the-

- The parent plate microstructures and
those produced by simulation are showan in

Fig. 12. (Betow) BS 15 mild steel parent
material. (A) ferrite, (B) peariite. :

Fig. 13. (Right) BS 15 mild steel simu-
lated to a peak temperature of 788°C. (A)
transformed pearlite, (B) untransformed
peadite, (C) newly formed ferrite, (D)
untransformed ferrite. .
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i Fiﬁ._ 14; BS 15 mild steel simulated 1o a peak temperature of
' 893°C. (A) ferrite, (B) upper bainite.

‘Figs.' 7—16. The parent piatc micro-
mcmru(Figs.?mdlz)wcmtypimlof
" bot rolied structures and consisted of

:* banded pearlite in & ferrite matrix, Simmuls-

o 10 a peak wemperature of 788°C
;- "produced struciures typical of the partial
mansformation region (Figs. 8 and 13).
. Feathery upper bainite was observed in the
¢lectron micrographs. Simulation to s peak
- témipersture of 893°C produced a refine-
,‘-ﬁ"of the ferrite ‘and acicular upper
: ini formed_i;nhefomerpuﬂitcueas
" (Figs.9and 14). These structures simulated
“'wmrcﬁncdregion.Shnuhﬁontopuk
. temperatures of 1,088°C and 1,070°C
produced a fine Widmanstitten stru
ftpresentingtbestxrtol'thegrainmnmmg
region (Figs. 10 and 25). Simulztion to peak
temperatures of 1,347°C and 1,305°C
Produced very coarse Widmanstitten
" structures typical of the grain coarsened
tegion immediately adjacent to the fusion
boundsry (Figs. 11 and 16).
The hardnesses of each structure are
recorded with the micrographs in Figs.
716, They compare directly with the

*qQuivalent structures formed in the actual -

weld HAZ (Figs. S and 6). -
The results of the Charpy V-not
impact tests are shown in Figs. 17—20 and
* the variations of transition temperature
*ith peak remperamure of simulation in
Figs. 21 and 22. The tensile test results on
BS 1501 are shown in Fig. 23,
BS 1501 showed 2 continuous increase in

. temperatures,

Fig. 15. BS 15 mild
1,070°C. (A) Proeute

BS 15 also showed a continuous increase
inhntdnuswid:'maeasingpeqktm-
ture of simulaiion. Most of the simulated
HAZ structures had transition temperatures
lower than the parent material which is
most probably due to the refinement of the

i course grain size of the parent
material. However, an incresse in transition
temperature was observed in the grain
ocoarsened region.

cgon. -

‘The restraining mechanism used in one
series of tests on BS 15 was calculated to
produce plastic deformations of 29 for a .
peak temperature of 788°C, 3%, for 893°C
and 4%, for 1,070°C. There was noapparent
difference " in notch-impact properties
between the specimens simulated with and
without restraint.

Discussion

One of the main difficultics in attempring
to explain the structural changes ocourring
during fusion welding is that, due to the
marked deperture from equilibrium ocon-
ditions caused by the rapid heating and
cooling rates and the short times at peak
conventional equilibrium

. data are not applicable,

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

increasing pesk vemperature of simulatjon.

- The correlation of the temperiture
measufements made in the HAZ of the
BSISbud-on—phuweldwiththechm;es

-

WEDING AND METAL FABRICATION. Tune 1070

Fig. 16. - B5 15 mild st

PN 5 00, [ IO NP TP
o N A = .

steel simulated to a peak femperature of
ctoid ferrite, (B) fine carbide and femite.

in microstructure showed that, owing to the
tapid heating, the Ac, point was raised
by approximately 35°C to 750°C and the

- Acy point by approximately 75°C to 900°C.

'I‘heseremltngreevﬁththooeofl?amtein
and Smith!*. The dependence of the Ac,

- and Ac, temperatires .on heating rate is

understandable in the light of the inabilicy
of carbon-and other ing elements to
diffuse uniformly. 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, whereas the Ac, was insensitive
10 this. However, it is possible that other
factors, such as injtial inhomogeneity and
grain size may affect the values of the Ac,
and Ac, temperatures.

Stmulation 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
examples represen the extremes of the
thermal cycles used in this work. In ali
instances, good ApTCement was obtained in
heating  and cooling rates and peak
temperatures,

Thcmum:ddiﬂ'crenoeofSO'Cbetween
t_hcmrfncen.ndtheoentreofthespedmm
during simulation was neglected®. In miost
cases the volume of simulated structure
produced was approximately 04 in.? and

eel simulated to o peak temperau.&e of
1,305°C. (A) proeutectoid ferrite, {B) fine carbon and ferrite.

!
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Fg. 21. (Abﬁe) Veristion in transition
stion Tor BS 1501 mild steel.
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Squuperature -with peak temperature of -
ation foi BS 15 mild steel specimens. -

reported by.Inagaki er aF* for a stecl of - time at which the tempersture was above

austenite and for marked grain growth to
- ogcur. Subseguent cooling rates were fast
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the Ac, was tooshcn (approximately 5 5)

F'ﬁ:_rhomogemzauonmdgningrmhto

“than in the previous sample but still lower
than that of the specimen cycled to 788°C.
The hardness, proof stress, and U.T.S.

7 were higher than in the previous sample
- - probably because of the greater proportion

. {d) Simulation to a Peak Temperature of

. :1,347°C. This tempersture was greatly in
. Conditions were sufficient for complete or

homogenization of the.

enough to produce & very coarse. Widman-

impact:  geitten structure (Fig. 11) consisting of =

- -eher hand, was compararively Little affected
; #wing to the small proportion of upper
= (B) Simulation to a Peak Tempercture of

83C. Austenjtization was morc fully

*-zdeveloped than in the previous sample and

*.the stracrure had a coarser ferrite and
; inite grain size (Fig. 9). The notch-

., toughness properties improved slightly
“ probably because of some homogenization

= of the carbon content by dilution into the
-Swrrounding  ferrite during the time the
temperature was above the Ac,. There was

: & slight increase in hardness due 1o the

increased proportion of transformation

i ‘Product.

.~ (€) Stmulation 10 a Peak Temperature of
7 LOBS*C, Austenitization was fully de-

*‘@'tbpedinthisumplemdthehighmtcof

%ooling through the critical range resulted

;- the formation of a -Widmanstitten
_ Srecture (Fig. 10). However, the total

w0

“Sthe ferrite grain size; The hardness, on the -

':‘ network of procutectoid ferrite outlining the
" prior " gustenite’ grain boundaties 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
transition temperature, proof stress, U.T.S.
andhudnssandadecruseinducdlity.

. These results indicate that the grain-

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

Mechanical Properties and
Microstructures in BS 15

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

g-. . ‘ -
%Wnnma AND METAL FABRICATION, June 1970

800 . 1200 ) - 160G

PEAK TEMPERATURE OF SIMULATION, °C

' grain size and the smaller degree of de-

oxidation used during manufacture. Ther-
mal simulation to pesk temperatures of
788°C, 893°C and 1,070°C produced an
improvement in notch-impact properties,
whilst simularion to 2 peak temperature of
-1,305°C produced & severe deterioration.
Once again these changes in mechanical
properties were related to microstructural
changes, T

(a) Simulation to a Peak Temperature 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 fertite and pearlite (Fig. 13).

(b) Simulation to @ Peak Temperature of
893°C. The microstructure produced by
this treatment (Fig. 14), was quite different
from the equivalent specimen in BS 1501,
in that a considerable refinement of the
ferrite grain size was apparenr, leading 1o
much superior notch-toughness properties.
(€) Simulation to a Peak Temperature of
1,070°C. The microstructure produced by
this treatment (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) Simulation to a Peak Temperature of
1,305°C. A coarse Widmanstiitten structure
was produced by this treatment (Fig 16)
similar to the equivalent specimen in
BS 1501. The notch-toughness properzies
were considerably reduced, and 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
extremely complex strain cycle and the
cffects of this on the structure and proper-
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ties. This is particularly so in the neigh-
bourhood of a defect where the stresses may
be raised considerably. However, tech-
niques to simulate HAZ structures con-

work. -

Because of the absence of reliable data
" on the strain ¢ycles occurring in the HAZ,
"~ this problem has been tackled in a qualitz-
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b * .
s orol—
s ) 2
< B
N :
= i ‘/ 0
/ N o oo
- I i
b : — 158 ws0f
&2 .\ 62 o W0 :
. g ;
..3, & ’/’ g ?—'-.. :
. g ; d Cw % s00}—
5 Ny . __#s‘ [
o 3 |”_M—-'I/ \-._.‘ ﬁ
i y -...-h 2 480
8w} A k. - -
- ‘ N
wp— _— %
: g . a2 200
v 5 - 2 = - L \= . yy 2o
"° g g E . \;-T;.___;-. Ty X _ 2
- ; —38 "R 20 » () "] 7] B W W
- b . . % " . _ - - tmsm_ e
u;g—g é : l,© " Fig.23. (Left) Tensile praperties of BS 1501 - mild steel -
£ P e o i . simulated specimens. S B R
R g E : T
o 3 T % s ) Fig. 24. (Above) Comparison of real and simulated thermal -
cycles. S - e

) and much lower than those that could occur

at the root of a stress concentrator.
Practical Significance of Results

propesties of two mild steels mans
- to different levels of deoxidation. The fully-

'Iiﬂedsteelhldmarhodlysﬁpcdorn?mh-

toughness propecties 1o the. ‘partially-
killed steel in the unwelded condition.

«  Afcer welding, however, a marked deteri-

oration in notch-toughness. properties
occurred in all regions of the HAZ in the
fully-killed steel and in. most cascs these

were inferior to the cquivalent

- propertics
region in . the pactially-killed steel. By

contrast, the partislly-killed steel had better
notch-toughness -propesties throughout
most of the HAZ owing to the beneficial
effects of grain refinement. However, in

both steels very low notch-toughress

occwrred in the grain coarsened région
owing to the coarse Widmanstitten
sn-ucmremdint.hisrqspcctthep_uﬁany-
Killed steel was distincely inferior. .

Conclusions .

1. The non-equilibrium conditicos
attending & -arc bead-on-plate
weld in'l}in.thickmilduedplueauhut

. japut of 108 kJ/in. resulted in an increase of

- ol

: o (b) the region of grain refinement, and (¥
e@mo&hcweldthamalcydcond;em' i
ufactured

T TaWrar e aam ‘l-'—-.v'- u.;n'-l;----

-

* 2. The weld HAZ of mmild steel
were: (2) the region .of grain cosrsesing,iis |

5. In the BS 1501 matetial a decrease
notch-toughness occurred in all regi

6. In the BS 1501 materisl, the''
stress, tensile strength and .

3 -
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Molor Generalor Sel—1

"WELDING Industries Ltd. have intro-

duced a new 375 A motor gencrator

engine 1w
ide an outpur of 35375 A, 50—85 V.

- it will give continuous welding current of
" 300 A. The generator is of the “Brush

Shift”’ 1ype, controlled by a single hand
wheel to give infinitely variable control over
the current range. All rotating parts are
sutically and dynamically balanced. A
cemral lifting point is provided for site
work and the unit is moynted on a frame
for wowing. High speed Flexitor undergear
amd overrun are incorporated, The
unit can also be supplied as a staric set.
Ovmlldimensionsm?ftSin.long, with
tow bar, 4 fr 3 in. high and 3 fi 6 in. wide.
engine versions can be supplied and
starting is a furcher option.
Circle 167

- Motorized Probe Slide—2

‘THE model $P-300 ‘motorized probe
slide introduced by Cecil Equipment
Co. Inc. is used in conjuncrion with mode!
CMS-i0B, CMS-10A and CMS-94A, auto-
matic guidance systems, 1o reference from
on¢ side wall of a deep groove while a weld-
ing head is being repositioned for making
multi-pass welds. The probe slide allows:
ofi-setting of the probe while making multi-
‘pass welds; spacing of weld beads while
maintaining automatic control of the
weldiog head; final weld passes being
Hmade on tanks or vessels by using the probe
slide for repositioning the probe to pick-up
% new reference point, The slide is also
uwsed in a vertical position when welding
beams having two or more web thicknesses
‘I a single beam and still maintain auto-

Iatic control of the welding head.
Circle 168

All-Position Efectrode
THE Supercord electrode, marketed by
Ltd.,, which is
Mubleforweldinginanypos:‘tion, and

FRERICATING
| EQUIPMIENT

available in sizes from 12—4 s.w.g. They

are of the mild steel medium-coated rurile

type and are suitable for general-purpose
welding on mild stecl applications such s
i sheet metal work.

ﬂpework, tank work
cchanical propertics of Supercord include -

a U.T.S. of 32tonffin., yield poiat of
28 tonffin.? and impact values ( Vv
eotch) of 58—75 Ibf. Circle 169

Pressure Welding

Friction Welder—3

ANEW friction welding machine has
recently been completed by Blacks
Equipment Ltd., Friction Welding
Division, for joining high speed tool bits
10 mild steel shanks in the production of
twist drills. A feature of the machine j
autornatic cutting head which rengves the

metal upset afier welding. Following the .

turing operation the head withdraws into
aircccss below tl:l:g chudc.l With a drill of
1} in. diameter, complete welding and
flash removal cycle takes abour 45 s, 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 Fing Brown
Tools Lad. Circle 170

WELDING axD METAL FaBrICATION, June 1970

neEws | |

for vertically down contact welding, is’

san .
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