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In fusion welding, variations of cooling rate and microstructure are commonly achieved by changing heat input.
Here we show that the cooling rates can be adjusted and microstructural features could be refined at constant
heat input while changing the pulsing parameters. The temporal variations of cooling rates, solidification growth
rate and weld geometry during both single and double pulsed welding of an aluminum alloy are examined. Fur-
thermore, microstructures of both single and double pulsed gas metal arc welding are presented to demonstrate
significant microstructural refinement of double pulsed gas metal arc welds for the same heat input.
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Aluminum alloys are joined by friction stir welding or fusion
weldingdepending on applications [1–4]. For thewelding ofmany intri-
cate parts, gas metal arc welding still remains a widely used process of
choice [5]. Defect free, structurally sound and reliable welds can be
achieved economically by pulsed gas metal arc welding. Single pulsed
gas metal arc welding (SP-GMAW) and double pulsed gas metal arc
welding (DP-GMAW) are two important fusion welding methods for
the joining of aluminum alloys. Achieving a desired microstructure re-
mains an important goal in fusion welding of aluminum alloys.

Here we show that the adjustment of pulsing parameters through
the use of DP-GMAW provides a means to control the heating and
cooling processes and achieves a refined microstructure. The benefits
of usingDP-GMAWover SP-GMAW include reduced incidence of poros-
ity in theweldmetal [6,7], better ability to bridge the gaps in the butting
surfaces particularly in large components [8] and better ability to con-
trol the mode of droplet transfer [9], all of which affect the structure
and properties of welds.

DP-GMAW is characterized by its special current waveform which
provides significant process flexibility and control over that can be
attained by the conventional SP-GMAW. Fig. 1 schematically illustrates
the currentwaveform and the temporal variations of the transverse and
the longitudinal sections of the welds produced by DP-GMAW. The
welding current used during DP-GMAW is characterized by its pulsed
waveform in two sets of pulsing frequencies. Typically, the high pulsing
ier Ltd. All rights reserved.
frequency is on the order of 100 Hz and the low pulsing frequency is
about 1–5 Hz. The high pulsing frequency is designed to achieve con-
trollable droplet transfer to the liquid metal pool. The low pulsing fre-
quency allows control of the heating and cooling processes during DP-
GMAW [10].

Periodic variations of fusion zone geometry, peak temperature,
cooling rate and solidification parameters occur during DP-GMAW
due to time dependent heat input and these variations significantly af-
fect the microstructure of the weld metal. What is necessary and not
available in the literature is a rigorous understanding of how and why
the bead geometry and microstructure attained by DP-GMAW evolve
with time and differ from those produced by SP-GMAW. In this work,
the temporal variations of cooling rate, solidification growth rate and
weld geometry were calculated using a three-dimensional heat transfer
and fluid flowmodel to correlate these parameters with the scale of mi-
crostructures in aluminum alloy 6061 for DP-GMAW and SP-GMAW.

Bead-on-plate welding experiments were carried out on aluminum
alloy AA6061 base metal (200 × 80 × 4 mm3) using ER4043 filler
wire. Chemical compositions of alloys AA6061 and ER4043 are present-
ed in Table 1 [11]. Process parameters of SP-GMAW and DP-GMAW are
presented in Table 2. Pure argon was coaxially supplied as shielding gas
at a flow rate of 18 L/min. After welding, specimens were cut along
transverse and longitudinal cross sections of welds. The samples were
ground and polished to 0.06 um using colloidal silica, which were sub-
sequently etched using the standard Keller agent with 10 s for metallo-
graphic analysis. The secondary dendrite arm spacing was measured in
three locations of both SP-GMA and DP-GMA welds. Each location
contained more than six secondary dendrites.
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Fig. 1. Schematic diagramof currentwaveform and transverse and longitudinal sections of
the DP-GMAWweld pool.

Table 2
Welding process parameters for SP-GMAW and DP-GMAW.

Process parameters SP-GMAW DP-GMAW

Mean voltage (V) 22.3 22.3
Mean current (A) 100 100
Welding speed (mm/s) 8 8
Wire feeding rate (mm/s) 62 62
Wire diameter (mm) 1.2 1.2
Density of wire (kg/m3) 2685 2685
Frequency (Hz) 100 2.5
First phase current (A) – 140
Second phase current (A) – 60
First phase time (s) – 0.2
Second phase time (s) – 0.2

Table 3
Data used for the calculations [19,20].

Variables and unit Value

Density of liquid metal (kg m−3) 2400
Viscosity of liquid (kg m−1 s−1) 0.001
Solidus temperature (K) 855
Liquidus temperature (K) 925
Enthalpy of solid at melting point (J kg−1) 0.596
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The temperature and velocity fields were calculated using a well-
tested, transient, three-dimensional heat transfer and fluid flow model
that solves the equations of conservation ofmass,momentum and ener-
gy. The metal transfer mode during SP-GMAW and DP-GMAW is drop-
let transfer with one droplet per high frequency pulse. A volumetric
heat source is incorporated in themodel to account for the energy trans-
ferred by the overheated droplets into the weld pool [12,13]. Details of
the governing equations and boundary conditions can be found in our
previous papers and are not repeated here [14–18]. The thermophysical
properties used in the heat transfer and fluid flowmodel are presented
in Table 3 [19,20].

The pulsing current of SP-GMAW in the model is implemented as
constant mean current of 100 A. Such a simplification offers enhanced
computational efficiency without affecting the accuracy of the calcula-
tions. The current pulsing frequency of SP-GMAW was 100 Hz and
under such high frequency the weld pool behaves similar to the case
of constant current welding [21]. The experimentally observed results
show that the weld pool geometry is constant during SP-GMAW [22].
The currents during the first and the second pulse phases of DP-
GMAW, 140 A and 60 A, respectively, are implemented in a similar
way to that for SP-GMAW.

The temperature gradient (G), growth rate (R) and their combined
form GR which represents cooling rate are important solidification pa-
rameters. The parameters G and R are temporally and spatially variable
and they can be calculated from the heat transfer and fluid flow calcula-
tions. The value Rwas calculated at the trailing edge of themelt pool on
the top surface using the following relation:

R ¼ Δds
Δt

ð1Þ

where Δds is the displacement of the trailing edge during a short time
interval of Δt. The cooling rate was calculated near the bottom of the
weld pool to match the location for microstructure evaluation.
Table 1
Chemical compositions of AA6061 and ER4043 (wt%) [11].

Material Mg Si Fe Cu Mn Cr Al

AA6061 1.02 0.75 0.45 0.25 0.06 0.05 Bal.
ER4043 0.05 5.60 0.80 0.30 0.05 – Bal.
Fig. 2 (a), (b) and (c) shows the calculated temperature and velocity
fields in the transverse sections of SP-GMAW and DP-GMAW, respec-
tively. In all cases, the liquid metal flows from the center to the periph-
ery of themelt pool near the top surface driven byMarangoni stress due
to the spatial gradient of surface tension. In the molten weld pool, the
liquid metal circulates with velocities of about 300 mm/s. At these
high velocities, heat is transported mainly by convection within the
melt pool. In addition, the size of the SP-GMAWweld pool lies between
the largest and the smallest sizes of the weld pools formed by DP-
GMAW for the same heat input. The finger penetration characteristic
of GMA welding is observed in Fig. 2 (a), (b) and (c). Although the
mean current is low for both SP-GMAW and DP-GMAW, the peak cur-
rent reaches 300 A. The filler wire is rapidlymelted and a droplet is gen-
erated for each pulse when the peak current is applied. The overheated
droplets are accelerated by the electromagnetic force and impinge into
the weld pool at a high speed. The resulting transport of heat to the in-
terior of the weld pool causes finger penetration. It can be observed
from Fig. 2 (a), (b) and (c) that the calculated results match well with
the experimental data.

The depths of penetration of DP-GMAW welds vary with time in a
periodic manner as shown in Fig. 2 (e), which is consistent with the
temporal variation of heat input. This pattern differs significantly from
the constant penetration depth of SP-GMAW shown in Fig. 2 (d). The
maximum and minimum penetration depths are attained after 1.4 s at
the end of first pulsing phase and 1.6 s at the end of the second pulsing
phase, respectively. An important feature of DP-GMAW is that the peak
temperature in themelt pool changes periodicallywhereas it is constant
during SP-GMAW as shown in Fig. 3 (a). Another important outcome of
the time dependent heat input duringDP-GMAW is the periodic shrink-
age and expansion of the melt pool. This variation leads to unusual
remelting and resolidification of theweldmetal. It will be shown subse-
quently that the unusual temporal variations of themelt pool geometry
and cooling rate during DP-GMAW result in a unique solidification
Enthalpy of liquid at melting point (J kg−1) 0.981
Specific heat of solid (J kg−1 K−1) 980
Specific heat of liquid (J kg−1 K−1) 1160
Thermal conductivity of solid (W m−1 K−1) 168
Thermal conductivity of liquid (W m−1 K−1) 108
Coefficient of thermal expansion (K−1) 2.375 × 10−5

Temperature coefficient of surface tension
(N m−1 K−1)

−3.5 × 10−4



Fig. 2. (a) Transverse section of the SP-GMAWweld. (b) Largest transverse section of the DP-GMAWweld. (c) Smallest transverse section of the DP-GMAWweld. (d) Weld penetration
depth versus time of the SP-GMAWweld. (e) Weld penetration depth versus time of the DP-GMAW.
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condition and microstructure that are significantly different from those
attained by SP-GMAW.

The calculated temporal variation of solidification growth rate, R, at
the trailing edge of the weld pool is shown in Fig. 3 (b). Unlike SP-
GMAW, R is time dependent for DP-GMAW. It can be observed from
Fig. 3 (b) that during the first phase of pulsing that lasts from 1.2 to
1.4 s, the solidification growth rate R decreases with time from 1.2 to
1.3 s. This is because the melt pool expands from 1.2 to 1.3 s, with its
trailing edge moving in a direction opposite to the welding direction.
Despite the constant welding speed, the trailing edge comes to a stand-
still with R decreasing to 0mm/s at 1.24 s, whichmeans that the expan-
sion speed of the melt pool at its trailing edge is equal to the welding
speed. The growth rate is negative between 1.24 and 1.3 s because the
expansion speed of the melt pool is higher than the welding speed. A
remelting of the previously solidified weld metal occurs during this
time, which is a strikingly different behavior from that in SP-GMAW.
On the other hand, R increases from 1.3 to 1.4 s due to the lower expan-
sion speed of the melt pool compared with the welding speed.

Solidification growth rate at the trailing edge of the weld pool, R, in-
creases rapidly from 1.4 to 1.5 s within the second pulsing phase which
spans from 1.4 to 1.6 s. The higher growth rate originates from the sig-
nificant shrinkage of the melt pool during this period. The overall
growth rate is the sum of the shrinkage and welding speeds since
both displacements are in the same direction. After the maximum
shrinkage velocity is reached at 1.5 s, the growth rate decreases from
1.5 to 1.6 s. The mean value of the solidification growth rate, R, is
10.8 mm/s for the DP-GMAWwelds. This value is greater than the con-
stant R of SP-GMAW which is 8.0 mm/s.

Fig. 3 (c) shows the variation of cooling rate with time near the bot-
tom of the weld pool. The mean value of cooling rate for DP-GMAW,
1735 K/s, is significantly higher than the 1330 K/s rate for SP-GMAW.
The mean value of the cooling rate of DP-GMAW was calculated from
the variable data in Fig. 3 (c). The difference in the cooling rates of the
two processes affects the scale of microstructures of the welds.

Note that the scale of the solidification structure is significantly af-
fected by the cooling rate. The relation between the secondary dendrite
arm spacing (λ2) and cooling rate (GR) is given as [23,24]:

λ2 ¼ a GRð Þ−n ð2Þ

Where the exponent n lies between 1/3 and 1/2, and a is a constant
whose value depends on the alloy system. Eq. (2) indicates that the sec-
ondary dendrite arm spacing decreases with increase in cooling rate.
The refined solidification structure of welds fabricated by DP-GMAW
originates from the higher cooling rate.

Fig. 4 shows the microstructures from the transverse sections of the
welds by SP-GMAW and DP-GMAW. They were taken from the same
position within the welds for a meaningful comparison as indicated by
the insert. Additionally, themicrostructures and cooling rates are evalu-
ated at the same locationwhich is at the bottom of theweld pool. As ex-
pected, the microstructures featured an Al-Si eutectic phase distributed
within the α-Al matrix [25]. Cellular structures were observed near the
fusion line, which developed into columnar dendrites further away
from the fusion line. The cell spacings produced by DP-GMAWwere sig-
nificantly smaller than that within the microstructure produced by SP-
GMAW. The measured secondary dendrite arm spacings were 13.4 ±
2.3 μm and 10.2 ± 0.8 μm for SP-GMAW and DP-GMAW, respectively,
consistent with finer solidification structure in DP-GMAW for identical
mean heat input for the two processes.



Fig. 3. Calculated temporal variations of (a) peak temperature, (b) solidification rate and
(c) cooling rate.

Fig. 4. Microstructures of 6061 aluminum alloy welds showing a darker Al-Si eutectic
phase distributed within the lighter α-Al matrix. (a) SP-GMAW and (b) DP-GMAW.
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In summary, double and single pulsed gas metal arc welding of alu-
minum alloy 6061 were studied both experimentally and theoretically.
The periodic shrinkage and expansion of the melt pool during double
pulsed welding led to an unusual remelting and resolidification behav-
ior of the weld metal. Solidification rates and cooling rates were signif-
icantly higher for thedouble pulsed gasmetal arcwelding than those for
the single pulsedwelding and these differenceswere responsible for the
significant refinement of microstructure during double pulsed welding.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
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