
Introduction and Background

The weld metal microstructure has a
great influence on the properties of a fu-
sion weld. Many studies have shown that
small, equiaxed grains instead of large,
columnar grains can improve the mechan-
ical properties of the weld (Refs. 1, 2) and
the weldability of the base metal (Refs. 3,
4). Small, equiaxed weld metal grains are
usually achieved through the addition of
commercial grain refiner to the filler metal
(Ref. 5) where Al Ti5B1 is one of the most
important grain refiners (Ref. 6). It was
suggested that particles like TiB2 and
Al3Ti act during solidification as very effi-
cient solidification nuclei for Al grains
(Refs. 7–9). Experimental results on grain

refinement in aluminum GTA welds are
shown in Part 1 of this study, where a fine
weld metal microstructure was achieved by
fusing cast inserts with a GTA welding
process. These inserts were produced with
a casting process, in which Al base metal
was enriched with varying amounts of
commercial Al Ti5B1 grain refiner 
(Ref. 10).

Beside the presence of effective nuclei,
the chemical composition of the weld
metal influences the weld microstructure
strongly. The alloying elements partition
in the melt during the solidification of the
weld pool and provide constitutional un-
dercooling (Ref. 11), which is needed to
activate particles such as TiB2 and Al3Ti
for nucleation (Ref. 12). The highest de-

gree of constitutional undercooling is pro-
vided by titanium (Ref. 13), which makes it
particularly favorable for Al grain refiners
(Ref. 14). Furthermore, the constitutional
undercooling is influenced by a third con-
trol variable regarding weld metal grain
refinement, the solidification conditions
that are controlled by the welding param-
eters. In arc welds, these conditions are
controlled, in addition to the weld geome-
try, particularly by the welding parameters

• Welding speed   ν (in mm s–1)
• Arc current I    (in A)
• Arc voltage U  (in V)

that define the heat input H

(1)

These welding parameters result in
thermal conditions that can be expressed
by the parameters
• Cooling rate dT/dt (in K s–1)
• Local thermal gradient G (in K mm–1)
• Solidification growth rate R (in mm s–1)
• Constitutional undercooling ΔTC (in K)
where cooling rate, thermal gradient, and
growth rate have the following 
relationship

(2)

It should be noted that the above so-
lidification parameters and the correspon-
ding microstructure vary strongly along
the solidification front. In fusion welds,
two different grain morphologies are fre-
quently observed. At the weld interface,
grains often start growing with a columnar
shape. While these columnar grains grow
toward the weld center, the solidification
conditions at their leading edge change.
Both dT/dt and R increase and G de-
creases (Ref. 15). As a consequence, the

H
U I

v
=

·

= ⋅
dT
dt

G R

SUPPLEMENT TO THE WELDING JOURNAL, MARCH 2014
Sponsored by the American Welding Society and the Welding Research Council

Solidification of GTA Aluminum Weld Metal:
Part 2 — Thermal Conditions and Model for

Columnar-to-Equiaxed Transition
The influence of solute content and heat input on microstructure was 

investigated and a prediction model for solidification growth rate 
and thermal gradient was developed

BY P. SCHEMPP, C. E. CROSS, A. PITTNER, AND M. RETHMEIER

KEYWORDS

Aluminum
Gas Tungsten Arc Welding 

(GTAW)
Columnar-to-Equiaxed 

Transition (CET)
Thermal Analysis

P. SCHEMPP (P.Schempp@gmx.de) and A. PIT-
TNER are with Federal Institute for Materials Re-
search and Testing,  Berlin, Germany. C. E.
CROSS is with Los Alamos National Laboratory,
Materials Science & Technology, Los Alamos,
N.Mex. M. RETHMEIER is with Fraunhofer Insti-
tute for Production Systems and Design Technol-
ogy and Federal Institute for Materials Research
and Testing, Berlin, Germany.

Part 1 appeared in the February 2014 issue of the
Welding Journal.

ABSTRACT

In this study, the influence of solute content and heat input on microstructure was
investigated for gas tungsten arc (GTA) bead-on-plate welding of the aluminum al-
loys 1050A (Al 99.5) and 6082 (Al Si1MgMn). Temperature measurements in the so-
lidifying weld pool showed that parameters such as solidification growth rate, cooling
rate, local thermal gradient, and solidification time vary significantly along the so-
lidification front (between weld centerline and weld interface). As a result, the ob-
tained thermal data were used to explain the corresponding grain morphology from
the first part of this study. On the basis of this comparison, an analytical approach was
used to model the transition from columnar-to-equiaxed grain growth (CET). This
model allows the prediction of critical values for both solidification growth rate and
thermal gradient, at which the CET occurs.
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degree of constitutional undercooling
changes. It was suggested that the extent
of constitutional undercooling is inversely
proportional to G/R0.5 (Ref. 16). Thus,
high G/R values can be related to very low
constitutional undercooling ahead of the
solid-liquid interface (Ref. 17) that favors
planar or cellular growth (Ref. 18). Low
G/R values, however, result in a large zone
of constitutional undercooling (Ref. 17),
which allows columnar dendritic, 
dendritic, or (at very low G/R values)
equiaxed dendritic structures to form
(Ref. 18). Accordingly, small and equiaxed
grains can be observed along the weld cen-
ter, dependent upon alloy content and
welding conditions. This columnar-to-
equiaxed transition (CET) is often ob-
served in aluminum weld metal (Refs.
19–21) and is illustrated with micrographs

from aluminum GTA welds in Part 1 of
this study (Ref. 10).

It is important to note that large, colum-
nar grains provoke anisotropic mechanical
properties of the weld and facilitate the
propagation of solidification cracks (Ref.
22). Consequently, it is of interest to know
critical CET conditions in order to prevent
columnar grain growth. A model, which was
developed for directional solidification in
cast structure, predicts the critical thermal
gradient, under which the grain morphology
becomes predominantly equiaxed (Ref. 23).
This approach was originally developed for
directional solidification in castings and is
applied in this study to weld metal solidifi-
cation. The critical gradient (GCET) is de-
fined as the gradient at which the CET
occurs (G < GCET: equiaxed; G > GCET:
columnar)

(3)

Fully equiaxed growth is considered to
occur if the volume fraction of equiaxed
grains is higher than 49% (Ref. 23). It is of
interest that the model behind Equation 3
predicts a second critical condition for
fully columnar grain growth at a volume
fraction of equiaxed grains < 1% (Ref.
23). In between these two critical condi-
tions, both equiaxed and columnar grain
growth are expected to occur. For pur-
poses of simplicity and for a better under-
standing, this paper concentrates on the
critical conditions for fully equiaxed grain
growth (Equation 3). N0 is the total num-
ber of heterogeneous substrate particles
that are available per unit volume and can
be approximated as (Ref. 24)

(4)

where d is the weld metal grain size. ΔTN
is the undercooling that is needed to acti-
vate these particles and ΔTC,CET is the crit-
ical constitutional undercooling caused by
the partitioning of solute elements and
the solidification conditions. ΔTC can gen-
erally be related to G and R as follows
(Ref. 25):

(5)

where D is the liquid diffusion coefficient.
A is a materials constant that depends
upon chemical composition of the liquid
phase and that can be defined according
to Equation 6 (Refs. 23, 25) where Θ is the
curvature undercooling (Ref. 25), mL is
the slope of the liquidus line, k is the par-
tition coefficient between solid and liquid
and C0 is the chemical composition of the
alloy.

(6)

In this work involving GTA welding,
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Fig. 1 — GTA welding and temperature measurement setup (dimensions in mm).

Fig. 2 — Weld bead (cross section) and location of thermocouple within the weld metal (along y axis).

Table 1 — Chemical Composition of Base Metals as Measured by Optical Emission Spectrometer (ICP-OES)

Alloy Chemical composition in wt-%

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)
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the first term of Equation 5 (GD/R) was
neglected because the second term (AR0.5)
was much higher (about 24 times at the
lowest welding speed 2.0 mm/s and 70
times at 4.2 mm/s) due to high R values
and low G values (Refs. 23, 25):

(7)
With respect to R, one has to consider that
grain growth occurs parallel to the maxi-
mum temperature gradient, which is per-
pendicular to the advancing weld pool
boundary (Ref. 22). If one assumes that
the dendrite solidification velocity corre-
sponds to the grain growth velocity due to
competitive growth (Ref. 22) R can be ap-
proximated for the weld pool surface as

(8)

where α is the angle between the direc-
tions of welding speed ν and R at a partic-
ular point at the solid-liquid interface, as
illustrated in Ref. 10.

Part 1 of this study presents results from
GTA welding of three aluminum alloys
where welding speed and grain refiner ad-
ditions were varied in order to investigate
their influence on microstructure and nu-
cleant particles (Ref. 10). In this second

part, an intensive thermal analysis reveals
the solidification conditions in the weld
pool, dependent upon base metal and weld-
ing speed, and their influence on the weld
microstructure. On the basis of the obtained
thermal data, the above CET approach
(Equation 3) is applied to solidification in
aluminum GTA bead-on-plate welds.

Experimental

Two different wrought aluminum alloys
were used in this study: Alloy 1050A (Al
99.5, temper H14) and Alloy 6082 (Al
Si1MgMn, temper T6), whose chemical
compositions are shown in Table 1. The
base metals were delivered in 3-mm-thick
plates and cut into 140 × 60 × 3-mm-thick
weld coupons that were cleaned by de-
greasing and etching for 15 min with an
etchant consisting of 869 mL H2O, 125 mL
65% HNO3, and 6.25 mL 48% HF. Each
weld coupon was placed in a fixture and a
GTA bead-on-plate weld (single pass,
complete penetration) was produced as il-
lustrated in Fig. 1 left.

A backing made of copper was used to
avoid unwanted melt through. The weld-
ing setup was, for purposes of comparison,
very similar to the first part of this study

(Ref. 10) and the welding parameters
(Table 2) were equal to those used in the
first part. Table 3 contains thermal prop-
erties for both alloys since they represent
the alloy’s solidification behavior.

Metallographic samples were prepared
from the middle of some welds (mid-
length) to obtain top-sectional views of the
weld metal. Each of these samples was
ground, polished mechanically, and etched
anodically with a solution containing 2%
HBF4 and 98% H2O to reveal the grain
structure. Micrographs were made with a
microscope using polarized light, which
helped to differentiate grains.

Temperature measurements were ac-
complished in the middle of each weld

cosR υ α( )= ⋅

T A R .
C

0 5Δ ≈ ⋅
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Fig. 3 — Approximation of grain growth direction in horizontal x-y plane (mid-length and depth
of weld metal; y = 0: centerline, y = 3 mm: weld interface). GTA bead-on-plate weld (no grain
refiner additions, welding to the left), Alloy 6082, plate thickness 3 mm, welding speed 8 mm s–1,
heat input 258 J mm–1.

Fig. 4 — Solidification growth rate R, dependent
upon horizontal position in weld metal (y = 0:
centerline; y = 3 mm: weld interface). GTA weld-
ing, plate thickness 3 mm.

Table 2 – GTA Welding Parameters

Parameter Alloy 1050A Alloy 6082
(Al 99.5) (Al Si1MgMn)

Welding speed in mm s-1 2.0 4.2 6.0 8.0 10.0 11.5 2.0 4.2 6.0 8.0 10.0 11.5
Current in A 174 180 186 190 192 195 170 175 181 184 190 196
Voltage in V (± 0.2 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
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 electrode – 3 mm
coupon

A

B
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(mid-length and depth) with a drill hole
method. Both wires of a Type K thermo-
couple were insulated with a two-hole ce-
ramic insulator and fused at their end.
This thermocouple was placed from below
into a hole that was drilled vertically into
the weld coupon — Fig. 1 right. A constant
drill hole depth of 1.5 mm ensured tem-
perature measurements in the middle of
each weld (mid-depth). The horizontal po-
sition of the drill hole, and hence thermo-
couple, was varied in order to investigate
the thermal conditions during solidifica-

tion between weld centerline and interface
— Fig. 2. This figure shows the cross sec-
tion from Fig. 1 left under higher magnifi-
cation after welding. Accordingly, the
thermocouple position was varied from 
y = 0 (weld centerline) to y = 3 mm (weld
interface).

Results and Discussion

Approximation of R

As mentioned previously, the solidifi-

cation growth rate R varies widely along
the solidification front. To determine R de-
pendent upon the position in the weld
pool, one can use micrographs that show
the solidified grain structure (Ref. 10).
Here, the grain morphology usually indi-
cates the grain growth direction, and
hence R during solidification, for any point
in the weld metal. R can be calculated with
Equation 8, whereby the angle α between
R and welding speed ν need to be deter-
mined dependent upon the position in the
weld. Therefore, micrographs of the hori-
zontal x-y plane from the middle of each
weld (mid-length and depth) were used to
approximate α and consequently R. Figure
3 shows an example of this approximation
for one half (regarding width) of an Alloy
6082 weld, produced with a welding speed
of 8 mm s–1; x is the welding direction (to
the left) and y is the transverse direction.
The black curve approximates the grain
growth direction, which depended on alloy
and welding speed, and which was calcu-
lated with Equation 9. Here, a and b are
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Fig. 5 — Heat input H at plate mid-thickness 
(calculated with Equation 1 and data from Table
2), dependent upon alloy and welding speed. GTA
welding, plate thickness 3 mm.

Fig. 6 — Cooling curves (mean values) at weld centerline (y = 0). GTA welding, plate thickness 3 mm.

Table 4 – Critical Parameters αCET, RCET, GCET, and Δ TC,CET for the Transition from Columnar to Equiaxed Grain Growth (CET)

Parameter Unit Equation Alloy 1050A Alloy 6082

1 Welding speed v mm s-1 - 8 10 6 8 10
2 Ti content wt.-% - 0.02 0.02 0.02 0.02 0.02
3 Grain size d µm - 33 28 52 55 57
4 αCET deg (10) 37 45 0 23 45
5 RCET mm s-1 (8) 6.4 7.0 6.0 7.3 7.1
6 GCET K mm-1 - 53 50 53 52 47
7 GCET/RCET Ks mm-² - 8.3 7.1 8.8 7.1 6.6
8 ΔTN K - 1.0
9 N0 mm-³ (4) 27826 45554 7112 6011 5400
10 ΔTC,CET K (3) 3.0 2.4 4.5 4.7 4.4
11 D mm² s-1 - 0.003
12 A s1/2K mm-1/2 - 2.0
13 ΔTC,CET K (7) 5.1 5.3 4.9 5.4 5.3
14 A* s1/2K mm-1/2 - 1.2 0.9 1.8 1.7 1.7
15 ΔTC,CET* K (7) 3.0 2.4 4.5 4.7 4.4

A B

Table 3 – Thermal Conductivities, (Ref. 26), Equilibrium Liquidus and Equilibrium Solidus
Temperatures (Refs. 26, 27), and Solidification Ranges for Alloys 1050A and 6082.

Parameter Alloy 1050A Alloy 6082
(Al 99.5) (Al Si1MgMn)

Thermal conductivity 210 W (m·K)-1 170 W (m·K)-1
Liquidus temperature 657 °C 650 °C
Solidus temperature 646 °C 550 °C
Solidification range 11 K 100 K
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nondimensional parameters that were ad-
justed in each case on the grain morphol-
ogy of the corresponding weld as
demonstrated in Fig. 3.

After approximating the grain growth
direction for each alloy and welding speed
according to Equation 9, the angle α be-
tween ν and R was determined with Equa-
tion 10, which originates from Equations
8 and 9. For purposes of simplicity, the
grain growth curvature in the vertical y-z
plane (which also influences R) was neg-
lected. This is a good approximation be-
cause here, the grain growth direction was
observed to be most often parallel to the
(horizontal) y axis.

y = a · xb  (9)

(10)

In a last step, R was calculated with Equa-
tion 8 dependent upon welding speed v
and the position in the weld pool (y). In
this calculation step, it was assumed that
dendrites are oriented in the same direc-
tion as grain growth due to competitive
growth and that grains grow normal to the
solid-liquid interface (Ref. 22). This is con-
sidered to be a reasonable approximation
— Fig. 3. In other words, welding speed
provides in Equation 8 an order of magni-
tude upper limit for R at each position in
the weld pool.

Note that y is the direction transverse
to the welding direction (y = 0: centerline,
y = 3 mm: weld interface) — Fig. 3. As
one can see in Fig. 4, the calculated R val-
ues are maximum at the centerline (y = 0),
where they correspond to welding speed,
and they are minimum at the weld inter-
face (y = 3 mm). Interestingly, for Alloy
6082, higher minima were observed at the
weld interface than for Alloy 1050A. This
is due to the angle α that was found at the
weld interface to be generally lower for
Alloy 6082 than for Alloy 1050A.

Thermal Conditions

After having determined R by means of
micrographs, the temperature measure-
ments revealed the thermal conditions in
the weld pool. The most important influ-
encing weld parameter is the heat input
(H), which was calculated with Equation 1
on the basis of data from Table 2. Figure 5
shows for both alloys that H decreased
strongly with increasing welding speed, al-
though the weld current was raised with
increasing welding speeds to allow similar
weld bead sizes. As a result, the weld bead
width decreased slightly with increasing
welding speed, being approximately 5 to 6

mm in the middle of the weld (mid-depth).
Also, the copper backing (Fig. 1) con-
trolled the weld bead width because it
caused a dominating directional heat flow
from the weld coupon downward.

To determine the thermal conditions
for the whole weld pool, the position of
the thermocouple was varied between y =
0 and y = 3 mm (Fig. 2). The measure-
ment technique allowed an approximate
adjustment of the thermocouple position
(y). This approach complicated tempera-
ture measurements particularly at the
weld interface (where temperature
reaches liquidus temperature). This ex-
plains the limited experimental data for
the range between y = 2.5 mm and y = 3.0
mm in the following diagrams. The exact
thermocouple position was always deter-
mined through measurements after weld-
ing and was related to the recorded
temperature profile.

Figure 6 reveals the cooling curves for
both alloys and different welding speeds at
y = 0 mm (centerline); the start tempera-
tures (at 0 s) are the maximum tempera-
tures for each thermal cycle measurement.
Both diagrams suggest a slightly faster
cooling for Alloy 1050A than for Alloy
6082 welds. This can be explained by their
different thermal conductivities (Table 3):
high for Alloy 1050A due to its chemical
purity and comparably low for Alloy 6082.

This suggestion is further confirmed by
the corresponding cooling rates that are
shown in Fig. 7 dependent upon the posi-
tion in the weld pool (y axis). These values
are the cooling rates at liquidus tempera-
ture (Table 3) since the solidification starts
at this moment. The cooling rates were ob-
served to be maximum at the centerline (y
= 0) and are supposed to be minimum at
the weld interface (y = 3 mm). Figure 7
confirms the observation that high cooling
rates (at centerline and at high welding
speeds) generally result in finer grain
structure (Refs. 28–30). This is in accor-
dance with results from the first part of
this study where small, equiaxed grains
formed particularly in the weld center and
at high welding speeds (Ref. 10).

In Figs. 6 to 11, each curve (Fig. 6) or
each data point (Figs. 7 to 11) is based on
at least two single temperature measure-
ments at constant welding parameters.
The data scatter in Figs. 7 to 11 was ob-
served to increase with increasing welding
speed and was caused on the one side by
fluctuations in the welding process. While
welding speed and arc current were con-
stant in all welds, the arc voltage varied
about ± 0.2 V, dependent upon the shape
of the electrode tip, which had to be sharp-
ened frequently. The resulting differences
in the heat input have probably caused
changes in cooling rate and other solidifi-
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Fig. 7 — Cooling rate dT/dt at liquidus temperature, dependent upon horizontal position in weld pool 
(y = 0: centerline; y = 3 mm: weld interface). GTA welding, plate thickness 3 mm.

Fig. 8 — Thermal gradient GL at liquidus temperature, dependent upon horizontal position in weld metal
(y = 0: centerline; y = 3 mm: weld interface). GTA welding, plate thickness 3 mm.

A

A

B

B
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cation parameters. On the other side,
banding (linear solute-rich bands in the
weld metal with very fine grain structure
(Ref. 28)) was observed in the weld metal.
This is further evidence for pool fluctua-
tions during welding and hence thermal
conditions (Ref. 30) and cannot be
avoided completely.

An additional and likely more impor-
tant point is the thermocouple. Small but
unavoidable fluctuations of both shape
and vertical position of the thermocouple
tip have probably caused a large part of
the observed data scattering. Further-
more, for purposes of simplicity, the liq-
uidus and the solidus temperatures (Table
3) are taken as equilibrium values that
may change with rapid solidification. Nev-
ertheless, Figs. 6 to 11 offer order of mag-
nitude values for solidification conditions
such as cooling rate or thermal gradient at
the solidification front.

In a further calculation step, the cooling
rates were used to determine the thermal
gradient G according to Equation 2. For
purposes of comparison, both gradients GL
(calculated with dT/dt at liquidus tempera-
ture) and GS (calculated with dT/dt at
solidus temperature) were determined —

Figs. 8 and 9. From centerline (y = 0 mm)
to weld interface (y = 3 mm), G did not
change significantly owing to the fact that
both R (Fig. 4) and dT/dt (Fig. 7) clearly de-
creased. Increasing welding speeds and de-
creasing heat inputs, however, reduced GL
significantly (by up to 40%) — Fig. 8. This
observation explains the results from the
first part of this study (Ref. 10) and former
studies (Refs. 31–35), where equiaxed
grains formed particularly at high welding
speeds, low heat inputs, and hence, low
thermal gradients. Furthermore, the com-
parison between Figs. 8 and 9 shows clearly
that the most important stage during solid-
ification is the start at liquidus temperature,
regarding grain growth and subsequent
grain morphology. Here, the influence of
welding speed/heat input on G is for Alloy
6082 significant (GL, Fig. 8B) and it be-
comes almost negligible at solidus temper-
ature (GS, Fig. 9B). Due to its low
solidification range, commercially pure Al
(Alloy 1050A) does not show this pro-
nounced behavior.

The above G values, however, cannot
explain solely why the grain morphology
often changes from columnar at the weld
interface to equiaxed at the centerline. In-

stead, the parameter GL/R can be used to
explain this phenomenon — Fig. 10. For
both alloys, GL/R was, as expected, the
lowest at the centerline and the highest
next to the weld interface with an increase
in between, mainly for Alloy 1050A. Fig-
ure 10 further discloses that the dominant
factor in G/R is the growth rate R and not
the thermal gradient G, which confirms
former results on thermal conditions in Al
weld metal (Ref. 35).

It was suggested that the quotient G/R
is an indirect measure of the amount of
constitutional undercooling ahead of the
solidification front (Ref. 16), where low
G/R values favor the transition from
columnar to equiaxed grain growth (Ref.
18). Also, it was argued that the size of the
constitutionally undercooled zone in-
creases with decreasing G/R (Refs. 31,
36).  Furthermore, a recent study about Al
weld metal grain refinement reported for
base metal composition (no grain refiner
additions) a grain size drop at a critical
G/R value (Ref. 21), which emphasizes
the significance of G/R. These observa-
tions help to relate the above thermal
data to the micrographs from the first part
of this study (Ref. 10), which revealed for
three different Al alloys a clear transition
from columnar to equiaxed growth with
increasing welding speed.

At this point, it is important to note
that, beside grain refiner additions, the
alloy’s chemical composition is a key fac-
tor with regard to the columnar-to-
equiaxed transition (CET). The first part
of this study (Ref. 10) showed that the ten-
dency for equiaxed growth increases
strongly with increasing alloy content, due
to the increasing supply of constitutional
undercooling through solute partitioning
during solidification (Ref. 11) that facili-
tates equiaxed grain growth (Ref. 18). Be-
side alloy content, one important
parameter that reflects upon the chemical
composition is the solidification time Δ tS.
Δ tS was determined on the basis of cool-
ing curves (Fig. 6) by calculating the time
period between the moments when the
temperature T was TL (liquidus tempera-
ture) and TS (solidus temperature). As one
expects, Δ tS was much higher in Alloy
6082 welds than for commercially pure Al
(Alloy 1050A) welds — Fig. 11. This ob-
servation emphasizes the need for suffi-
cient time at the beginning of solidification
to activate the particles present for nucle-
ation. It was argued elsewhere that
equiaxed grains have to grow to a sufficient
size in order to block columnar grain
growth (Ref. 23).

A comparison of Fig. 11 with micro-
graphs from the corresponding welds (Ref.
10), however, shows the following: Above a
minimum solidification time, the influence
of ΔtS on grain morphology seems to get
eclipsed by the strong influence of thermal
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Fig. 9 —Thermal gradient GS at solidus temperature, dependent upon horizontal position in weld metal
(y = 0: centerline; y = 3 mm: weld interface). GTA welding, plate thickness 3 mm.

Fig. 10 — Ratio GL/R at liquidus temperature TL, dependent upon horizontal position in weld metal 
(y = 0: centerline; y = 3 mm: weld interface). GTA welding, plate thickness 3 mm.
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parameters such as dT/dt, G and G/R. Ac-
cordingly, the grain morphology was pre-
dominantly equiaxed at high welding
speeds and thus high dT/dt, low G/R and
low Δ tS values (Ref. 10). Nevertheless, a re-
cent study on Al fusion welding revealed, at
constant chemical composition, for laser
beam (LB) welds a three times lower solid-
ification time than for GTA weld metal.
This large difference explains why the mean
weld metal grain size and the tendency for
columnar grain growth were found to be
generally higher in LB welds than in GTA
welds (Ref. 37).

Columnar-to-Equiaxed Transition (CET)

It is of note that the above temperature
measurement technique disclosed a varia-
tion in the thermal conditions along the
solidification front. This, in turn, allows
determination of critical solidification con-
ditions for the columnar-to-equiaxed tran-
sition (CET); this was accomplished in this
study according to the analytical model in
Equation 3 (Ref. 23). First, the critical
angle CET and the critical solidification
rate RCET were determined with Equa-
tions 10 and 8 for two (Alloy 1050A) and
three (Alloy 6082) different welding
speeds where the CET was observed —
Table 4. For this purpose, micrographs
from the first part of this study (Ref. 10)
were analyzed and the weld metal mean
grain size (line 3 in Table 4) was deter-
mined. Note that the five analyzed welds
had the same Ti content (line 2 in Table 4)
to prevent variations in the grain refining
elements, titanium and boron, from influ-
encing the results.

Then, the critical thermal gradient
GCET was determined by comparing Fig. 8
with the corresponding micrographs (Ref.
10) and the ratio GCET/RCET was calcu-
lated (lines 6 and 7 in Table 4). Afterward,
these (experimentally determined) GCET
values were compared with the analytical
model that predicts GCET (Equation 3)
(Ref. 23). The fact that GCET and ΔTC,CET
depend on each other (Equations 3 and 5)
led to the following calculation procedure:
The experimental GCET values were first
used to calculate the corresponding criti-
cal undercooling ΔTC,CET with Equation
3 (lines 8 to 10 in Table 4). The parameter
ΔTN was taken from literature (Ref. 24)
and N0 was calculated with Equation 4.
Afterward, ΔTC,CET was calculated for
comparison with Equation 5 (lines 11 to 13
in Table 4). For this purpose, Equation 5
was simplified to Equation 7, which is a
very good approximation for solidification
in fusion welds because here, R is high and
G is low (Refs. 23, 25). The parameters D
and A were taken from literature (Refs.
24, 38) based on the suggestion that they
are typical values for many commercial Al
alloys (Ref. 38).

The two different ΔTC,CET values
(lines 10 and 13 in Table 4) were finally
compared to each other. As a result, both
calculations produced similar ΔTC,CET val-
ues, particularly for Alloy 6082. This sug-
gests, on the one side, that the thermal
data in Figs. 6 to 11 and the experimentally
determined GCET values (line 6 in Table 4)
are realistic. Furthermore, the tempera-
ture measurement technique (Fig. 2) is ap-
propriate for describing the thermal
conditions of the fusion welds of this study
with sufficient accuracy. On the other side,
the results show that the analytical CET
approach from Equation 3, which was de-
veloped for slow cooling in castings (Ref.
23), can be applied to more rapid solidifi-
cation in Al welds.

One possible reason for the different
results from both calculation procedures
regarding ΔTC,CET may be an overestima-
tion of N0 that was approximated with
Equation 4. A more likely reason for dif-
ferences lies, however, in parameter A in
Equation 7. A is a materials constant in-
fluenced by the chemical composition but
was defined here for both Alloy 1050A
and Alloy 6082 to be 2.0 s1/2 K mm-1/2, a
value taken from the literature (Refs. 24,
38). It was argued that this is a typical
value for many commercial aluminum al-

loys within the 2xxx, 6xxx, and 7xxx series
(Ref. 24). However,  A = 2.0 s1/2K mm-1/2

may not be appropriate for commercially
pure Al (Alloy 1050A), as the results in
Table 4 show. For this reason, a fitting cal-
culation step was done to determine opti-
mum A* values that produce in Equation
7 ΔTC,CET* values that are equal to those
calculated with Equation 3. Lines 14 and
15 in Table 4 show the obtained data,
which indicate that the optimum A values
are A* = 1.1 s1/2 K mm–1/2 for Alloy 1050A
and A* = 1.7 s1/2K mm–1/2 for Alloy 6082.
The low A* value for Alloy 1050A can be
related directly to its low solute content.

After having determined the critical
CET conditions (Table 4), the CET was
modeled for both alloys in the R-G space
— Fig. 12. The data points in these two di-
agrams originate from both parts of this
study (Ref. 10 and this paper); they repre-
sent welds with predominantly columnar
or equiaxed grain morphology, which were
produced at different welding speeds and
heat inputs and thus different G and R val-
ues. The two curves in each diagram are
the graphs of Equation 3, one of them cal-
culated with a constant 2.0 s1/2K mm–1/2

(→CET) and the other one with the ad-
justed A* value (→CET*). In other words,
each curve represents the critical thermal
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Fig. 11 — Solidification time ΔtS, dependent upon horizontal position in weld metal (y = 0: centerline;
y = 3 mm: weld interface). GTA welding, plate thickness 3 mm.

Fig. 12 —Predominant microstructure in R-G space and columnar-to-equiaxed transition (CET), calcu-
lated with Equations 3 and 7 using A (CET) and the adjusted A* (CET*), CET and CET* are mean
values for each alloy at a constant Ti content of 0.02 wt-%. GTA welding, plate thickness 3mm.
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conditions (R and G) for the transition
from columnar to equiaxed grain growth.

One can see clearly in Fig. 12 that the
CET* curve separates both equiaxed and
columnar regions in the R-G space better
than the CET curve, particularly for Alloy
1050A. Thus, we can summarize from
Table 4 and Fig. 12 that Equation 3 (Ref.
23) is appropriate to predict the CET for
aluminum GTA weld metal when A is ad-
justed in Equations 5 and 7 to suit the
chemical composition, as demonstrated
here. Interestingly, the adjusted CET*
curves in Fig. 12 are very similar for both
alloys. This emphasizes how strongly the
local solidification parameters G and R in-
fluence grain morphology, reducing the in-
fluence of the chemical composition.
Furthermore, the slope of the CET*
curves in Fig. 12 can be used to predict
critical G/R values. Accordingly, the recip-
rocal value of the slope in the vicinity of
the data points (approximately at GL = 50
to 60 K mm–1) corresponds to the
GCET/RCET values in Table 4, line 7, which
are 6 to 9 Ks mm–2.

It is of note that several former studies
related the predominant grain morphol-
ogy in aluminum weld metal to welding
parameters such as arc current, voltage,
and welding speed (Refs. 31–35). The tem-
perature measurement technique and the
analytical approach (Ref. 23) used in this
study, however, permit the prediction of
the critical solidification conditions for the
CET. Moreover, Fig. 12 provides impor-
tant information about the critical values
for solidification rate R and thermal gra-
dient G that are based on experimental
data. Consequently, one can now predict
the location of the CET in aluminum GTA
welds from the comparison of thermal
data (Figs. 3 to 11) with microstructural
data (Ref. 10). In turn, the critical welding
parameters can be deduced from the crit-
ical solidification parameters in order to
minimize or to prevent unfavorable
columnar grain structure in aluminum
welds. Hence, the above results are an im-
portant extension of a former study on
GTA welding of Al-Cu alloys, where the
CET prediction was achieved by simula-
tion and not, as in this study, by the com-
parison of micrographs with results from
temperature measurements (Ref. 39).

Conclusions

A thermal analysis of aluminum GTA
bead-on-plate welds (Al Alloys 1050A and
6082) with Type K thermocouples has re-
vealed the thermal conditions along the
solidification front of the weld pool. In
comparison to the weld centerline, tem-
perature measurements next to the weld
interface disclosed the following:
• Lower solidification growth rates (R)
• Lower cooling rates (dT/dt)

• Slightly higher thermal gradients (G)
• A higher solidification time (ΔtS)

With similar weld bead sizes, increas-
ing welding speeds from 2 mm s–1 to 11.5
mm s–1 decreased the heat input by up to
80% and resulted in a strong increase in
dT/dt and a strong reduction of G, G/R,
and Δ tS.

The obtained thermal data were used
together with data of the corresponding
grain morphology (from the first part of
this study) to model the columnar-to-
equiaxed transition (CET) according to an
existing analytical approach. This model
allowed the prediction of critical R and G
values, at which the CET occurs in alu-
minum welds.
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Appendix

List of symbols

Symbol Dimension Meaning

α deg Angle between directions of ν and R

A, A* s1/2 K mm-1/2 Material constants

a, b — Grain growth direction parameters

C0 wt-% Chemical composition  of the alloy

d µm Grain size

D mm² s–1 Liquid diffusion coefficient

dT/dt K s–1 Cooling rate

G K mm–1 Thermal gradient (local)

GL K mm–1 Thermal gradient at liquidus temperature

GS K mm–1 Thermal gradient at solidus temperature

GCET K mm–1 Critical thermal gradient for CET 

H J mm–1 Heat input

I A Arc current

k Partition coefficient (between solid and liquid)

mL K wt-%–1 Slope of liquidus line

N0 µm-³ Total number of heterogeneous substrate particles

R mm s–1 Solidification growth rate

Θ K Curvature undercooling

ΔtS s Solidification time

T °C Temperature

TL °C Liquidus temperature

TS °C Solidus temperature

ΔTC K Constitutional undercooling 

ΔTC,CET, K Critical constitutional undercooling for CET
ΔTC,CET*

ΔTN K Undercooling required for nucleation

ΔTG K Undercooling required for steady state grain growth

U V Arc voltage

v mm s–1 Welding speed

x mm Welding direction

y mm Horizontal direction perpendicular to welding
direction
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