
Introduction

One important aspect of a fusion weld
is the weld metal microstructure. On the
one side, the microstructure has a signifi-
cant influence on the mechanical proper-
ties of the weld. For instance, several stud-
ies have shown that small, equiaxed grains
(instead of large, columnar grains) can im-
prove weld properties such as strength,
ductility, and toughness (Refs. 1–4). On
the other side, weld metal grain refine-
ment is an important possibility to reduce
the susceptibility to solidification cracking
in aluminum welds (Refs. 5–8).

Small, equiaxed weld metal grains can be
achieved through the addition of a com-
mercial grain refiner to the filler metal
(Refs. 3, 7, 9). Such master alloys usually
consist of the systems Al-Ti, Al-Ti-B, Al-Ti-
C, or Al-B (Ref. 10), where Al-Ti-B master

alloys are considered to be more efficient
than Al-Ti or Al-B alloys (Ref. 11). Al Ti5B1
is one of the most important grain refiners
(Ref. 12). Titanium and boron form parti-
cles such as TiB2 (Ref. 13) and Al3Ti (Ref.
14) that act during the solidification of the
weld pool as heterogeneous solidification
nuclei for aluminum grains. TiB2 particles
were found in castings at the center of Al
grains (Refs. 15, 16) where they nucleate
aluminum grains (Ref. 17). In contrast, it
was argued that Al3Ti is a more potent nu-
cleant than TiB2 (Refs. 18, 19) because of
the low atomic lattice mismatch between
Al3Ti and α-Al. Furthermore, Al3Ti has
more atomic planes that can nucleate alu-
minum grains than TiB2 (Refs. 15, 20). Oth-

ers argued that, regarding Ti/B additions,
AlB2 is the most efficient nucleus for Al,
even though it dissolves quickly in the melt
(Ref. 21).

One widely accepted approach to ex-
plaining the exact role of each particle is
the duplex nucleation theory (Refs. 20, 22,
23) that was developed from the peritectic
theory (Ref. 14). The duplex nucleation
theory suggests that the insolvable TiB2
particles are covered in liquid aluminum
by a thin Al3Ti layer. Afterward, the peri-
tectic reaction Al3Ti + AlL → AlS takes
place on these particles. Accordingly, the
Al3Ti layer reacts with liquid aluminum
(AlL) to form a further layer of solid alu-
minum (AlS). This reaction converts such
particles into efficient solidification nuclei
for aluminum grains (Refs. 14, 20, 23).
Properties that make the above particles
favorable for nucleation of aluminum
grains are, for example, their size and size
distribution (Refs. 24, 25), and shape and
atomic lattice (Ref. 26). Consequently, ad-
ditions of grain refiners such as Al Ti5B1
to the aluminum weld pool can provide an
increased number of active solidification
nuclei and thus a fine, equiaxed weld
metal grain structure.

An important influence on nucleation,
subsequent grain growth, and hence the re-
sulting weld microstructure is the chemical
composition of the weld metal. During so-
lidification of the weld pool, the alloying el-
ements partition in the melt and provide
constitutional undercooling (Ref. 27),
which is needed to activate the above-
mentioned particles for nucleation of Al
grains (Ref. 28). Titanium is supposed to
provide the highest degree of constitutional
undercooling of all elements (Ref. 29). This
explains why excess solute Ti (which is not
tied up in particles) plays an important role
in aluminum grain refinement and why
commercial Al grain refiners usually con-
tain Ti (Ref. 19). Furthermore, the above-
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ABSTRACT

The solidification conditions during welding strongly influence the weld metal mi-
crostructure and mechanical properties of a weld. In the first part of this study, the
grain morphology of gas tungsten arc (GTA) bead-on-plate welds was investigated
for the aluminum Alloys 1050A (Al 99.5), 6082 (Al Si1MgMn), and 5083 (Al
Mg4.5Mn0.7). The experiments revealed that increasing welding speed and alloy
content allow the growth of small, equiaxed grains, particularly in the weld center.
Furthermore, increasing grain refiner additions led to a strong reduction of the weld
metal mean grain size and hence facilitated the columnar to equiaxed transition
(CET). In addition, wavelength dispersive X-ray spectroscopy (WDS) and transmis-
sion electron microscopy (TEM) analysis revealed in the weld metal TiB2 particles
that were surrounded by Al3Ti. This suggests the duplex nucleation theory for nu-
cleation of aluminum grains in GTA weld metal.
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mentioned TiB2 and Al3Ti particles are
known to need a low undercooling (< 1 K)
to get activated in comparison to other par-
ticles, which is a further explanation for
their effectiveness (Refs. 24, 28, 30, 31). Sev-
eral analytical approaches were developed
that describe the influence of the chemical
composition on the final grain size of cast-
ings (Refs. 32–36). These approaches were
applied elsewhere to weld metal 
microstructure (Ref. 37).

Besides the presence of effective nucle-
ant particles and alloying elements, the
third control variable regarding the weld
microstructure are the solidification condi-
tions. In arc welds, these conditions are con-
trolled, in addition to weld geometry, by the
welding parameters arc current, arc voltage,
and welding speed. These parameters con-
trol the solidification parameters in the
weld metal, where

• Thermal G (in K mm–1)
gradient (local)

• Solidification R (in mm s–1)
growth rate

are particularly important. It is of note
that these solidification parameters and
corresponding microstructures vary
widely within the weld metal. Figure 1
shows the weld pool boundary of an arc
weld (seen from above) where the welding
direction is to the left. At the weld inter-
face, the weld pool is in direct contact with
the “cold” base metal, which causes high
heat extraction and thus high G values. At
the centerline, the just-solidified material

extracts less heat, re-
sulting in a minimum
in G. As a conse-
quence, the weld pool
shape can vary from
circular or elliptical
(at low welding speed
v, as shown in Fig. 1) to
teardrop shaped (high
v). Also, Fig. 1 illus-
trates that the grain
substructure usually
grows nearly parallel
to the maximum tem-
perature gradient that
is perpendicular to the

advancing weld pool boundary (Ref. 38).
If one assumes that the dendrite solidifi-

cation velocity corresponds to the solidifi-
cation growth rate R due to competitive
growth (Ref. 38), R can be approximated for
the weld pool surface with Equation 1
where α is the angle between the directions
of welding speed v and R at a particular
point at the solid-liquid interface (Fig. 1).
Thus, it becomes clear that R is zero at the
weld interface and maximum (R = v) at the
centerline.

R = v•cos (α) (1)

The large variation in both G and R
along the pool boundary is often expressed
as G/R (Refs. 39, 40) and has a significant
influence on nucleation and grain growth. It
was suggested that the extent of constitu-
tional undercooling is inversely propor-
tional to G/R0.5 (Ref. 39). Thus, high G/R
values can be related to little constitutional
undercooling ahead of the solid-liquid in-
terface (Ref. 41) that favors planar or cellu-
lar growth (Ref. 42). Low G/R values, how-
ever, result in a large zone of constitutional
undercooling (Ref. 41), which allows
columnar dendritic, dendritic, or (at low
G/R values) equiaxed dendritic structure to
form (Ref. 42). As a consequence, one usu-
ally finds, dependent upon alloy content
and welding conditions, two main grain
morphologies: Columnar grains (with
columnar dendritic or dendritic substruc-
ture) next to the weld interface and
equiaxed grains (with equiaxed dendritic
substructure) at the centerline — Fig. 1.

This columnar to equiaxed transition
(CET) is often observed in aluminum weld
metal (Refs. 37, 43, 44).

Large, columnar grains provoke
anisotropic mechanical properties of the
weld and facilitate the propagation of solid-
ification cracks (Ref. 38). Consequently, it is
of interest to know how to limit columnar
grain growth and facilitate equiaxed grain
growth, dependent upon nucleant particles,
alloy composition, and welding conditions.

This paper presents results from gas
tungsten arc welding (GTAW) three alu-
minum alloys where welding speed and
grain refiner additions were varied to inves-
tigate their influence on microstructure and
nucleant particles. The second part of this
study (Ref. 45) deals with an extensive ther-
mal analysis that reveals the thermal condi-
tions in the weld metal dependent upon
welding speed. This data is used at the end
in an analytical model to predict critical
conditions for the prevention of columnar
grain growth.

Experimental

Materials and Welding Conditions

In this study, the wrought base metals
used were Alloy 1050A (Al 99.5, temper
H14), Alloy 6082 (Al Si1MgMn, temper
T6), known for applications in the automo-
tive industry or plant construction, and
Alloy 5083 (Al Mg4.5Mn0.7, temper H111),
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Fig. 1 — Variation in thermal gradient G, solidification growth rate R, and
corresponding grain substructure along solidification front of GTA weld
pool (top-sectional view).

Fig. 2 — GTAW setup showing weld coupon and
cast insert (dimensions in mm).

Table 1 — Chemical Composition of Three Base Metals and the Grain Refiner (Al Ti5B1) as Measured by Optical Emission Spectrometer 

Chemical Composition in wt-%
Alloy Si Fe Cu Mn Mg Cr Ni Zn Ti B V Zr Al

1050A 0.09 0.24 0.01 0.004 0.001 0.001 0.004 0.01 0.008 0.0003 0.01 0.001 Bal.
(Al 99.5)

6082 0.86 0.42 0.09 0.43 0.75 0.06 0.01 0.07 0.032 0.0001 0.01 0.003 Bal.
(Al Si1MgMn)

5083 0.25 0.40 0.07 0.58 4.57 0.09 0.01 0.07 0.027 0.002 0.006 0.002 Bal.
(Al Mg4.5Mn0.7)

Al Ti5B1 0.06 0.11 — — — — — — 4.98 0.99 0.02 — Bal.
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frequently used in shipbuilding or as vessel
material. The plate thickness was 3 mm for
all alloys. Al Ti5B1 was used as a commer-
cial grain refiner and delivered as rods (di-

ameter 9.5 mm). The chemical composi-
tion of all alloys as measured by an optical
emission spectrometer (ICP-OES) is
given in Table 1.

To vary the weld metal’s content of grain
refining elements Ti and B, ingots were
cast consisting of the corresponding base
metal plus additions of Al Ti5B1. Each
cast ingot was then machined into several
small inserts (140 × 2 × 1.5 mm). Further-
more, a groove was milled into the bottom
surface of weld coupons (140 × 60 × 3 mm)
made from base metal plates. Afterward
both inserts and coupons were cleaned by
degreasing and etching them for 15 min
with an etchant consisting of 869 mL H2O,
125 mL 65% HNO3, and 6.25 mL 48%
HF. Each insert was placed into the
groove of a coupon and fixed with a ham-
mer and punch. Then, the weld coupon
was clamped in a fixture with the cast in-
sert on the bottom side. The deposited
cast insert was fused completely in a sin-
gle-pass, complete-joint-penetration

GTA weld as illustrated in Fig. 2. A backing
made of copper was used to avoid unwanted
root drop-through.

The GTAW parameters are listed in
Table 2. The welding speed was varied from
2 to 11.5 mm s–1 whereby the arc current was
adjusted to allow a similar weld bead size at
different welding speeds.

Metallographic, Chemical, and EPMA
Examination

Metallographic samples were prepared
from the middle of some welds (mid-length)
to obtain cross-sectional and top-sectional
views of the weld metal. Each of these sam-
ples was ground, polished mechanically,
and etched anodically with a solution con-
taining 2% HBF4 and 98% H2O to reveal
the grain structure. Micrographs were
made with a microscope using polarized
light, which helped to differentiate grains.
Grain size measurements were carried out
in no less than four different positions on
each weld metal cross section through a
circular intercept procedure according to
the standard (Ref. 46), and an average
value for each weld metal was calculated.

The chemical composition (particularly
the Ti content) of pieces cut from the welds
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Fig. 3 — Schematic weld pool shape (top surface) dependent upon welding
speed (bead width at top surface is approximately 8 mm). GTAW, Alloy 6082,
plate thickness 3 mm.

Fig. 4 — Weld metal grain structure (horizontal cross section) in the middle of
weld metal (mid-length and depth) dependent upon welding speed (welding to
the left). GTA bead-on-plate welds (no grain refiner addition), Alloy 6082, plate
thickness 3 mm.

Table 2 — GTA Welding Parameters

Parameter Alloy 1050A Alloy 6082 Alloy 5083
(Al 99.5) (Al Si1MgMn) (Al Mg4.5Mn0.7)

Welding
speed 2.0 4.2 6.0 8.0 10.0 11.5 2.0 4.2 6.0 8.0 10.0 11.5 2.0 4.2 6.0 8.0 10.0
in mm s-1

Current in A 174 180 186 190 192 195 170 175 181 184 190 196 155 175 180 185 190

Voltage in V 11.1 11.3 11.6 11.6 11.7 11.6 10.7 11.2 11.2 11.2 11.2 11.8 10.7 11.3 10.9 11.2 11.8
(± 0.2 V)

Polarity AC (80% electrode negative, 20% electrode positive)

Frequency 50 Hz

Electrode W + 2% CeO2, diameter 3.2 mm, point angle 30 deg

Shielding gas 50% Ar, 50% He

Flow rate 26 L min-1

Distance 3 mm
electrode-coupon

Fig. 5 — GTA weld metal cross sections (optical micro-
graphs) with low (A) and high (B) Ti/B content. A and
B indicate regions where EBSD measurements were
made later. Alloy 1050A, plate thickness 3 mm, welding
speed 4.2 mm s–1, mean heat input 484 J mm–1.

A

B
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was determined by an optical emission spec-
trometer (ICP-OES). Electron probe micro
analysis (EPMA) of pieces cut from the
weld metal involved wavelength dispersive
X-ray spectroscopy (WDS), electron
backscatter diffraction (EBSD), and trans-
mission electron microscopy (TEM) analy-
sis. The WDS was used to determine size
and distribution of titanium and boron par-
ticles in the weld metal. The EBSD meas-
urements were made to reveal the atomic
lattice orientation of the weld metal grains,
and TEM measurements disclosed the size
and shape of particles such as TiB2.

Results and 
Discussion

Grain Size and Shape Response

In a first set of experiments, the chem-
ical composition of the cast inserts was
held constant (base metal composition, no
grain refiner additions). To investigate the
influence of the welding parameters on
the weld microstructure, the welding
speed was varied from 2 to 11.5 mm s–1. As
outlined in the introduction, the shape of
the weld pool top surface changed with in-
creasing welding speed from circular to el-
liptical and, at high welding speeds, to
teardrop shaped (Fig. 3) (weld pool shape
for Alloy 6082). Thereby, the weld pool
width varied from 8 mm (at 2 mm s–1) to 7
mm (at 11.5 mm s–1), and the weld pool
length increased from 8 to 11 mm.

Increasing welding speed caused a strong
change in the weld metal microstructure
(Fig. 4). These micrographs reveal for Alloy
6082 both grain size and shape in the hori-
zontal cross section in the middle of several
welds (mid-length and depth). In accor-
dance with Fig. 1 and previous studies
(Refs. 47, 48), columnar grain structure was
found predominantly at the weld interface

and, if present,
equiaxed grains
formed in the weld
center. At low weld-
ing speeds (2 mm s–1),
the heat input was
high (Table 2), which
caused high thermal
gradients G, low so-
lidification growth
rates R, and conse-
quently a fully colum-
nar grain structure —
Fig. 4 left. Increasing
welding speed led to a
strong decrease in
both heat input and
ratio G/R, which al-
lowed a higher de-
gree of constitutional
undercooling to form
during solidification
(Ref. 41). This under-

cooling activated a higher amount of nucle-
ant particles present (Ref. 28), which is an
important requirement for the formation of
small, equiaxed grains (Ref. 42) that was
also observed in several previous studies on
aluminum GTAW (Refs. 43, 47–49).

In addition, increasing the welding
speed did not only facilitate equiaxed
grain growth, but it also reduced volume
fraction and size (length and thickness) of
columnar grains, which was reported else-
where (Ref. 50). The effects of welding
speed variation on the thermal conditions
in aluminum GTA welds and their rela-
tionship to the weld metal microstructure
is presented in detail in the second part of
this study (Ref. 45).

Also, Fig. 4 reveals the influence of
high welding speed (low heat input) and
corresponding fine-grain structure on the
base metal’s weldability. For Alloy 6082,
the formation of centerline solidification
cracks was prevented at welding speeds 
≥ 8 mm s–1, which supports results from 
literature (Refs. 1, 6–8).

In a second set of experiments, the weld-
ing speed variation was expanded to two
further Al alloys (1050A and 5083) and an
additional parameter was varied: the grain
refiner content of the cast inserts. The re-
sults of these experiments are summarized
in Table 3 shows the predominant weld
metal grain morphology, dependent upon
alloy, welding speed, and weld metal grain
refiner content, where the latter is repre-
sented by the Ti content as measured by
ICP-OES (the weld metal B contents were
about one fifth of the Ti contents due to a
grain refiner Ti/B ratio of 5/1). Predomi-
nantly equiaxed means, for instance, that
the area fraction of equiaxed grains in the
corresponding horizontal weld metal cross
section was > 50%. As a result from Table
3, increasing welding speed and grain re-
finer content allowed the formation of pre-

dominantly equiaxed (E) instead of pre-
dominantly columnar (C) grain morphol-
ogy for all three alloys, confirming the mi-
crographs in Fig. 4.

Beside welding speed, the chemical
composition played a key role in deter-
mining the weld microstructure. Accord-
ingly, commercial pure Al (Alloy 1050A,
approximately 0.4 wt-% total alloy con-
tent, Table 1) showed a much higher ten-
dency for columnar growth than Alloy
5083 (approximately 6.0 wt-% total alloy
content), with Alloy 6082 (approximately
2.7 wt-% total alloy content) in between
(Table 3). This high influence of solute
content on the subsequent grain morphol-
ogy can also be explained with the forma-
tion of constitutional undercooling, which
is provided by element partitioning during
solidification (Ref. 27). The undercooling
again activates more of the nucleant sub-
strates present (Ref. 28) and hence facili-
tates equiaxed growth (Ref. 42).

Additions of commercial Al Ti5B1 grain
refiner to the cast inserts resulted in a sig-
nificant decrease in the weld metal mean
grain size up to 90%, which is presented in
depth (Ref. 37). This grain refinement can
be explained with two effects: 1) an increase
in the amount of active solidification nuclei
such as TiB2 (Ref. 51) and Al3Ti (Ref. 28)
and 2) an increase in the constitutional un-
dercooling, particularly provided by solute
titanium (Ref. 29). Titanium partitioning is
believed to restrict grain growth (Ref. 33),
which results in a higher degree of constitu-
tional undercooling (Ref. 52), providing
eventual grain refinement. Furthermore,
Table 3 clearly shows that low grain refiner
addition levels changed the weld metal
grain morphology significantly from pre-
dominantly columnar to equiaxed. For
Alloy 1050A, when the weld metal grains
were at a base metal composition, the grain
structure was mainly columnar even at high
welding speeds, whereas a small increase in
the weld metal Ti/B content (0.06 wt-% Ti)
allowed a predominantly equiaxed grain
structure.

A further beneficial effect of weld
metal grain refinement, beside better
weldability (Ref. 5), is the improvement in
the weld mechanical properties. Accord-
ingly, a recent study revealed that both
ductility and toughness of 1050A and 5083
welds can be increased through weld
metal grain refinement (Ref. 1).

Texture Formation

The grain refinement effect is illustrated
in Fig. 5, which shows optical micrographs
from cross-sectional areas of two Alloy
1050A welds with coarse (Fig. 5A) and fine
(Fig. 5B) grain structure. Remarkably, both
micrographs suggest a crystall graphic tex-
ture in both refined and unrefined weld
metal, indicated by a segregation of yellow
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Fig. 6 — Optical and EBSD images of regions A and B from Fig. 5A and cor-
responding pole figures of <100> direction in FCC crystals. GTAW, Alloy
1050A, plate thickness 3 mm, welding speed 4.2 mm s–1, mean heat input 484
J mm–1.

A B C

D E F
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(left) and blue (right) grains. Here, it should
be noted that the color of each grain is af-
fected by its crystallographic orientation
due to the use of an etching technique and
optical microscope with polarized light as
described in the metallographic, chemical,
and EPMA examination section. It is of in-
terest that such a texture was observed in all
Alloy 1050A welds as well as in the coarse-
grained Alloy 6082 welds (Fig. 4). The welds
made from Alloy 5083, however, did not
produce any crystallographic texture at all.

The EBSD analysis was performed to
determine the exact orientation angle of
the yellow and blue grains. The results
from this analysis are shown in Fig. 6,
which shows etched micrographs from re-
gions A and B (Fig. 5A) at a higher mag-
nification (Fig. 6A and D). Furthermore,
Fig. 6B, C, E, and F contain the EBSD re-
sults from both regions.

Accordingly, the optical images (etched
micrographs) show for each region many
neighboring grains that have a similar color
and hence a similar atomic lattice orienta-
tion; only a few grains are oriented com-
pletely different. In the EBSD images (Fig.
6B and E), each color reveals how each
grain is oriented; the exact orientation can
be understood with the color key and FCC
aluminum unit cell at the bottom of Fig. 6.
The three arrows are surface normals that
are perpendicular to the cross-sectional
area of the micrographs in Fig. 6A, B, D,
and E. Furthermore, the color and position
of each arrow in the FCC unit cell indicate
how each arrow is located in the FCC
atomic lattice of the grains with the corre-
sponding color in Fig. 6B and E. Accord-
ingly, a virtual FCC unit cell that has the
same atomic lattice orientation as the red
grains in Fig. 6B and E, for instance, stands
with one of its cube faces on the cross-
sectional areas in Fig. 6B and E (because
the red <100> arrow is located at the cube

edge); the FCC unit cell that represents
green grains stands on one of its cube
edges, and the unit cell that represents blue
grains stands on one of its body diagonals,
respectively.

The crystallographic orientation of all
grains from region A and B is summarized
in Fig. 6C and F. These two pole figures re-
veal the distribution of the <100> direction
of all detected lattice orientations as a stere-
ographic projection.

Looking at both pole figures (Fig. 6C
and F), one can see that 1) they are approx-
imately mirror images of each other (mirror
axis z) and 2) there is a frequency maximum
close to the point of origin. This maximum
represents the predominant lattice orienta-
tion (texture). If one compares these results
with both typical weld solidification behav-
ior (recall Fig. 1) and the position of regions
A and B in the weld metal (recall Fig. 5), the
following becomes clear: The crystallo-
graphic texture in regions A and B is equal
to the local growth direction during solidifi-
cation of each region.

The observed texture is likely related to
competitive growth during solidification.
Grains with favorable lattice orientation
(yellow in Fig. 6A and blue in Fig. 6D) grow
with minimum undercooling because their
easy growth direction <100> in aluminum

FCC crystals (Ref. 53), is similar to the di-
rection of the thermal gradient and hence to
the maximum heat extraction (Ref. 54). In
contrast, grains with unfavorable lattice ori-
entation grow at higher undercooling and
become overgrown by more favorable ori-
ented grains (Fig. 6A and D). Competitive
growth is known to form in aluminum fu-
sion welds (Refs. 38, 54) although one
would generally expect completely random
grain orientation for equiaxed grains that
form ahead of the solid-liquid interface.

One reason why the texture was ob-
served not only in coarse, columnar, but also
in fine, equiaxed grain structure could be re-
peated epitaxial nucleation. This means
that new grains nucleate epitaxially on ex-
isting grains (that have recently formed in
the fusion zone) resulting in many grains
with equal lattice orientations. This nucle-
ation mechanism competes with equiaxed
nucleation on particles present such as TiB2
or Al3Ti. In this regard, it is of note that epi-
taxial nucleation needs much less under-
cooling than equiaxed nucleation (Ref. 54).
Since undercooling is provided particularly
by alloying elements, one can conclude the
following: For low-alloy contents (Alloy
1050A), the ability to activate nucleating
particles was low and thus epitaxial nucle-
ation was dominating. At higher alloy con-
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Table 3 — Grain Morphology in GTA Weld Metal Dependent upon Welding Speed and Weld Metal
Ti Content (C: Predominantly Columnar, E: Predominantly Equiaxed, C/E: Mixture of Both), 
Determined in Top-Sectional Micrographs

Alloy 1050A Alloy 6082 Alloy 5083
Welding
Speed ν Ti Content in wt-% Ti Content in wt-% Ti Content in wt-%
in mm s-1 0.01 0.02 0.06 0.02 0.04 0.06 0.03 0.05 0.07

2.0 C C E C E E C E E
4.2 C C E C E E C/E E E
6.0 C C E C E E E E E
8.0 C C/E E C/E E E E — —
10.0 C C/E — E E E E — —
11.5 C — — E — — — — —

Fig. 7 — Ti distribution in GTA weld metal depend-
ent upon mean Ti content (WDS images). Alloy
6082, plate thickness 3 mm, welding speed 4.2 mm
s–1, mean heat input 467 J mm–1.

Fig. 8 — GTA weld metal with mean contents of 0.137 wt-% Ti and 0.045 wt-% B revealing the fol-
lowing: A — Ti (black) and B (colored) distribution; B — TiB2 particle covered by a thin, white Al3Ti
layer; and C — TiB2 particle adjacent to an intermetallic phase rich in Si and Fe (A is the WDS image
while B and C are TEM images). Alloy 6082, plate thickness 3 mm, welding speed 4.2 mm s–1, mean
heat input 467 J mm–1.

AA B

B C

C
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tents (Alloy 6082 and particularly 5083), the
undercooling provided by the alloying ele-
ments was sufficiently high to activate par-
ticles present for equiaxed nucleation. The
above experimental results confirm this sug-
gestion because the texture formation was
most pronounced for Alloy 1050A and not
present in Alloy 5083 welds, with Alloy
6082 in between.

In addition, welding speed did not show
any influence on the development of the ob-
served crystallographic texture, even
though a variation of welding speed came
along with major changes in heat input and
thus solidification conditions, as shown in
the second part of this study (Ref. 45). Also,
the weld pool shape changed significantly
with increasing welding speed (Fig. 3). In-
stead, the chemical composition and corre-
sponding promotion of constitutional un-
dercooling seem to be the key factors
regarding the texture formation. Decreas-
ing alloy content (from Alloy 5083 to 6082
and to 1050A) and thus decreasing under-
cooling increased the tendency for epitaxial 
nucleation.

Particle Size, Distribution, and 
Composition

This study and other results (Refs. 9, 37,
55) clearly show that grain refiner additions
to the weld metal can significantly decrease
the weld metal mean grain size. After fo-
cusing on the influencing factors alloy com-
position and solidification conditions, it is of
note to consider the potential nucleant par-
ticles in the weld metal. It is clear that Al
Ti5B1 grain refiner additions introduce in-
soluble TiB2 particles and soluble Al3Ti
particles to the weld pool. Some amount of
such Al3Ti particles was expected to dis-
solve during welding and provide solute Ti
and hence constitutional undercooling, de-
pendent upon welding conditions. It is,
however, not known how much Al3Ti was
dissolved exactly since Al3Ti was found by a
WDS analysis in 6082 weld metal (Fig. 7).
These three WDS images show the titanium
concentration and distribution from three
different welds — low Al Ti5B1 additions
and large mean grain size (Fig. 7A) to high
Al Ti5B1 additions and low mean grain size
— Fig. 7C.

It is of interest that high grain refiner ad-
dition levels (needed to achieve a minimum
grain size) produced large Ti-rich agglom-
erates with a thickness up to 15 μm — Fig.
7C. These particles were determined with
WDS to be certainly Al3Ti (Ref. 37), al-
though the Ti content of this weld was below
the Ti concentration above which Al3Ti may
form (0.15 wt-%) according to the equilib-
rium binary phase diagram of Al-Ti (Ref.
29). Al3Ti originates from the grain refiner
and likely formed agglomerates at high
grain refiner addition levels through colli-
sion upon entry to the weld pool. Al3Ti ag-

glomerates of a similar size and shape are
known from Al-Ti-B grain refiners (Ref.
10), and they were also observed in similar
experiments with GTA weld metal that was
inoculated by a Ti-bearing grain refiner
(Ref. 56).

Besides titanium, boron plays a key
role in the grain refinement efficiency of
Al Ti5B1 grain refiners (Refs. 19, 57). The
WDS image in Fig. 8A shows both Ti and
B distribution from the weld in Fig. 7C
(high grain refiner content). The Ti-bear-
ing particles in Fig. 8A are black, and the
B-bearing particles are colored whereby
the color scale indicates the B concentra-
tion. Figure 8A shows both Ti, and B- dis-
tribution. An important result from this
analysis is that boron-rich particles were,
in particular, found in the center of tita-
nium-rich particles. This observation sup-
ports the duplex nucleation theory, which
suggests that TiB2 particles are covered
with an Al3Ti layer that again nucleates α-
aluminum (Refs. 20, 22, 23). Due to the
TEM lamellae preparation technique, it is
not known if these particles were in the
center of Al grains or not.

Further evidence for the duplex nucle-
ation mechanism are the results from TEM
analysis of 6082 weld metal, which revealed
the size (about 1 m) and shape of two TiB2
particles — Fig. 8B and C. Interestingly, a
thin Al3Ti layer was found on one of these
two TiB2 particles — Fig. 8B. This suggests
the B-rich particles from Fig. 8A to be TiB2
particles that are surrounded by an Al3Ti
layer. The other TiB2 particle in Fig. 8C was
covered partially by an intermetallic phase
rich in Si and Fe, which is probably Al5FeSi
or, due to the two-dimensional view, possi-
bly Al8Fe2Si (Refs. 28, 58).

These results are an important exten-
sion of former studies on aluminum
GTAW that revealed Ti-rich particles
(Ref. 48) and Al3Ti particles (Ref. 59) in
the center of weld metal grains (Ref. 48).
Furthermore, this study showed, on the
basis of WDS and TEM analysis, that both
TiB2 (Ref. 13) and Al3Ti (Ref. 14) are
likely important particles for nucleation of
aluminum grains in GTA weld metal.
Moreover, the results suggest the duplex
nucleation theory as main nucleation
mechanism in aluminum weld metal that
is refined with an Al Ti5B1 grain refiner.

Conclusions

The GTA bead-on-plate welding was ac-
complished with aluminum Alloys 1050A,
6082, and 5083. The influence of welding
speed and grain refiner content on the weld
metal grain morphology was investigated
with the use of cast inserts that contained
controlled amounts of commercial Al
Ti5B1 grain refiner and were fused in the
welding process. Increasing welding speeds
from 2 to 11.5 mm s–1 revealed for the case

of no grain refiner additions the following
results:

• Change of the weld pool shape from
slightly elliptical to teardrop shaped.

• Transition from predominantly
columnar to predominantly equiaxed
grain growth.

• Increased tendency for equiaxed grain
morphology with increasing alloy content.

Increasing grain refiner contents facili-
tated predominantly equiaxed grain growth
even at low addition levels (< 0.1 wt-% Ti).
Furthermore, a crystallographic texture was
observed in some welds, which was found to
be caused by competitive growth during
weld pool solidification. It was suggested
that the corresponding nucleation mecha-
nism is repeated epitaxial nucleation. The
tendency for the formation of such a texture
did not depend on the welding conditions
but decreased strongly with increasing alloy
content and grain refiner additions leading
to the nucleation of equiaxed grains.

The WDS and TEM analysis disclosed
in Alloy 6082 weld metal TiB2 particles that
were likely surrounded by Al3Ti. These re-
sults suggest the duplex nucleation theory
for nucleation of aluminum grains in GTA
weld metal that is refined with an Al Ti5B1
grain refiner. Furthermore, the following
heterogeneous nucleation mechanisms are
proposed:

• For alloys with low alloy content —
predominantly repeated epitaxial nucle-
ation on existing grains.

• For alloys with high alloy content
and/or high grain refiner content — nucle-
ation on Ti-bearing particles.
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