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Gas tungsten arc (GTA) welds on Al-4 wt% Cu alloys were investigated to determine effects
of gravitational orientation on the weld solidification behavior. A bead-on-plate welding
was performed by varying the relation between the arc translation direction and gravity
vector, e.g., parallel-up, parallel-down, and perpendicular orientations. A solidification rate
(VS) was calculated from the measured grain orientation, and a thermal gradient (GL) was
estimated from the observed weld pool shape following a linear relation. A primary
dendrite spacing (λ1) decreased continuously from the s-l boundary to the weld pool
surface regardless of the gravitational orientations. Larger λ1 for the parallel-up weld was
observed near the boundary and surface than that of the perpendicular and parallel-down
welds, which is believed to be associated with a smaller GL due to larger weld pool
dimension and with different solidification morphology. A solidification morphology and
orientation in the perpendicular and parallel-up welds was comparable with a loss of
columnar directionality near the weld surface and a continuous grain orientation. However,
the parallel-down weld exhibited more columnar structure near the surface, which might
be associated with the larger GL and relatively mild convection flows. Outward convection
flows in the parallel-down weld might be inhibited because of its reverse direction with
respect to the gravity vector. This resulted in abnormal ‘S’ shape of the trailing s-l interface
and the VS, which was receded toward the weld pool center. Based on these findings,
significant influence of gravitational orientation resulted in the variation on the weld pool
shape associated with convection flows, which in turn affected solidification orientation/
morphology and the primary dendrite spacing. C© 2003 Kluwer Academic Publishers

1. Introduction
A welding process in microgravity and a circumfer-
ential pipe welding in the terrestrial environment are
expected to play a role in the space construction and in
the huge structural welding, respectively. For the per-
formance of these processes, it is necessary to under-
stand effects of gravitational level and orientation on
the welding phenomena, such as the convection flow
and weld pool dimension, the microstructural evolu-
tion, and the segregation. There are a number of re-
sources reporting the gravitational effects on the weld
pool geometry and convection flows [1–4]. During uni-
directional solidification, the absence of gravity-driven
convection flows increased the primary dendrite spac-
ing (λ1) in Pb-Sn alloys [5] and Al-Cu alloys [6], but it
also showed an opposite result as a decrease of the λ1
in Pd40Ni40P20 alloys [7]. No gravitational effects on
the macrosegregation were reported in the Al-Cu alloy
[8], however Liu et al. reported lower P solute contents
in the primary phase as gravitational level decreased
[7]. For an Nd-YAG laser welding on a 304 stainless

steel, a high-gravity produced an equiaxed dendritic mi-
crostructure transformed from a radial columnar struc-
ture in the low-gravity welds [9]. Fine equiaxed grains
located along the s-l boundary disappeared in the high-
gravity due to enhanced convection in GTA welded Al
alloys [10]. However, systematic studies of the gravi-
tational effect, either orientation or level, on the weld
microstructural evolution have not been conducted to
the best of the authors’ knowledge for solving the above
controversy.

The unidirectional solidification has been studied
more theoretically and systematically than the weld so-
lidification because it is absent of the interacting sur-
face tension-driven and electromagnetic forces existing
in the weld pool. In unidirectional solidification experi-
ments, solidification parameters such as thermal gradi-
ent (GL) and solidification rate (VS) could be controlled
independently. Therefore, the microstructural depen-
dence on either GL at constant VS or VS at constant
GL was studied. During the weld solidification, col-
umnar-dendritic structures are the frequently observed
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morphology. The microstructural size of dendrites char-
acterizes the solute segregation pattern that largely de-
termines the properties of the material [11, 12]. One
of the most important quantities used to describe den-
dritic structures in columnar growth is the primary den-
drite spacing (λ1). Significant amount of unidirectional
solidification studies have been conducted to charac-
terize the λ1 as a function of solidification conditions
[13–17]. Most experimental studies have shown that the
λ1 decreases as the solidification parameter increases.
Equation 1 indicates a λ1 behavior as a function of the
solidification parameters, where C1 is a kinetic constant
that is characteristic of the alloy system under consider-
ation. The constants a and b were defined respectively
as 0.5 and 0.25 from the theoretical models [18–20].

λ1 = C1G−a
L V −b

S (1)

The solidification behavior of the weld has also been
studied by applying rapid solidification theories [21].
Kurz, Giovanola, and Trivedi (KGT) developed a the-
oretical model for dendritic growth under rapid solid-
ification conditions [22]. It shows that the solidifica-
tion rate (VS) is the key factor in microstructural size.
According to the KGT model, the experimentally mea-
sured λ1, as a function of solidification rate, tends to
obey the relationship,

λ2
1VS = constant. (2)

Equation 2 is the relation observed in Al-Fe binary
alloys under the solidification rate between 0.1 and
6.0 m s−1 [23]. The solidification rate (VS) was ob-
tained by measuring the grain orientation in a longi-
tudinal cross-section through the center-plane of the
welded track, as shown in Fig. 1. The orientation of the
microstructure tends to be perpendicular to the local
solid-liquid interface because the grains are known to
grow parallel to the direction of heat dissipation. There-
fore, the orientation of the grain boundary or that of the
interdendritic phase was measured with respect to the
arc translation direction. The relationship between the
arc translation rate (Va) and the local solidification rate
(VS) is indicated as:

VS = Va cos θ (3)

where θ is the angle between the vectors representing
VS (parallel to the microstructure) and Va (parallel to
the arc translation). The details of this method have
been described elsewhere [21, 23, 24]. Between the
fusion boundary and the weld pool surface, the solid-
ification rate varies from zero to a maximum depend-
ing on the size and shape of the melt pool. The above

Figure 1 Schematic diagram of the molten pool at the center-plane of
the welded track.

observations have been applied successfully to the
welding microstructures of the Al-Cu alloys [25].
However, Equation 3 has not been exploited to inves-
tigate the influence of gravitational orientation on the
weld solidification and microstructural behavior.

Despite of these studies, understanding the factors
that control the λ1 in the weld is limited. This is mainly
because the GL cannot be precisely controlled during
the welding process and the weld pool contains interact-
ing convection flows. Even in the well-controlled uni-
directional solidification, there was a wide allowable
range of primary spacing for a given growth condition
[13, 17, 26]. In the longitudinal cross-section (Fig. 1),
the weld structure can contain many of the measured
λ1 corresponding to the spacing away from the closest
packing direction of dendrites. A liquid weld pool con-
tains convection flows that have not been considered in
Equations 1 and 2. The convection flow plays a signif-
icant role in influencing the microstructure as well as
the weld pool shape. In the presence of significant con-
vection flows, the liquid weld pool may loose its steady
state formation (fluctuations) and its regular advance
with time. However, the fluctuations seemed to perturb
the dendrite growth only locally and the mean spacing
in these perturbed regions did not vary to a significant
degree [21]. For these reasons, the theoretical and ex-
perimental relations on the λ1 will be carefully used
during the quantitative analysis.

The objective of the present study is to investigate
effects of gravitational orientation on the GTA weld
microstructural evolution in Al-4 wt% Cu alloys. This
study will be focused on the behavior of solidification
morphology, orientation, and primary dendrite spacing
(λ1) as a result of the weld pool shape variation with re-
spect to the gravitational orientation. Growing evidence
suggests that gravity plays an influential role in weld
pool surface deformation, which in turn affects weld
pool shape [27]. Considering the effect of convection
flows on the VS and GL, the solidification parameters
with respect to the welding orientation will be examined
in this study. Solidification orientation and λ1 will be
measured at the longitudinal cross-section of the center-
plane of the welded track. These measurements will be
used to calculate the VS. The GL will be estimated from
the observed weld pool shape. The investigation on the
VS and GL will extend the understanding of the solidi-
fication morphology and microstructural size (λ1) as a
function of the gravitational orientation. Al-Cu system
was chosen for this study because of its most available
experimental results and well-defined physical proper-
ties. For the future study, this alloy system also helps
amplify the gravitational effects on solute segregation
due to its high-density difference of solute atoms.

2. Experimental details
To examine effects of gravitational orientation on the
microstructural evolution, the experiments were de-
signed such that the relation between the gravity vec-
tor and the arc translation direction was varied. Fig. 2
depicts the welding orientations that were used to sim-
ulate different gravitational conditions, e.g., welding
upward in a direction opposing gravity (parallel-up or
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Figure 2 Welding direction: (a) perpendicular (⊥) orientation to gravity and (b) parallel-up (ll-U) and parallel-down (ll-D) orientations to gravity.

ll-U weld), welding downward in the direction of grav-
ity (parallel-down or ll-D weld), and welding perpen-
dicular to the direction of gravity (perpendicular or ⊥
weld).

The welding conditions were selected from the rea-
soning gained in the previous Ni study [27]: Gravita-
tional effects on the weld pool shape were more sig-
nificant at slow translational velocity (Va) and high arc
power. Based on the results, the present study will be
focused on the specific welding conditions (slow Va

and high power) for the purpose of magnifying the
gravitational effects on the weld pool shape and mi-
crostructure. Bead-on-plate welds were produced on
the Al-4 wt% Cu alloy autogenously for a constant di-
rect current 185A and a variable arc voltage of 16.5
V (±0.2 V). The tungsten-2% thorium electrode was
held stationary and the sample plate mounted on the
working table being made of the aluminum 2024 al-
loy was translated with a constant velocity 3 mm s−1.
The Al-Cu alloy was prepared by vacuum induction
melting and casting. The cooling was accelerated by
introducing argon into the furnace. In order to elimi-
nate inhomogeneities at the surface and possible con-
tamination from the mold, the ingot dimensions were
reduced by machining off the surface. After polishing
the surface on 1000 grit SiC paper, the sample plate had
dimensions of 50 mm × 150 mm × 6.5 mm. The welds
were sectioned and mounted along the direction of the
weld (top view), along the weld center-plane (longitu-
dinal cross-section), across the weld (transverse cross-
section). The macro- and microstructure of the weld
was studied by using conventional optical microscopy
and scanning electron microscopy (SEM).

Microstructural investigation was focused on the
characterization of primary dendrite arm spacing (λ1).
The λ1 was measured from the microstructure of a
cross-section taken parallel to the growth direction. The
λ1 was defined from the number of dendrite centers in
the longitudinal cross-section, which intersect a line
of fixed length drawn along the direction of closest
primary dendrite packing. The average of ten to fif-
teen line measurements was taken after remitting the
maximum and minimum values obtained.

3. Results and discussion
The present study is evolved from the previous Ni GTA
welding study [27] with the following hypothesis: As

gravitational orientation varies, the weld pool shape
is changed as a result of the variation on convection
flows. It is believed that the convection flow is associ-
ated with solidification rate (VS) and thermal gradient
(GL). Therefore, the weld microstructure and solidifi-
cation orientation will be influenced as a function of
the gravitational orientation. In this study, the ll-U weld
is expected to have larger weld pool area due to more
significant convection flows than the ll-D weld. Larger
weld pool in the ll-U weld will produce the smaller GL
and cooling rate, which will be associated with the loss
of columnar structure and larger λ1.

3.1. Weld pool geometry
An analysis of the gravitational effects demonstrated
that the weld pool geometry was varied considerably by
changing welding orientation depicted in Fig. 2. Table I
shows the average size of the depth, the width, the depth
to width ratio, and the transverse cross-sectional area
of the fusion zone (FZ). The ll-U weld had 15 percent
deeper penetration and 22 percent larger FZ area than
those of the ⊥ and ll-D welds. The width and the depth to
width ratio of the welds, in contrast, showed little to no
variation on the welding orientation. These results were
comparable with the previous investigation of the GTA
welds on nickel [27]. During CO2 laser welding on the
polypropylene, it was reported that the ll-U weld showed
approximately 15% increased penetration [28]. Foley
et al. also reported that the CO2 laser welding on the
low carbon steel produced approximately 20% deeper
penetration in the ll-U weld than that in the ll-D weld
[2]. More penetration of the ll-U weld in the present
study was associated with more depressed weld pool
surface than the ⊥ and ll-D welds. Additional details
are discussed in reference [27].

The FZ and HAZ (heat affected zone) on the top-
view are indicated for various welding orientations in
Fig. 3. Although it is very difficult to define the HAZ

TABLE I Measured weld pool shape (FZ) as a function of gravita-
tional orientation

Depth (mm) Width (mm) Depth/width Area (mm2)

⊥ 2.35 ± 0.1 6.60 ± 0.1 0.36 ± 0.03 11.0 ± 0.4
ll-U 2.75 ± 0.1 6.75 ± 0.2 0.41 ± 0.05 13.6 ± 0.5
ll-D 2.35 ± 0.1 6.50 ± 0.1 0.36 ± 0.03 10.6 ± 0.3
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Figure 3 Weld bead structure in the (a) perpendicular, (b) parallel-up, and (c) parallel-down welds. ‘CL’ stands for the centerline of the weld pool on
the top view.

area quantitatively, the ll-U weld showed larger HAZ
area than that for the ⊥ and ll-D. Fig. 3 showed a wider
HAZ width for the ll-U than that for the ll-D and ⊥. This
result indicates that the ll-U weld not only promoted the
convection flows significantly enough to impact the FZ
shape but also transferred the heat more effectively to
the FZ boundary. That is why the ll-U weld produced a
larger HAZ area although heat input, which is defined as
the ratio of arc power and arc translation rate, remained
constant during the study.

There are several observations found in the literature
that can explain the behavior of the weld pool shape
with respect to gravity: (i) weld pool surface depres-
sion was more significant for the ll-U weld, therefore
developing the deeper penetration [27], (ii) the weld
pool area exceeded the surface tension limit to hold the
mass of liquid metal, therefore changing the weld pool
shape with respect to gravitational orientation [2, 3,
29], (iii) surface tension-driven convection force and/or
gravitational buoyancy force were directly impacted as
the gravitational level varied [4, 30]. Regardless of the
effects due to the convection or surface deformation, it
is fairly certain that the GL and cooling rate (CR) in
the weld pool will be varied with respect to the gravi-
tational orientation. It is because the weld pool shape

varied under the constant heat input. Furthermore, it
is anticipated that the variation of the GL and CR will
have an influence on the solidification morphology and
primary dendrite spacing that will be presented on the
next Sections 3.2. and 3.3.

3.2. Weld solidification morphology
and orientation

3.2.1. Weld solidification morphology
Considering significant gravitational effects on the FZ
geometry, the solidification morphology was investi-
gated to study the gravitational influence on the weld
macro- and microstructure. As shown in Fig. 3, the
columnar grains grew from the solid-liquid boundary,
and ‘axial’ or ‘stray-like’ grain structures were ob-
served along the central region of the weld surface with
no indication of equiaxed grains. The axial and stray
grain structures have been reported in the GTA welded
Al alloys [31]. A band type of weld bead was also ob-
served irrespective of the gravitational orientation. It
suggests that significant convection flows exist in the
liquid weld pool [21]. From the top view, variation in
the macroscopic grain structure was not evident with
respect to the gravitational orientation.
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Microstructural studies on the solidification mor-
phology were conducted from the grain structures taken
at the higher magnification, which are shown in Fig. 4.
The SEM photographs were taken from the longitu-
dinal cross-section at the center-plane. A columnar-
dendritic growth pattern (dark colored) can be seen with
a light structure present in the interdendritic regions. At
the aluminum rich corner of the binary Al-Cu system,
the dendritic matrix corresponds to the Al-rich phase
and the interdendritic region to the eutectic mixture.
The columnar grains from the fusion boundary had a
coarse and elongated shape for all welding orientation
(Fig. 4a–c). As the solidification proceeded, the grain
became finer continuously toward the weld surface as
indicated in Fig. 4d–f. The ll-D grains on the surface
remained the elongated shape. However, the ll-U grains
mostly lost a directionality of the columnar structure,
i.e., approaching the equiaxed structure, although it still
seems to have the columnar structure because it main-
tains the directionality. The grain shape of the ⊥ weld
is between that of the ll-U and ll-D grains. More detailed
explanation on the morphological observation includ-
ing the solidification orientation is discussed in the next
Section 3.2.2.

Figure 4 Representative microstructures of the Al-4 wt% Cu welds for various welding orientation at two locations; near the fusion boundary for the
(a) ⊥, (b) ll-U, (c) ll-D weld, and near the weld pool surface for the (d) ⊥, (e) ll-U, and (f) ll-D weld.

3.2.2. Weld solidification orientation
Further investigation was conducted on the longitudi-
nal cross-section to determine the gravitational effects
on the weld solidification orientation. The solidification
orientation was measured by the angle θ between the
columnar growth direction and the arc translation direc-
tion as illustrated in Fig. 1. For the ⊥ and ll-U welds, the
orientation of the columnar-dendritic grains decreased
continuously from the fusion boundary to the weld pool
surface. However, the ll-D weld showed an abnormal
behavior of the orientation between the boundary and
the surface. Fig. 5a depicts the grain orientation mea-
sured through the thickness at the center-plane of the
welded track. The orientations of the columnar grains
with respect to the arc translation direction were con-
verted to the solidification rate (VS) using Equation 3.
Fig. 5b shows the calculated VS, which is correlated
with the grain orientation. The ll-D weld clearly ex-
hibited an abnormal ‘S’ shape of the VS while the ⊥
and ll-U welds had continuously increasing VS from
the boundary to the surface. This result has not been
reported in the literature to the best of the authors’
knowledge. Except for the abnormal VS curvature of the
ll-D weld, all welding orientations showed almost same

3583



Figure 5 Effects of gravitational orientation on the solidification behavior: (a) the measured angle θ between VS and Va and (b) the calculated VS

with respect to the depth from the fusion boundary.

values of the VS at both the ends of the fusion boundary
and the weld pool surface. The maximum VS on the
surface was controlled by the arc translation rate and
the minimum VS was limited by the fusion boundary.
In Fig. 5a and b, the maximum depth from the fusion
boundary indicates the larger values compared with the
weld pool depth shown in Table I. It occurred because
the weld pool surface was not flat, i.e., piling-up in
the center of the weld pool and undercutting near the
s-l boundary. As a reference, the weld pool depth in
Table I was measured from the weld pool bottom to the
unmelted surface away from the FZ.

The variation of the solidification morphology and
orientation will be explained by using a concept of con-
vection flows and solidification parameters (GL and VS)
with respect to the gravitational orientation. It is worth
mentioning that the solidification parameters are asso-
ciated with the convection flow. Therefore, it is nec-
essary to understand the convection in advance within
the liquid weld pool of Al alloys. Convection flows
in the liquid weld pool head outward in Al alloys be-
cause the outward flow by the combined forces (surface
tension-driven force and buoyancy force) dominates
over the inward flow by the electromagnetic force [32].

Figure 6 Illustration of the trailing s-l interface for the ll-U (a) and the ll-D weld (b). The schematic diagrams to estimate the GL (K µm−1) are located
on the right-hand side and on the bottom of the weld pool illustration.

For further understanding, the convection flow within
the weld pool is illustrated for both the ll-U and ll-D
welds in Fig. 6. It includes the shape of the trailing s-l
interface and the dimension of the weld pool, which
is associated with the convection flow. The shape and
dimension of the weld pool has been exaggerated by
scaling for the purpose of comparison between the ll-D
and the ll-U weld. The thermal gradients (GL) in x- and
z-directions are also indicated as separate graphs for
explaining the solidification morphology later in this
section and the primary dendrite spacing (λ1) in the
next section. During the ll-U weld, gravity may pro-
mote a flow of liquid metal toward the rear of the weld
pool. Due to its promotion on the outward convection
flow, the trailing s-l boundary will exhibit a circular
shape with no abnormal trend (Fig. 6a). So does the VS
because it is directly related to the shape of the trailing
s-l interface. In contrast, the outward convection flow
in the ll-D weld may be inhibited because its direction
from the center to the rear of the weld is opposite to
the gravity vector. The inhibited outward convection
flows will produce the receded s-l interface toward to
the center of the weld pool as shown in Fig. 6b. The re-
ceded interface will also influence on the abnormal ‘S’
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shape of the solidification orientation and VS as shown
in Fig. 5a and b, respectively. Behavior of the ⊥ weld
lies between the ll-U and ll-D cases.

The degree of convection flows in the liquid weld
pool has also been known to change the dendrite spac-
ing and orientation [33]. Stronger convection caused the
dendrite fragmentation and changed the dendrite mor-
phology from the elongated structure to the equiaxed
one [34]. This result indicates that the ll-U weld may
have more significant convection flows than the ll-D and
⊥, thereby influencing the morphology, i.e., losing the
directionality of the columnar structure near the weld
pool surface, as shown in Fig. 4d–f. Furthermore, this
variation of the convection flow will affect the solidi-
fication parameters because the convection flow influ-
enced the solidification morphology and orientation in
the present study.

More systematic studies on the solidification mor-
phology have been conducted for the thermal gradi-
ent (GL) and solidification rate (VS) at the s-l interface
[35] than for the convection flow. The GL and VS de-
pends on the heat input (arc power/arc translation rate)
and weld pool shape, more specifically on the shape of
the trailing s-l isotherm (interface) and on the distance
between solidus and liquidus isotherms. Clarke et al.
[36] predicted the columnar-to-equiaxed grain transi-
tion (CET) by using a numerical simulation to achieve
the GL and VS on Al-Cu alloys. The welding condi-
tions producing a low GL and sufficiently high VS were
favored for a CET. In the present study, the VS varied
considerably depending on the position at the s-l inter-
face as shown in Fig. 5b. The VS was at its minimum at
the fusion boundary and it increased closer to the weld
pool surface. Therefore, there is a transition of the mor-
phology from the columnar-dendritic structure near the
boundary (Fig. 4a–c) to the loss of directionality of the
columnar structure near the surface (Fig. 4d–f). In or-
der to explain more loss of columnar directionality near
the ll-U weld surface, it is speculated that the ll-U weld
must have a lower GL than the ⊥ and ll-D welds. The
lower GL in the ll-U weld was associated with its larger
FZ area mentioned in the previous section, and this is
further illustrated below. This result was comparable
with the analysis of Clarke [36].

The comparison of the GL between the ll-U and ll-D
welds can be visualized more clearly from the illustra-
tion on thermal behavior (Fig. 6). TH is the highest tem-
perature in the center of the weld pool surface and TM
is the melting temperature. Both temperatures are as-
sumed to be constant regardless of the welding orienta-
tion because the heat input remained constant during the
study. It is also assumed that there is no vaporization oc-
curring during the welding. Under these assumptions,
the highest temperature (TH) was set to 1900 K lying
between the melting temperature (TM ≈ 870 K) and
vaporization temperature (TV ≈ 2700 K) of Al alloys.
In the literature [32, 37], the highest temperature on
6061 Al alloys was found to be approximately 1900 K
during the GTA welding with a similar welding power.
At the end of welding track, the length between the
center and the tail of the weld bead was measured for
use in the GL calculation in the x-direction. Measured

depth of the FZ (Table I) was used for the GL calcu-
lation in the z-direction. The linear temperature dis-
tribution between TH and TM was applied to simplify
the calculation. The slope of the linear lines represents
GL in Fig. 6. This simplification may be contrary to
the normal understanding that the GL increases as the
weld pool center is approached because of the intense
heat in the center and the heat dissipation away from
the fusion boundary. Therefore, the GL in this study
is the averaged value, i.e., overestimated near the fu-
sion boundary and underestimated near the weld pool
center. Despite of the assumptions made for GL, the
experimental findings can be adequately explained in
the present study. The GL range was determined to be
0.22–0.37 K µm−1 and 0.29–0.43 K µm−1 for the ll-U
and ll-D welds, respectively. Larger dimension of the
ll-U weld produced the smaller range of the GL. The
perpendicular weld had a GL range of 0.29–0.43 same
as the ll-D weld, because they had nearly same penetra-
tion and width of the weld pool. As a result, small weld
pool dimension in the ll-D weld produced the larger GL
than that of the ll-U weld. This implies that the ll-D weld
has more columnar structure near the surface and the
ll-U weld loses the columnar structure.

In summary, it appears that the shape of the s-l inter-
face associated with convection flows significantly in-
fluences the VS and GL for the welding conditions con-
sidered in this study. In the ll-D weld, the abnormal ‘S’
shape of the solidification orientation was associated
with the receded s-l interface due to the inhibited con-
vection flow. The morphological behavior of the weld
solidification as a function of gravitational orientation
is tabulated as follows:

• ll-U orientation→ larger weld pool→ smaller ther-
mal gradient (GL) and more significant convection
flow → less columnar microstructure near the weld
surface,

• ll-D orientation → smaller weld pool → larger
thermal gradient (GL) and weaker convection
flow → more columnar microstructure near the
weld surface.

This confirms the hypothesis postulated in the begin-
ning of Section 3 along with experimental findings.

3.3. Primary dendrite spacing
Effects of gravitational orientation on the grain sub-
structure were investigated because the variation of so-
lidification morphology and convection flows plays a
role in modifying the microstructural size [33]. Fig. 7
shows the measured primary dendrite spacing (λ1) in
the longitudinal cross-section through the thickness.
Regardless of the welding orientation, the λ1 was at its
coarsest near the fusion boundary and it became finer
approaching the weld pool surface. The ll-U weld exhib-
ited approximately 18% larger averaged λ1 both near
the fusion boundary and weld pool surface, compared
with that of the ll-D and the⊥welds. It was observed that
the ll-D and the ⊥ welds had almost the same λ1 values.
This result is probably because of the slower cooling
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Figure 7 The primary dendrite spacing (λ1) measured as a function of welding orientation: (a) perpendicular, (b) parallel-up, and (c) parallel-down.

rate in the ll-U weld. The ll-U weld had approximately
22% larger weld pool area while the welding power re-
mained constant for all experiments. It suggests that the
slower cooling rate in the ll-U weld will have a longer
time for the diffusion and coarsening, therefore pro-
ducing the larger microstructural size. The ll-D weld
showed an abnormal ‘S’ shape of the VS in the previ-
ous Section. However, the λ1 decreased continuously
from the boundary to the surface similar to the primary
spacing in ⊥ and ll-U welds. To understand normal be-
havior of the λ1 and abnormal behavior of the VS in
the ll-D weld, it is necessary to investigate the indepen-
dent roles of GL and VS on the λ1 using Equations 1
and 2.

Although convection is known to have a significant
role in influencing the microstructural characteristics
[21, 33], its effects were ignored in driving Equations 1
and 2. In unidirectional solidification of Al-Cu alloys,
well-developed dendrites were observed in micrograv-
ity due to the absence of gravity-driven convection.
This resulted in larger primary dendrite spacing (λ1)
and longer dendrites [6]. However, the smaller λ1 in
the ll-D weld is not comparable with the previous re-
sults [6] because the larger λ1 is expected to form as a
result of the weak convection. The argument in the λ1
between the ll-U and ll-D welds seems to be related to
the morphological variation. As the solidification pro-
ceeded from the boundary to the surface, the columnar
morphology remained near the surface for the ll-D weld.
However, its directionality was fading out for the ll-U
weld. Therefore, the smaller λ1 in the ll-D weld is partly
due to the more columnar structure in morphology and
partly due to the variation of GL and VS, which will be
discussed next.

Effects of the solidification parameters (GL and VS)
on the λ1 behavior were investigated with respect to
various welding orientation. The GL and VS were de-
termined in the previous section depending on the resul-
tant weld pool shape and the solidification orientation,
respectively. A relation between the size of the dendritic
substructure and the conditions under which solidifica-
tion takes place in the unidirectional solidification has
been well established. Theoretical models have been
proposed to examine the influence of solidification pa-
rameters on the microstructural size, specifically λ1,
by Hunt [18], Kurz and Fisher [19], and Trivedi [20].
Their theoretical models for the λ1 are very similar and
the only difference among them is a constant C1 in

Equation 1. For the high solidification rates, Equation 2
was found to fit reasonably with the measured λ1. To
use Equations 1 and 2, it is necessary to have the weld
solidification in the steady state. In the weld pool, the
rapid acceleration of the interface from a zero solidi-
fication rate at the s-l boundary to a maximum value
at the surface can make the steady state growth theory
inappropriate for the interpretation of the experimental
results. However, Zimmermann et al. [24] have demon-
strated that the quasi-steady state condition is satisfied
if the incremental change in VS is much less than VS,
when the interface moves through a distance D V −1

S . D
is diffusion coefficient in liquid and it will be indicated
later in Table III. This condition was easily satisfied
over the entire depth of a welded track as indicated in
Equation 4.

D
VS

· δV S

δx

VS

 1. (4)

The λ1 behavior on the VS was investigated for vari-
ous gravitational orientations. Fig. 8 shows the log scale
of λ1 behavior including a linear regression result. The
linear regression analysis on the λ1 behavior is based
on the previous work done by Gremaud et al. [23];
the GL effects on the λ1 could be safely ignored be-
cause the solidification rate (VS) is known to be the key
variable in microstructure selection under rapid solidi-
fication conditions. Although this assumption conflicts
with significant GL influences on the solidification mor-
phology mentioned in the previous section, it showed
a fairly good agreement of the fitted lines with the ex-
perimental λ1 values for the ⊥ and ll-U welds. The λ1
of the ll-D weld (Fig. 8c) showed a large scatter com-
pared with the regression line, which was associated
with the abnormal ‘S’ shape of the VS. Except for the
λ1 at VS = 2.2 mm s−1, the fitted line also showed a
good agreement with the experimental λ1. The expo-
nent b (= 0.54) for the ⊥ weld was in a good agreement
with the previous experimental relation (λ2

1 VS = con-
stant) as shown in Equation 2. The ll-D weld showed
clearly smaller exponent b (= 0.38) than that for the
ll-U weld (b = 0.61). The λ1 in the ll-U orientation was
more significantly affected by the VS variation than that
in the ll-D orientation.

Variation of GL and VS for the hypoeutectic Al based-
alloys is summarized in Table II including the results of
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T ABL E I I Variation of microstructural parameters (λ1) with solidification parameters (GL and VS) for hypoeutectic Al-Cu alloys

Composition GL (K mm−1) VS (µm s−1) a b References

Al-2 wt% Cu 7.5 30–440 – 0.5 [15]
Al-3 wt% Cu 1–5.5 8–490 0.41 0.32 [14]
Al-4.1 wt% Cu 4 0.2–70 – 0.4 [16]
Al-4.4 wt% Cu 0.8–10 50–500 0.5 0.36 [14]
Al-4.5 wt% Cu 8.8 10–240 – 0.38 [13]
Al-6 wt% Cu 1–5.5 8–490 0.57 0.28 [14]
Al-6 wt% Fe – 90E3–520E3 – 0.54 [24]
Al-4 wt% Cu (⊥) 150–380 800–3000 – 0.54 This study
Al-4 wt% Cu (ll-U) 150–380 800–3000 – 0.61 This study
Al-4 wt% Cu (ll-D) 150–380 800–3000 – 0.38 This study

Figure 8 Effects of gravitational orientation on the λ1 behavior for the (a) ⊥, (b) ll-U, and (c) ll-D weld as a function of VS.

present studies for the purpose of comparison. A good
agreement of the λ1 fitted lines with respect to the VS
shows that the GL variation along the s-l interface may
not be significant on the λ1 and rapid solidification con-
ditions can be applied to the present study. However,
the GL contribution with respect to gravitational orien-
tation should not be ignored on the λ1 behavior based
on the significantly different pre-exponential constants,
i.e., 10.5 for the ⊥, 12.1 for the ll-U, and 9.1 for the ll-D.
This GL effect on the λ1 will be discussed later in this
section combining with the VS effect. The theoretical
model with no consideration of convection flows indi-
cates the exponent b = 0.25 as shown in Equation 1,
which is closer to the b value for the ll-D weld. There-
fore, the ll-D weld will have relatively less convection
flows compared with the ll-U weld. This result also con-
firms with the morphological behavior, i.e., appearance
of more columnar structure near the surface in the ll-D
weld.

To predict the λ1 values quantitatively, combined ef-
fects of the GL and VS on the λ1 analysis were further
incorporated in Equation 1. It is worth mentioning that
the exponent a (= 0.5) is larger than the exponent b
(= 0.25) in the theoretical model of Equation 1. The
constant C1 in Equation 1 followed Hunt model [18],

C1 = 2.83[m(ke − 1)D�Co]0.25 (5)

where m is liquidus slope, ke is equilibrium partition co-
efficient, D is diffusion coefficient in liquid, � is Gibbs-
Thomson coefficient, and Co is the alloying composi-
tion. The constants used in the calculation are indicated
in Table III. Among the models such as Hunt model
[18], Kurz-Fisher model [19], and Trivedi model [20],

the Hunt model produced a good agreement with the ex-
periments under the welding conditions of the present
study. The agreement with the Hunt model is indicated
in Fig. 9 and this result is comparable with the previous
study on directional solidification of Al-Cu alloys [14].
Furthermore, Choi et al. showed that the range of pre-
dicted λ1 using Equation 1 was in agreement with the
experimental values for 304 stainless steel welds [38].

Fig. 9 shows the λ1 relation between the experiments
and the theoretical models considering a varying GL
both for the welding orientation and along the trailing
s-l interface. The model calculation used the VS mea-
sured from the solidification orientation (Fig. 5b) and
the GL estimated from the weld pool shape (Fig. 6)
in Equation 1. Regardless of the welding orientation,
the experimentally observed values of λ1 agreed more
reasonably with the Hunt model. Larger λ1 for the ll-U
weld was also predicted than that for the ⊥ and ll-D
weld, in which the ll-U weld had the smaller GL range
compared with the other welds. However, it is not evi-
dent in Fig. 9 due to its large scale in the y-axis. For this
investigation of GL and VS effects on the λ1 behavior,

TABLE I I I Physical constants of Al-Cu alloys under investigation
[14, 24]

Parameters Value

Overall alloy composition (Co) 4 wt%
Equilibrium partition coefficient (ke) 0.14
Pre-exponential constant (Do) 1.1 × 10−7 m2 s−1

Activation energy for diffusion 23.8 kJ mol−1

Liquidus slope (m) −2.73 K wt%−1

Gibbs-Thomson coefficient (�) 0.241 K µm
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Figure 9 Comparison of λ1 obtained from the experiments and with theoretical models for various welding orientation: (a) ⊥ weld, (b) ll-U, and (c)
ll-D weld.

quite large scatters were observed between the model
prediction and the experimental findings. That is prob-
ably because the convection effects were not included
in the theoretical model and the large scatters during
the λ1 measurement were observed in the longitudinal
cross-section, which was discussed in the previous sec-
tion. Despite the large scatters in Fig. 9, the Hunt model
predicted the λ1 values associated with the GL and VS
variation within a fairly reasonable range.

In summary, the λ1 analysis with neglecting the GL
variation showed a reasonable agreement with the ex-
perimental λ1 except for the abnormal λ1 behavior in
the ll-D weld. Normal welding orientation (perpendicu-
lar) showed a good agreement with the relation λ2

1VS =
constant. However, the λ1 in the ll-U was more signifi-
cantly affected by the VS based on the larger exponent b
compared to that in the ll-D. The abnormal λ1 behavior
in the ll-D weld might have occurred from the abnor-
mal ‘S’ shape of the VS variation. Regardless of the
welding orientation, the Hunt model could reproduce
quantitatively the λ1 values within a fairly reasonable
range. The larger λ1 in the ll-U weld pool surface might
be associated with a morphological change and a vari-
ation of both VS and GL. This result also confirms the
authors’ findings and the hypothesis postulated in the
beginning of the Section 3.

4. Conclusions
The GTA weld microstructure on Al-4 wt% Cu al-
loy was investigated to determine the impact of grav-
itational orientation on the weld solidification behav-
ior. This was accomplished through GTA welding and
an analytical study of the weld microstructure. Us-
ing a heat input of relatively high power (185 am-
peres × 16.5 voltages) and slow arc translation veloc-
ity (3 mm s−1), bead-on-plate welding experiment was
performed under a wide range of observed VS (0.8–
3 mm s−1) with a calculated GL (150–380 K mm−1).
The ll-U weld showed 22 percent larger weld pool area
than that of the ⊥ and ll-D welds. Larger λ1 in the
ll-U weld was observed near the weld pool surface
and the fusion boundary than the case of ⊥ and ll-D
welds. This was because of the morphological change
(loss of the columnar structure) and the smaller GL
range induced by larger weld pool dimensions. The
ll-D weld exhibited different solidification morphology,

e.g., more columnar structure near the weld pool surface
and abnormal ‘S’ shape of the solidification rate during
its growth. This result might be associated with rela-
tively mild convection flows and receded s-l interface
due to the gravity, respectively. Hunt model predicted
the trend of λ1 as a function of gravitational orienta-
tion. However, it is concluded that, based on quanti-
tative comparison, a better model is needed that can
reflect the effects of gravitational orientation. In sum-
mary, the gravitational orientation changed the weld
pool shape associated with convection flows. This vari-
ation on the convection flow influenced the shape of
the trailing s-l interface. Therefore, the solidification
morphology and primary dendrite spacing (λ1) were
modified because the solidification rate (VS) and ther-
mal gradient (GL) were affected by the convection
flow.
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