
Microstructural Aspects of Weld Metal 
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Growth mechanisms in welds made on polycrystalline 
base metal, including nucleation, competitive growth, 
and columnar bending, are explained, and conditions 
favoring fusion zone nucleation are summarized 
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ABSTRACT. The nature of the con
tribution of individual elements of the 
weld metal solidification process 
such as epitaxial growth, columnar 
bending, terminated growth, fusion 
zone nucleation, preferred growth di
rections, crystallographic orienta
tions, etc., can be studied by eliminat
ing the competitive aspects of 
growth; this may be done by welding 
large grain base metal. 

Autogenous bead-on-plate welds 
were made between 24 and 426 ipm 
(1 and 18 cm/s) . The weld centerl ine 
plane of sectioning revealed five 
classes of fusion zone morphologies 
corresponding to distinct epitaxial 
base-metal crystallographic orienta
tions. Columnar grains were found to 
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maintain their or iginal c r ys ta l 
lographic orientation w i th bending 
and distance from the fusion bound
ary after initial epitaxial growth. 

Extensive nucleation occurred in 
two-thirds of all wide fusion zone 
columnar grains and rarely at more 
than a relatively short distance from 
the fusion boundary. Such nucleation 
was found to be a function of crys
tallographic orientation, alloy con
tent, and thermal conditions. 

Centerline sections of welds made 
on conventional polycrystalline base 
metal revealed that columnar bend
ing was l imited due to grains fail ing 
to maintain growth normal to the 
instantaneous freezing in ter face. 
Competitive growth mechanisms op
erated sluggishly over relatively long 
distances, if at all. No evidence of the 
development of preferred orientation 
was found and no discrete nucleation 
events were observed. It was con
cluded that fusion zone nucleation is 
a rare event. 

In t roduct ion 

The microstructure of an arc weld 
fusion zone is generally a result of the 

interaction of several columnar grain 
growth mechanisms. The dynamic 
nature of the welding process com
bines transient thermal conditions, 
localized chemical variations, and 
individual grain c r ys ta l l og raph i c 
orientations to produce constantly 
changing growth conditions resulting 
in various growth morphologies. 
Knowledge of the mechanics of weld 
metal solidification provides a basis 
for controll ing certain characteristics 
of these morphologies, such as 
columnar bending, columnar sub
structure, and grain coarseness. 

Two significant features of welds 
made on typically polycrystalline base 
metal are the beginning and termina
tion of columnar grains at various 
points throughout the fusion zone. Of 
the numerous columnar grains which 
initially start growing at the fusion 
boundary, only a small fraction of that 
number are present at the center of 
the weld bead surface per inch of 
weld. 

Subsequent to nucleation pro
cesses wi th in the fusion zone, colum
nar grains grow in the presence of 
neighboring grains compet i t ive ly 
wherein they are either more or less 
favorably oriented than their neigh
bors for continued growth. This com
petitive growth law cont inua l ly 
operates throughout the fusion zone 
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to not only al low those grains which 
are better oriented to continue to 
grow but to also effectively reduce the 
final number of columnar grains 
which reach the upper surface of the 
weld bead. 

W e l d M e t a l Sol id i f icat ion 

The dynamic nature of the me
chanics of solidification occurring 
wi th in the fusion zone is revealed by 
sectioning the weld bead along its 
longitudinal centerline. Figure 1 
schematically illustrates the num
erous salient features of weld zone 
morphology revealed by this center-
line section, namely: 

1. Recrystallization of the cold 
worked base metal in the heat-af
fected zone (HAZ), if applicable 

2. Partial melting of the base metal 
grains at the fusion boundary 

3. Initial solidification by epitaxial 
growth at the fusion boundary 

4. Competitive growth of columnar 
grains after initial stages of solidifica
t ion (numerous columnar grains 
throughout the fusion zone starting 
and being terminated) 

5. Continual columnar grain bend
ing towards the welding direction 

6. Solute rejection lines (trans
verse banding) normal to the direc
t ion of columnar growth 

Fig. 1 — Schematic representation of long
itudinal centerline plane section of a bead-
on-plate weld. V.A. = vertical axis: W. D. = 
welding direction: F.B. = fusion boundary: 
H.A.Z. = heat-affected zone: S.B. - solute 
banding 

In forming an autogenous weld 
bead, heat from the arc causes a cold-
worked base metal to recrystallize in 
the heat-affected zone (HAZ) sur
rounding the weld bead. In the ab
sence of cold work, strain induced re
crystallization does not occur, a l 
though some grain growth may take 
place, and metallographically the 
HAZ changes by tending to fo l low 
phase equilibria considerations, such 
as phase transformations, solution 
and precipitation, etc. Points closer to 
the arc heat experience sufficiently 
high temperatures to cause melt ing, 
thus delineating the fusion boundary 
by partially melting the grains of the 
base metal. 

As the arc heat source moves 
along, initial solidification occurs by 
epitaxial growth upon the partially 
melted base metal. The argument for 
an expitaxial relationship between 
base metal and weld metal is that the 
solid and the liquid have sufficiently 
similar composition to produce per
fect wett ing and to provide a micro-
structural continuity at the fusion 
boundary (Ref. 1). The existence of 
such epitaxial growth has been 
demonstrated by studies (Refs. 1-3) 
involving x-ray diffraction and con
tinuity of slip lines, grain boundaries, 
and twins across the fusion boundary. 

Savage and Aronson (Ref. 1) have 
shown that the shape of the weld 
pool significantly influences the weld 
metal growth morphology as the pool 
changes from elliptical to tear drop 
shape w i th increased welding speed. 
Since the direction of solidification 
occurs normal to the solid-liquid inter
face and since the interface curves 
away from the fusion boundary, 
columnar grains of the fusion zone 
bend progressively toward the mov
ing heat source. Columns exhibit a 
greater curvature the more curved the 
weld pool becomes and the essential 
principles of competitive growth de
tailed by Chalmers (Ref. 4) for ingot 
solidification apply. 

As w i th ingot solidif ication, the sub
structure of columnar grains wi th in 

the fusion zone is generally either 
dendritic or cellular, depending upon 
thermal and compositional conditions 
wi th in the weld zone as wel l as weld
ing speed (Ref. 3). Because growth 
can occur faster along specific crys
tallographic directions, depending 
upon the metal, some columnar 
grains wi l l be more favorably oriented 
for rapid growth than others, giving 
rise to the competitive growth mech
anism. This growth mechanism, com
bined w i th columnar grain bending, 
produces a fusion zone morphology of 
columnar grains beginning and 
terminating throughout the fusion 
zone. 

The instantaneous shape of the 
weld pool may be evident from the 
solute bands formed w i th in the fusion 
zone during solidification. Any abrupt 
change in the rate of solidification 
causes solute to be either in
corporated into or rejected from the 
advancing freezing front, depending 
upon whether the freezing rate be
comes faster or slower, respectively 
(Refs. 5, 6). 

Nucleation Within the Fusion Zone 

Wi th the high solidif ication rates 
associated w i th conventional arc-
welding process, growth mechan
isms necessarily operate rapidly 
under conditions which would seem 
to favor nucleation at the freezing 
interface. Savage et al (Ref. 3) states 
that nucleation in the we ld fusion 
zone is an insignificant event due to 
the presence of conditions favoring 
epitaxial growth and successful 
growth of favorably oriented colum
nar grains. 

A successful nucleation event may 
be defined as one wh ich starts at a 
point and diverges into a columnar 
grain growing in competit ion w i th its 
neighbors. Columnar grains originat
ing at a point are commonly seen in 
microstructures of weld beads but 
each originate at a junct ion of two 
other columnar grains, for example 
point 1 in Fig. 1, This point may be 
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Fig. 2 — Unit cell crystallographic orientation representation of 
two partially melted base metal grains having identical vertical 
axes (V.A.) but different welding directions (W.D.). (a) [110] W. D. 
(b){001]W.D. 

(a) (b) 

Fig. 3 — Stereographic projection representation of the two unit 
cells of Fig. 2. (a) Portion of the Wulff net: (b) Standard triangle in 
the standard position 
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caused by a discrete nucleation event 
or by a two-dimensional effect of the 
" n e w " columnar grain growing up 
wards in three-dimensional space 
either in front of or behind the plane 
of sectioning and pinching off its 
neighbor. Rarely is a diverging 
pointed columnar grain seen to 
emerge from a single parent colum
nar grain, as shown at point 2 of Fig. 
1. Not only is such a nucleation event 
apparently rare but the plane of spec
imen sectioning would have to inter
sect the newly nucleated grain exact
ly at its point of origin, since nu
cleated columnar grains are es
sentially long, thin cones and section
ing slightly off of the point of origin 
would produce a parabolic shape at 
the bottom, as is shown at point 3 in 
F ig .1 . 

An explanation for the ostensible 
absence of fusion zone nucleation is 
that welds made on typically poly
crystalline base metal result in f ine 
columnar g ra ins w h i c h , w h e n 
possessing un favorab le g r o w t h 
orientations, are pinched-off by com
petit ive-growth mechanisms by their 
neighbors before conditions of super
cooling favor embryo formation or be
fore nuclei fragmentat ion or other 
phenomena occur which result in 
fusion zone nucleation. Frequently a 
columnar grain is pinched-off by its 
neighbors after having grown only a 
distance equal to one or two grain 
diameters; such a columnar grain can 
readily be said to have had unfavor
able orientation for growth even at 
the point of initial fusion boundary 
epitaxy. Unfavorable o r i e n t a t i o n 
allowed initial growth to take place 
fol lowed by mechanisms of competi
t ive growth which operated sooner 
than mechanisms of nucleation. This 
is verified by the fact that epitaxy (and 
not discrete nucleation) at the fusion 
boundary always occurs initially (as 
wi l l be demonstrated below) regard
less of the crystallographic orienta
t ion of the partially melted base metal 
grain. 

Savage et al (Ref. 3) contend.that 
competit ive growth, not nucleation, is 
the primary mechanism of interest in 
fusion zone solidif ication. In the ab
sence of competitive growth the fre
quency and distribution of discrete 
nucleation events, the growth condi
tions which favor nucleation, and the 
general nature of subsequent colum

nar grain development has yet to be 
demonstrated. 

Fusion zone nucleation may be 
studied by el iminating the competi
tive growth factor by welding large 
grain base meta l . Un favo rab ly 
oriented columnar grains are allowed 
to grow unimpeded by their more 
favorably oriented neighbors when 
the ratio of columnar diameter to 
fusion zone depth is near one or 
greater. This can be arranged by 
welding large grain base metal. 

Crystallography of Columnar Grains 

The crystallographic orientation of 
a large grain (essentially a single crys
tal) is conveniently represented as 
points in the standard tr iangle of the 
Wulff net using sterographic projec
t ion techniques, where each point 
represents a crystallographic axis of 
the grain (see any good text on x-ray 
diffraction). Crystallographic orienta
t ion representation of large welded 
grains has to not only designate the 
grain axis (here taken as the vertical 
axis; see Fig. 1) but also the welding 
direction and the locus of all axes 
lying between these two principal 
axes. 

The vertical direction alone does 
not present information on in
stantaneous growth directions ex
perienced as the columnar grain 
bends towards the welding direction 
wi th distance from the fusion bound
ary. Consider the case of two partially 
melted base metal grains having crys
tallographic orientations as shown in 
Fig. 2. Initial expitaxial growth at the 
fusion boundary wi l l be equally favor
able (or unfavorable) for both grains, 
since the [110] is the initial growth 
direction in both cases. 

Figure 3a shows a portion of the 
Wulff net representation for the two 
growth conditions of Fig. 2. In case 
" a " , the growth direction becomes 
more favorable as the [100] direction 
is approached, whereas in case " b " 
the opposite is true: the growth direc
t ion rapidly changes to the unfavor
able [111] direction. (It has been ob
served that for most welds the locus 
of later directions near the welding 
direction are inapplicable since com
plete columnar bending seldom 
occurs). 

The standard triangle portion of the 
Wulff net in the standard position 

Fig. 4 — A typical longitudinal centerline-plane section, (a) Continuous growth, (b) Dis
continuous growth. 84 ipm welding speed; direction of welding left to right; anodized; 
polarized light. X25, reduced 30% 

may be used to condense the rep
resentation of these two growth 
conditions as seen in Fig. 3b. The 
specimen vertical direction is the 
point of origin (at X) and the location 
of the welding direction is only indi
cated by the locus of directions (trace) 
leading to it. The exact location of the 
welding direction is always 90 deg 
from the vertical axis. 

Such standard tr iangles adequately 
provide all of the information required 
for representing crysta l lographic 
conditions present in welds made on 
individual large grains. 

Object 

An investigation was conducted to 
examine solidif ication mechanisms 
operative in the absence of competi
tive growth and to determine what 
the effect of base-metal-grain crystal
lographic orientation has upon these 
mechanisms. Information ga ined 
through the study of welds made on 
large grain base metal was to be 
analyzed for applicability to welds 
made on conventional polycrystall ine 
base metal. The weld bead longitud
inal centerl ine plane of sectioning 
was exclusively used not only for the 
fundamental study of weld metal 
solidification on large grain base 
metal but also for revealing additional 
information relevant to welds made 
on polycrystalline base metal. 

Exper imenta l Procedure 

Specimen Preparation 

The strain-anneal technique was 
used to produce extremely large 
grains in alloy 1100 aluminum (com
mercially pure) by cold rolling 4% and 
annealing for 4 h at 1050 F (566 C). 
Finished specimens were square 
plates 2 in. (51 mm) on a side, Vi in. 
(6.3 mm) thick, having an average 
grain size of 0.2 in. (5 mm) diam. 

Autogenous bead-on-plate welds 
approximately 0.04 in. (1 mm) deep 
and 0.12 in. (3 mm) wide were made 
using the gas tungsten-arc process 
wi th a Vs in. diam (3.1 mm), thoriated 
tungsten electrode mounted on an 
automatic horizontal-travel torch car
riage and argon gas shielding. 

The longitudinal centerl ine plane, 
as shown in Fig. 1, was used for all 
specimen sectioning. The torch car
riage produced welds wh ich were uni
form in depth and longitudinally 
straight. Welds were f irst sectioned 
transversely on opposite ends and 
then polished and anodized. Using 
low magnif ication, a line was scribed 
on each transverse end section coin
cident w i th the radial line of fusion 
zone growth which was perpendi
cular to the surface of the plate. Both 
scribed lines were joined by lightly 
scribing a line down the center of the 
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top of the weld bead. This latter line 
joined opposite sides of the end lines 
so that it was slightly skewed to the 
weld axis. This slight skew insured 
that a substantial segment of the true 
centerl ine plane was subsequently re
vealed. 

A specially constructed steel sec
tioning block was used to hold a 1 in. 
(25 mm) long specimen to grind down 
to the centerl ine plane. Fine grinding 
and polishing were completed w i th 
the specimen remaining in the sec
tioning block. Specimens were elec-
tropolished using the solution of 
Bales et al (Ref. 7) consisting of 6 ml 
perchloric acid, 59 ml methanol, and 
35 ml ethylene glycol monobutyl 
ether (butyl cellosolve) at 5 0 0 
m A / c m 2 and 25 V for 30-40 seconds. 
Specimens were anodized using 7 ml 
fluorboric acid in 93 ml disti l led water 
at 8 A / c m 2 and 50 V for 8 seconds 
(Ref. 8). Polarized light was used for 
all metallographic work. 

Microscopy and Crystallography 

Photomicrographs of the centerl ine 
sections of several hundred fusion 
zone grains were made and each 
fusion zone grain was subsequently 
marked by scratching the specimen 
w i th a f ine needle point attached to 
the microscope objective lens. The 
marks were used to position a f lu
orescent marker for x-ray diffraction 
studies. 

The crystallographic orientation of 
individual grains was obtained by x-
ray diffraction using the back reflec
t ion Laue technique w i th copper 
radiation. The essential principles 
used by Savage and Aronson (Ref. 1) 
for x-ray beam location was used to 
impinge a finely coll imated beam, 
0.004 in. diam (0.1 mm), upon se
lected areas of each specimen. In
stead of using a removable magnetic 
x-ray beam locator ring on th inned 
specimens, a cellophane tape strip 
w i th a fine fluorescent particle was 
attached to the specimen and re
moved after positioning the x-ray 
beam upon the marker. Conventional 
stereographic techniques for single 
crystal orientation were used for the 
init ial stages of the work. 

Epitaxy and Columar Grain Bending 

Since a fundamental principle upon 
which the present work was based 
was that epitaxial growth takes place 
at the fusion boundary, several sets of 
adjacent base metal and fusion zone 
grains were investigated by x-ray dif
fraction to verify epitaxy at the fusion 
boundary. 

The fusion zone depth was of the 
order of 0.04 in. (1 mm) whi le the 
average grain diameter was 0.2 in. (5 
mm), thus producing wide columnar 

grains having widths greater than 
their heights wi th fusion boundary 
lengths averaging 0.2 in. (5 mm). 
Polarized light microscopy and grain 
boundary continuity were also used to 
detect the presence of epitaxial 
growth. 

To determine if the crystallographic 
orientation changes w i th distance 
from the fusion boundary in individual 
nucleation-free columnar grains, the 
crystallographic orientation of both 
the upper and lower areas of large 
columnar grains were compared 
using x-ray diffraction. 

Results and Discussion 

A typical microstructure revealed 
by centerline sectioning the fusion 
zone of a weld made on large grain 
base metal is shown in Fig. 4. Two 
large base metal grains are seen to 
have resulted in different columnar 
grain growth morphologies in the 
fusion zone. Columnar grain (a) is 
called continuous since growth was 
uninterrupted and columnar grain (b) 
is called discontinuous since exten
sive nucleation occurred during weld 
metal solidification in the plane of 
sectioning. 

Approximately 30% of all columnar 
grains observed in welds made on 
large grain aluminum were of the con
tinuous type, that is, essentially nu
cleation free on the centerl ine plane. 
The majority of fusion zones dis
played extensive nucleation of the 
discontinuous type. 

Epitaxy and Columnar 
Grain Bending 

Columnar grains of the fusion zone 
were found to have the same crystal
lographic orientation as the respec
tive base metal grains f rom which 
they grew. Identical back reflection 
Laue x-ray diffraction patterns were 
obtained for 12 randomly chosen 
pairs of base metal /columnar grains, 
thus verifying epitaxial growth at the 
fusion boundary. 

Addit ional evidence of epitaxial 
growth was provided by polarized 
light microscopy. Rotation of each 
specimen about its normal axis under 
polarized light i l lumination resulted in 
pairs of grains adjacent across the 
fusion boundary changing l igh t 
intensity identically and s i m u l 
taneously. Also, grain boundaries 
were continuous at the fusion bound
ary in all cases. 

Idential back reflection Laue pat
terns were obtained for the upper and 
lower portions of a large nucleation-
free columnar grain, similar to grain 
(a) of Fig. 4. Although the columnar 
grain curved towards the welding 
direction, the orientation was found 
to remain constant as the columnar 
grain grew upward. A n analogy may 

be seen here between this growth 
phenomenon and a deck of playing 
cards sheared parallel to the surface 
upon which they rest: the crystal
lographic planes of the columnar 
grain remain parallel w i th progres
sive columnar bending. 

Microstructure/Orientation 
Correlation 

Fusion zone microstructures were 
either essentially nucleation free or 
distinctly characterized by various 
patterns of nucleation and growth. 
After initial epitaxial growth these 
nucleation and growth patterns were 
composed of combinations of the 
fol lowing features: 

1. Extensive nucleation at various 
distances from the fus ion 
boundary 

2. Feathery columnar grains 

^W^f^TW^ 

Fig. 5 — Five classes of fusion zone micro-
structures. Welding direction left to right; 
anodized; polarized light; X25, reduced 
35%>. (a) Class 1 (nucleation free), 156 
ipm; (b) Class 2 (feathery growth), 84 ipm; 
(c) Class 3 (nucleation near fusion bound
ary), 36 ipm; (d) Class 4 (nucleation at 
quarter height), 96 ipm; (e) Class 5 (ran
dom nucleation), 72 ipm 
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3. Fine, medium, or coarse colum
nar grains 

4. Various sized columnar groups 
5. Isolated, nucleation free regions 
As seen in Figs. 2 and 3, the crystal

lographic growth direction changes 
progressively w i th distance from the 
fusion boundary and the growth 
conditions initially present change to 
favor or inhibit continued uniform 
growth, thus contributing to various 
nucleation morphologies. 

A significant correlation was found 
between patterns of fusion zone solid
ification morphologies and their 
respective stereographic projection 
standard triangle plots. Representa
tive microstructures of f ive distinct 
fusion zone classes are shown in Fig. 
5 and their corresponding standard 
triangle plots are shown in Fig. 6. 
Specific microstructural characteris
tics were attributed to each class of 
fusion zones as fol lows: 

Class 1, Fig. 5(a). Continuous, 
uninterrupted growth in the fusion 
zone resulted f rom base metal grains 
being favorably oriented w i th their 
vertical axis near the<100>d i rec t ion 
and initial columnar bending being to
wards the general direction o f < 1 0 0 > 

Occasionally, isolated fusion zone 
nucleated columnar grains grew up 
through continuous type fus ion 
zones. Evidence of impingement by 
neighboring f ine columns growing 
across the centerl ine plane was fre
quently found but only in the extreme 
upper regions of the weld bead. 

Significantly, nucleation wi th in this 
class of fusion zone was seldom ob
served to occur in the upper half of 
the weld bead. Considering the fact 
that the growth direction was con
stantly changing wi th distance from 
the fusion boundary, it was antic
ipated that some significant fraction 
of all continuous type grains would 
even tua l l y become su f f i c i en t l y 
unfavorably oriented for continuous 
growth, thereby yielding to discrete 
nucleation events. But no unambig
uous instances of upper region nu
cleation were observed, although the 
impingement morphology mentioned 
above was frequently seen. Two rea
sons for this are that nucleation off of 
the centerline plane and subsequent 
growth upwards and across the plane 
of sectioning (impingement) may oc
cur to pinch off the continuous grain, 
or that centerl ine plane nucleation 
may result in Class 5 fusion zones 
(see below). 

Class 2, Fig. 5(b). A feathery type 
growth was characteristic of this 
class. Rotation of the specimen under 
polarized light caused the entire 
feathery area to change in light 
intensity simultaneously. This was 
interpreted as indicative of twinned 
growth. Preliminary work to deter
mine the tw in composition plane of 

Class 2 microstructures by x-ray dif
fraction is presently underway. 

Frequently the feathery portion of 
the fusion zone was segmented. In 
these cases segments of feathery 
growth appeared to be terminated 
wi th in the matrix in which they orig
inated, producing a steaked appear
ance. 

The standard triangle plots for this 
class could not be separated f rom 
those of Class 1. Often a fusion zone 
appeared to be the continuous type 
except for rather uniformly distrib
uted f ine streaks or feathery seg
ments. 

Class 3, Fig. 5(c). Fusion zones of 
this class develop various nucleation 
patterns immediately after init ial 
ep i tax ia l g r o w t h . The pho to 
micrograph representing this class of 
fusion zone shows an exceptionally 
uniform nucleation pattern. Often a 
series of t ight clusters of nucleation 
appeared near the fusion boundary 
separated by small, widely spaced, 

Fig. 6 — Standard triangle representa
tions of the five classes of fusion zones 

relatively nucleation free regions, pro
ducing structures somewhat similar 
to Class 4 (below) morphologies but 
closer to the fusion boundary. 

Class 4, Fig. 5(d). Tight clusters, 
random individual columns, and nu
cleation points at approximately quar
ter fusion zone height are characteris
tics common to this class. This class 
of fusion zone is similar to Class 3 
wi th the exception of distance from 
the fusion boundary where gross 
nucleation takes place. Both classes 
are heavily nucleated and neither has 
significant nucleation free regions. 

Class 5, Fig. 5(e). This class ap
pears to be intermediate between 
continuous and discontinuous types 
of fusion zones. This is true for the 
microstructures as wel l as for the 
standard triangle plots. Large regions 
of nucleation free growth exist adja
cent to heavily nucleated areas. Sev
eral of these fusion zones displayed 
substantial regions of f ea the ry 
growth which merged into distinct 
columnar grains. 

The classification criteria for the 
five fusion zones was based on the 
apparent orderliness of the fusion 
zone morphology: Class 1 being com
pletely void of nucleation and Class 5 
being randomly nucleated w i th the 
least apparent regularity. An inter
pretation of the various classes is that 
Class 1 and Class 2 are essentially 
continuous types and Class 3 and 
Class 4 are discontinuous types whi le 
Class 5 is intermediate. The standard 
triangle plots of Fig. 6 bear this out
class 5 orientations are between the 
two extremes. 

Preferred Growth Directions 
It was postulated that the crystal

lographic orientation would have a di
rect effect upon the nature and extent 
of fusion zone nucleation. In FCC 
metals four (111) c lose-packed 
planes, the fastest growing planes, 
contribute strong growth components 
to the favored<100^»growth direction 
at their mutual planar intersection. 
Only two such close-packed planes 
contribute to growth in t h e < 1 1 0 > 
direction and effectively only one con
tributes in the<111>d i rec t ion . Apply
ing this geometric consideration to 
growth in the fusion zones of welds 
made on large grain a luminum, 
nucleation events could reasonably 
be expected to occur most readily in 
metal solidifying upon a base metal 
grain having a < 1 1 1 > direction 
oriented vertically (Class 3), less read
ily upon a<110>or ien ted grain (Class 
4), and not at all on a<100>or ien ted 
grain (Class 1). 

Correlation between fusion zone 
microstructures and their respective 
stereographic projections of crystal
lographic orientations provide further 
evidence that the < 1 0 0 > is the 
favored growth direction in aluminum. 

Fusion-Zone Nucleation 
If the initially growing epitaxial 

columnar grain was not terminated 
by nucleation before it had grown to 
half-height in the fusion zone, nuclea
tion did not occur at all. Few cases to 
the contrary have been observed, a l 
though impingement by small colum
nar grains growing across the center-
line plane in the upper region is com
mon. 

An analysis of the conditions 
present during solidication reveals 
that the fol lowing factors govern 
solidification w i th in the weld zone: 

1. Thermal gradient 
2. Growth rate 
3. Amount of superheating 
4. Weld metal turbulence 
5. Solute concentration 
6. Growth rate uniformity 
7. Amount of supercooling 
8. Parent columnar grain crystal

lographic orientation 
Of these eight factors, those be

lieved to have influence upon the 
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mechanisms of nucleation w i th in the 
fusion zone are the latter four. 

Wi th in the fusion zone of the single 
specimen shown in Fig. 7 the first 
four factors above did not change 
significantly f rom one end of the weld 
to the other since the welding condi
t ions were uniform along the spec
imen length. Al though the first four 
factors were essentially identical for 
the entire weld, a spectrum of growth 
structures resulted, indicating an ap
parently insignificant structure de
pendence upon these factors. In all 
fusion zones made on large grain 
base metal w i th in the range of we ld
ing speeds between 24 and 426 ipm 
(1 to 18 cm/s) , nucleation always oc
curred near the fusion boundary 
where growth rate uniformity and 
signif icant supercooling were absent 
(as verified by solute banding lines 
and coarse cellular growth, re
spectively). Nucleation morphology 
dependence upon base metal grain 
orientation has previously been 
demonstrated. 

Solute concentration definitely is a 
factor affecting nucleation as seen in 
Fig. 8. Large grain aluminum having 
99.7% purity displayed no fusion zone 
nucleation whatsoever, regardless of 
crystallographic orientation, welding 
speed, etc. But for 98% aluminum, 
solute rejection by both solute band
ing and extremely coarse cellular 
growth was so great that polarized 
light microscopy on anodized spec
imens was ineffective, although 
nucleation did not appear to be 
similar to the 99%-purity aluminum 
used throughout the investigation. 

Transverse Sectioning 

A conventional transverse section 
through a weld made on large grain 
aluminum is shown in Fig. 9 along 
w i th its centerl ine section wh ich is 
seen to be a Class 5 microstructure. 
The crystallographic orientation of 
the base metal grain is shown in the 
standard tr iangle of Fig. 10(a) and the 
centerl ine plane section corresponds 
wel l w i th the Class 5 standard t r i 
angle of Fig. 6. 

The transverse section of Fig. 9 
gives further evidence of the struc
ture dependence on orientat ion. Com
paring this transverse section w i th 
the five classes of fusion zones, it 
would be reasonable to say that longi
tudinal sections along lines " a " and 
" b " of the figure would display micro-
structures of Classes 3 or 4 and Class 
1, respectively. 

A model of the unit cell of the base 
metal grain of Fig. 9 is shown in Fig. 
10(b) where the vertical axis, welding 
direction, and the initial instantane
ous growth directions of planes " a " 
and " b " are shown. This model 
shows that init ial growth in plane " a " 
immediately tends to change towards 
the<111>corner of the unit cell cube, 

Fig. 7 — Fusion zone of a single specimen displaying a spectrum of growth structures, 36 
ipm; welding direction left to right; anodized; polarized light. X 25, reduced 30% 

approximately, whi le growth in plane 
" b " tends towards the (100) face of 
the unit cell cube. Knowing that these 
two growth directions are, respective
ly, the most unfavorable and the most 
favorable, nucleation in plane " a " 
and the absence of nucleation in 
plane " b " would be expected. 

Fig. 10(a) shows the two welding 
orientations obtained by opposite 45 
deg rotations of the centerl ine plane 
orientation about the weld axis for 
the two sections. These two orienta
tions confirm the conclusion reached 
from the transverse section that 
plane " a " is Class 3 and plane " b " is 
Class 1. The signif icant point to be 
underlined here is that fusion zone 
morphologies are strongly dependent 
upon the orientation of their parent 
base metal grain, indeed, even 
predictable on the basis of this de
pendence. 

Polycrystalline Base Metal 
For welds made on typically poly

crystall ine base metal conventional 
transverse sections of weld beads are 
easier to prepare for metallography 
then longitudinal centerl ine sections 
but the latter reveal additional 
information, namely: 

1. The shape and extent of colum
nar grain bending 

2. Competitive columnar gra in 
growth 

3. Instantaneous so l i d i f i ca t i on 
interface shape 

4. Uniformity of weld bead depth 
The centerl ine section of a weld 

made on conventional polycrystall ine 
base metal is shown in Fig. 11 . The 
two micrographs illustrate a section 
made exactly on the centerl ine plane 
and a section made slightly off of the 
centerl ine plane. A high proportion of 

Fig. 8 — Nucleation free fusion zone of 
99.7%> aluminum, 84 ipm; welding direc
tion left to right; anodized; polarized light. 
X 15, reduced 35%, 

the columnar grains in the exact 
centerl ine plane can be seen to grow 
almost completely throughout the 
depth of the fusion zone. The section 
made slightly off of the centerl ine 
plane shows what could be inter
preted as competitive growth in the 
conventional sense, that is, various 
grains crowding out and pinching off 
their neighbors. 

Limited Competitive Growth 

Several growth character is t ics 
have been observed on the centerl ine 
section of welds made on polycrystal
line base metal wh ich seem to be 
somewhat at variance w i th conven
tional rules of columnar growth in the 
fusion zone. In specimens welded in 
the range of 24 to 426 ipm (1 to 18 
cm/s) , growth morphologies fre
quently failed to display evidence of 
competitive growth, considered a 
fundamental mechanism of weld 
metal solidification. 

In the fusion zone shown in Fig. 
11(a) numerous long, th in columnar 
grains can be seen to grow complete
ly through the fusion zone depth. In 
the heavily nucleated fusion zone of 
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the large grain base metal of Fig. 5(c) 
numerous columnar grains fan out 
slightly near the point of nucleation 
but thereafter maintain near parallel 
sides. To explain this apparent ab
sence of competitive growth, other 
mechanisms of weld metal solidifica
t ion must be examined. 

Columnar Grain Curvature 
It has been stated above that the 

degree of columnar grain bending is 
determined by the shape of the weld 
pool since columnar growth is usually 
normal to the freezing interface. 
Ostensible exceptions to this rule are 
seen in all centerline sections where 
columnar grains appear to have little 
or no curvature (bending) after some 
small amount of initial t i l t or curva
ture. Also, the columns do not appear 
to have maintained growth normal to 
the instantaneous weld pool interface 
(as delineated by the solute trans
verse banding lines). 

Poppmeier et al (Ref. 9) applied a 
controlled rotary magnetic f ield to 
solidifying steel and were able to 
show that dendritic columnar growth 
could be less than 90 deg to the freez
ing interface, depending upon the mo
tion of the liquid metal; such angled 
columnar growth was found to be al
ways in the opposite direction to the 
liquid metal motion. This fact, com
bined wi th the observation made by 
Rabkin (Ref. 10) that a strong current 
of molten metal f lows across the sur
face and towards the back of the weld 
pool during the arc welding process, 
may be used to explain the non ortho
gonal growth mechanism. 

Flow of molten metal near the sur
face towards the back of the weld 
pool and down past the rear fusion 
boundary and then forward along the 
bottom of the weld pool could cause 
columnar growth to deviate f rom the 
normal to the instantaneous freezing 
interface. This effect can be so pro
nounced that at high welding speeds, 
columnar growth can actually occur 
in a direction opposite to the welding 
direction. Figure 1 2 shows one of sev
eral cases found where this apparent
ly reverse direction growth occurred. 

Absence of Preferred Orientation 
Integrated structure, back reflec

t ion Laue x-ray diffraction patterns of 
the upper regions of the specimens of 
Figs. 5(c), 11(a) and 11(b) showed es
sentially uniform ring distributions of 
diffraction spots, indicating the ab
sence of preferred orientation. A l 
though the development of a pre
ferred crystallographic orientation of 
columnar grains in fusion zones w i th 
distance from the fusion boundary 
has been reported for 0.012 in. sheet 
(0.3 mm) of alloy 3003 aluminum 
(Ref. 1), Wal ton and Chalmers (Ref. 
11) present evidence to support an 
argument against signif icant pre-

Fig. 9 — Weld made on large grain base metal, (a) Conventional transverse section (weld
ing direction toward reader), (b) Longitudinal centerline-plane section, 48 ipm; welding 
direction left to right; anodized; polarized light. X 25, reduced 30%> 

W.D. 

Ca) Cb) 
Fig. 10— Crystallographic orientation representation of the three longitudinal planes of 
weld of Fig. 9. (a) Standard triangle; (b) Unit cell orientations 

ferred orientation developing in 
welds of purer metals. 

In alloys, the presence of molten 
metal superheat and impurities pro
vide two conflicting influences upon 
development of a preferred orienta
t ion in a freezing ingot. Impurities 
favor dendritic solidif ication by con
stitutionally supercooling the melt 
ahead of the freezing interface. Since 
dendrites may have strong lateral 
components of growth, favorably 
oriented dendrites may readily pinch 
off those less favorably oriented 
thereby developing a p re fe r red 
orientation in the columnar zone. 

On the other hand, compositional 
and thermal conditions may exist 
wh ich inhibit dendritic growth and 
which result in columnar grains hav
ing a cellular substructure. In their 
work, Walton and Chalmers found 
that competitive growth mechanisms 

which produce a preferred orienta
t ion in a columnar zone, namely den-
drite formation, may be suppressed 
by extensive superheating thereby 
creating steep thermal gradients 
directly ahead of the freezing inter
face. These steep thermal gradients 
favor cellular growth which has 
markedly weaker lateral growth com
ponents and which, therefore, does 
not readily pinch off neighboring 
grains. 

Al l welds made in the present study 
not only experienced steep thermal 
gradients w i th in the weld pool, as 
wi th all arc welding, but also solid
ified w i th cellular substructures. 
Combining the two effects of l imited 
lateral columnar growth and l imited 
columnar bending, a condition ob
tains wherein not only the develop
ment of preferred orientation is in
hibited but the competitive growth 
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Fig. 11 — Longitudinal centerline plane section through weld made on conventional poly
crystalline base metal, (a) Sectioned exactly on centerline. (b) Sectioned slightly off center-
line plane. 300 ipm; welding direction left to right; anodized; polarized light. X 40, reduced 
30% 

2. At high welding speeds, colum
nar grains occasionally appear to 
grow in the opposite direction of 
welding. 

3. In the absence of columnar 
bending, competitive growth mechan
isms operative on the centerl ine 
plane are almost negligible. 

4. Preferred orientation does not 
develop on the centerl ine plane. 

5. Nucleation events in the fusion 
zone are rare. 

Fig. 12 — Longitudinal centerline plane 
section through weld made on conven
tional polycrystalline base metal showing 
columnar grains growing in direction op
posite to welding, 426 ipm; welding direc
tion left to right; anodized; polarized light. 
X40, reduced 34% 

mechanism itself is severely l imited if 
not made completely inoperative. 

Considering the actual physical d i 
mensions of the height and width of 
fusion zones studied herein, the 
actual point density of discrete 
nucleation events observed in fusion 
zones of several hundreds of spec
imens is quite low. When this statis
tical distribution factor is taken into 
account along w i th the fol lowing 
observed geometrical factors: 

1. 30% of all columnar grains 
were nucleation free; 

2. Nucleation was relatively wide
ly spaced longitudinally; 

3. Nucleation occurred only in the 
lower half of the fusion zone; 

4. The extent of columnar grain 
bending was l imited; and 

5. The extent of compet i t ive 
growth was l imited; 

it can be seen that the probability of 
discrete nucleation events occurring 
wi th in the geometrically narrow 
columnar grains of fusion zones 
made on conventionally polycrystal
line base metal is extremely low. 
Therefore, it is concluded that nuclea
t ion in the fusion zone is a relatively 
rare and insignificant event. 

Conclus ions 

The fol lowing conclusions have 
been made on the basis of this in
vestigation of welds on large grain 
aluminum base metal: 

1. No mechanism of solidif ication 
at the fusion boundary other than 
epitaxial growth occur. 

2. The < 1 0 0 > is the most favored 
growth direction in FCC aluminum 
weld metal. 

3. Individual columnar grains do 
not change their crystallographic 
orientation w i th bending and wi th dis
tance from the fusion boundary. 

4. Nucleation events occur in the 
fusion zone of approximately 70% of 
all partially melted base metal grains 
whi le the remaining 30% are favor
ably oriented for nucleation free 
growth. 

5. The closer the partially melted 
base metal grain is oriented to the 
<111> direction, the closer nucleation 
occurs to the fusion boundary. 

6. Nucleation seldom occurs in the 
upper regions of the fusion zone in 
the centerline plane. 

7. Nucleation in the fusion zone re
quires: (a) an unfavorable crystal
lographic growth orientation; (b) 
favorable thermal conditions; and (c) 
impurities in the weld metal. 

8. Variations in welding speed do 
not appreciably affect fusion zone 
growth morphologies other than 
initial nucleated columnar grain 
growth directions. 

9. Columnar grains on the center-
line plane do not " b e n d " significantly 
but assume some degree of " t i l t " 
initially which they maintain through
out their length. 

10. A correlation exists between 
fusion zone nucleation morphologies 
on the centerl ine plane and parent 
base metal grain crystallographic 
orientation. 
11 . A feathery growth morphology 
believed to be twinned growth oc
casionally develops in columnar 
grains which deviate initially from the 
< 1 0 0 > growth direction by ap
proximately 20 deg and wh ich tend to 
grow towards t h e < 1 0 0 > 

From the work on large grain and 
polycrystalline aluminum, five major 
conclusions have been reached con
cerning weld fusion zones made on 
conventional polycrystalline alumi
num base metal: 

1. Columnar grains tend to remain 
straight by deviating from the normal 
to the instantaneous freezing inter
face in the upper regions of the fusion 
zone at the rear portion of the weld 
pool due to weld metal convection. 
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