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ABSTRACT. Dissimilar filler metals, that
is, filler metals different from the base
metal in composition, are routinely used
in arc welding but macrosegregation can
form and degrade the weld quality. Based
on the liquidus temperatures of the weld
metal (TLW) and the base metal (TLB) as
well as the stagnant or laminar-flow layer
of liquid base metal along the weld pool
boundary suggested by Savage, two new
mechanisms have been proposed recently
for macrosegregation near the fusion
boundary in arc welds made with dissimi-
lar filler metals, one for TLW < TLB and
the other TLW > TLB. To verify the mech-
anisms, the binary Al-Cu system was se-
lected, and gas metal arc welding was
used. In the case of TLW < TLB, 1100 Al
(commercially pure Al) was selected as
the base metal because pure Al has the
highest liquidus temperature and thus
TLW < TLB is met automatically. It was
welded with filler metal 2319 Al (Al-
6.3Cu) and Al/Cu composite filler metals
of higher Cu contents. Features including
beaches, peninsulas, and islands were
found along the fusion boundary. The
beaches were thin and discontinuous, and
the peninsulas and islands roughly paral-
lel to the fusion boundary. These features
were pure Al, that is, they originated from
the liquid base metal that solidified with-
out mixing with the bulk weld pool. In the
case of TLW > TLB, on the other hand, the
Al-33Cu eutectic was selected as the base
metal because the eutectic has the lowest
liquidus temperature and thus TLW > TLB
is met automatically. It was welded with
filler metal 1100 Al. The beach along the
fusion boundary was significantly thicker
and more continuous than those with TLW

< TLB. It was intruded by the weld metal,
with peninsulas, and islands randomly ori-
ented in the space between the weld-metal
intrusions. These beach, peninsulas and
islands were eutectic, that is, they origi-
nated from the liquid base metal that so-
lidified without mixing with the bulk weld
pool. In either case, the filler-deficient
zone was thicker in welds made with a
larger difference between TLW and TLB.
All these observations were consistent
with and thus verified the proposed
mechanisms.

Introduction

In arc welding the filler metal is often
dissimilar, that is, different from the work-
piece in composition, in order to prevent
cracking or to develop desired physical or
chemical properties. Macrosegregation
can exist near the fusion boundary of
welds made with dissimilar filler metals
and degrade the weld quality (Refs. 1–17). 

In addition to the stagnant or laminar-
flow layer of liquid base metal along the
weld pool boundary suggested by Savage
(Ref. 3), Kou and Yang (Ref. 18) have re-
cently considered the liquidus tempera-
tures of the weld metal TLW and the base
metal TLB and proposed two new mecha-
nisms for fusion-boundary macrosegrega-
tion in arc welds made with dissimilar filler
metals, one for TLW < TLB and the other

TLW > TLB. They described how filler-
deficient peninsulas and islands as well as
beaches can form along the resultant fu-
sion boundary. The characteristics of the
beaches, peninsulas, and islands formed
by these two mechanisms can be distinctly
different, as is described subsequently.

Experimental Procedure

The Al-Cu system was selected for the
present study for the following reasons.
First, it is a simple binary alloy system with
a well-documented phase diagram for de-
termining the liquidus temperature from
the alloy composition. Second, Al-Cu al-
loys are useful light structural materials,
such as 2219 Al (Al-6.3Cu) and 2214 Al
(essentially Al-4.4Cu). Third, casting Al-
Cu alloys is straightforward, requiring no
special protection against oxidation or fire
(as in casting Mg alloys). Fourth, pure Al
and Cu wires are readily available and de-
formable.

Plates of both 1100 Al (commercially
pure aluminum) and Al-33Cu eutectic
were welded (all Cu contents in the pre-
sent study in wt-%). They were both 9.5
mm (3⁄8 in.) thick, 102 mm (4 in.) wide, and
102 mm (4 in.) long. The eutectic alloy was
prepared by casting. Predetermined quan-
tities of 99.99% Al and a master alloy of
Al-50.86Cu were induction melted in a
graphite crucible and cast at 700° to 750°C
into a graphite mold.

Filler metals of various Cu contents
were used, including 1100 Al, 2319 Al (Al-
6.3Cu), Al-30.5Cu, and Al-52.5Cu. The
last two materials are not commercially
available. The Al-30.5Cu welding wire was
fabricated from a four-strand composite
of three commercially pure Al (1100 Al)
wires of 0.81 mm diameter and one
99.99% purity Cu wire of 0.51 mm diame-
ter, twisted together and then pulled to
straighten. The density of pure Al is 2.70
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g/cm3 and that of pure Cu 8.96 g/cm3.
Thus, the Cu content of the composite
welding wire (wt-% Cu)filler = 100 × 8.96
ACu/ (8.96 ACu + 3 × 2.70 AAl), where ACu
is the cross-sectional area of the pure Cu
wire and AAl that of the pure Al wire.
Since AAl = π(0.81 mm)2/4 = 0.515 mm2

and ACu = π(0.51 mm)2/4 = 0.204 mm2,
(wt-% Cu)filler = 30.5. 

The Al-52.5Cu welding wire was also
fabricated from a four-strand composite
made by twisting together three pure Al
wires and one pure Cu wire, but all wires
were 0.81 mm in diameter. Since AAl =
ACu = 0.515 mm2, (wt-% Cu)filler = 52.5.
The overall diameter was about 1.9 mm
for both composite wires. 

The advantage of composite wires is
that filler metals of high Cu contents can
be prepared easily. The disadvantage of
this approach, however, is that gas poros-
ity is higher in the resultant weld metal

probably because of some air trapped in
the space between individual wires. 

Bead-on-plate welds with partial pene-
tration were made by gas metal arc weld-
ing (GMAW). Commercial filler metals
1100 Al and 2319 Al were used, the former
for the Al-33Cu eutectic plates and the lat-
ter for the 1100 Al plates. The wire diam-
eter was 1.2 mm (3/64 in.). The welding
conditions were as follows: 25–28 V,
169–212 mm/s (400–500 in./min) wire
feeding speed, 6.4–8.5 mm/s (15–20
in./min) travel speed, and 280–285 A av-
erage current. Composite wires Al-52.5Cu
and Al-30.5Cu were used for welding the
1100 Al plates. The welding conditions
were as follows: 25 V, 85–106 mm/s
(200–250 in./min) wire feeding speed,
4.2–8.5 mm/s (10–20 in./min) travel speed,
and 260–285 A average current. As com-
pared to the commercial wires 1100 Al and
2319 Al, the wire feeding speed was lower
with the composite wires because of their
larger diameter. Regardless of which  wire
was used, the contact tube to workpiece
distance was about 19.1 mm (3⁄4 in.), and
the torch was held perpendicular to the
workpiece. 

The resultant welds were cut, polished
and etched with a solution of 0.5 vol-% HF
in water for microstructural examination
by optical microscopy. Macrographs of
cross sections of the welds were taken with

a digital camera.
The Cu content in a homogeneous Al-

Cu weld can be calculated as follows (Ref.
19): 

(wt-% Cu)weld = (wt-% Cu)base
× [Ab/(Ab + Af)] + (wt-% Cu)filler
× [Af /(Ab + Af)] (1)

where Ab and Af are the areas in the weld
transverse cross section that are below and
above the workpiece surface, respectively.
With macrosegregation limited to near
the fusion boundary, such as the welds in
the present study, the composition of the
bulk weld metal can still be calculated
using Equation 1, as an approximation. In
Equation 1 areas Ab and Af represent con-
tributions from the base metal and filler
metal, respectively. The ratio Ab/(Ab +
Af) is the so-called dilution ratio. Areas Ab
and Af were determined by enlarging the
transverse macrograph on a computer
monitor and by using commercial com-
puter software.

For welds with high Cu contents, the
difference between the density of Cu (ρCu
= 8.96 g/cm3) and that of Al (ρAl = 2.70
g/cm3) can be significant. This density dif-
ference can be considered in the calcula-
tion of the weld-metal Cu content by using 
the following equation derived in 
Appendix A: 

(wt-% Cu)weld = 100 R ρCu /
[R ρCu + (1 – R) ρAl] (2)

where

R = {(wt-% Cu /ρCu) / 
[(wt-% Cu / ρCu) 
+(100 – wt-% Cu) / ρAl ]}base
×[Ab / (Ab + Af)] 
+{(wt-% Cu / ρCu) / 
[(wt-% Cu / ρCu) 
+(100 – wt-% Cu) / ρAl ]}filler
×[Af / (Ab + Af)] (3)

Again, with macrosegregation limited to
near the fusion boundary, the Cu content
of the bulk weld metal can be calculated
using Equation 2 as an approximation.
With ρAl = ρCu = ρ, Equation 3 reduces
to 

R = (wt-% Cu / ρ)base
×[Ab / (Ab + Af)]  
+(wt-% Cu / ρ)filler
×[Af / (Ab + Af)] (4)

Upon substituting Equation 4 and ρAl =
ρCu = ρ, Equation 2 reduces to Equation
1. Thus, Equation 1 is a special case of
Equation 2 when the densities of all ele-
ments involved are identical. 

As mentioned before, the Al-33Cu eu-
tectic plates were welded with filler metal

A

B

Fig. 1 — Aluminum-rich side of binary Al-Cu
phase diagram (Ref. 20) and selection of base
metal for welding. A — Pure Al as base metal and
thus TLW < TLB; B — Al-33Cu eutectic as base
metal and thus TLW > TLB.

A

Fig. 2 — Transverse micrographs showing no
macrosegregation when essentially TLW = TLB.
A — Near weld bottom; B — enlarged. Both

base metal and weld metal are essentially Al-
33Cu (both eutectic when viewed at higher mag-
nifications). Arrows indicate fusion boundary.

B
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Equation 2 when the densities of all ele-
ments involved are identical. 

As mentioned before, the Al-33Cu eu-
tectic plates were welded with filler metal
1100 Al. In one experiment the weld-
metal Cu content was further reduced by
placing before welding a rectangular rod
of 1100 Al in a rectangular groove at the
workpiece top surface along the welding
path. The rod and the groove were both 2
× 8 mm in transverse cross section. The
rod was completely melted and mixed in
the weld pool during welding.

The composition profiles across the fu-
sion boundary were determined by EDS
(energy-dispersive spectroscopy) during
SEM (scanning electron microscopy). 

Results and Discussion

For convenience of discussion, the Al-
rich side of the binary Al-Cu phase dia-
gram is shown in Fig. 1 (Ref. 20). Pure Al
solidifies at the melting point 660°C and
the eutectic, Al-33Cu, solidifies at the eu-
tectic temperature 548°C, with a lamellar
structure of α-Al and θ-Al2Cu. Thus, the
highest liquidus temperature is the melt-
ing point of pure Al 660°C, and the lowest
one the eutectic temperature 548°C. 

In order to test the proposed mecha-
nisms, it is desirable to have a large differ-

ence between the liquidus temperature of
the base metal TLB and the liquidus tem-
perature of the weld metal TLW so that the
effect of this temperature difference on
solidification and macrosegregation can
be significant enough to be examined
clearly. The maximum possible difference
between TLB and TLW for the binary Al-
Cu system is 112°C (660°C – 548°C).

No Filler Metal-Deficient Zone in Welds
with TLW = TLB

Figure 2 shows the transverse micro-
graphs of a weld made on Al-33Cu eutec-
tic with composite welding wire Al-31Cu.
From Equation 2, the 60.8% dilution of
the weld, and the compositions of the base
metal and the filler metal, the weld metal
composition was Al-32Cu. Dendrites of
the Al-rich α phase were found occasion-
ally in the bulk weld metal (but not in the
area shown in Fig. 2) because Al-32Cu was
just slightly lower in Cu than the eutectic
composition Al-33Cu. Other than these,
the weld metal was eutectic just like the
base metal, and as an approximation, TLW
= TLB. 

Figure 2 indicates two things. First, the
composite wire worked properly — no ev-
idence of unmixed or unmelted Cu be-
cause of the much higher melting point of

Cu (1085°C) than Al (660°C). Second,
there was no evidence of beaches, penin-
sulas, or islands along the fusion boundary
(indicated by two arrows) or elsewhere in
the bulk weld metal. The weld metal
grains appeared to grow normal to the fu-
sion boundary.

Filler Metal-Deficient Zone in Welds with
TLW < TLB

For convenience of discussion, the
mechanisms proposed recently for fusion-
boundary macrosegregation, that is, forma-
tion of the filler metal-deficient zone
(FDZ), in dissimilar filler-metal welds are
shown in Fig. 3 (Ref. 18). Here the filler
metal mixes completely with the homoge-
neous bulk weld pool. The more compli-
cated case where the filler metal mixes only
partially with the bulk weld pool before
reaching the bottom of the weld pool is con-
sidered in a follow-up paper (Ref. 21).

Mechanism 1, shown in Fig. 3A, is for
filler metals that make TLW < TLB. Ac-
cording to fluid mechanics (Ref. 22), the
velocity of a moving liquid is zero at a solid
wall, that is, the so-called “no-slip” bound-
ary condition for fluid flow. Thus, near the
weld pool boundary convection is weak-
ened, and a stagnant or laminar-flow layer
of liquid base metal can exist as Savage

Fig. 3 — Mechanisms of fusion-boundary macrosegregation (formation of filler metal-deficient zone FDZ). A — Mechanism 1 for TLW < TLB; B — Mecha-
nism 2 for TLW > TLB. Pool boundary is melting front before circle and solidification front after. From Kou and Yang (Ref. 18).

A B
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suggested (Ref. 3). 
The solidification front is no longer

isothermal as in welding without a dissim-
ilar filler metal. In Fig. 3 the portion of the
weld pool boundary behind the circle is
the solidification front and that ahead of it
is the melting front. As shown, the solidi-
fication front is TLW for the bulk weld pool
but TLB for the liquid base metal solidify-
ing near the fusion boundary. The liquid
weld metal in the region immediately
ahead of the solidification front is below
TLB. This is only because of TLW < TLB
and not any undercooling. The liquid base
metal in the stagnant or laminar-flow layer
swept by convection into this cooler region
can freeze quickly without much mixing
with the surrounding liquid and form
filler-metal-deficient peninsulas or is-
lands. The peninsulas often tend to be
roughly parallel to the fusion boundary.
The islands can also be roughly parallel to
the fusion boundary unless they happen to
rotate before the surrounding liquid in the
cooler region solidifies. 

The liquid base metal remaining in the
layer can solidify as a filler-deficient beach
along the weld interface, often thin and
discontinuous because of weld pool con-
vection. These features of beaches, penin-
sulas, and islands are filler-deficient be-
cause of no or partial mixing with the bulk
weld pool, in which the filler metal is uni-

formly distributed during welding. The
larger the temperature difference (TLB –
TLW) is, the thicker the resultant FDZ can
be, but the actual thickness also depends
much on the direction and strength of
weld pool convection. 

A number of factors are considered as
follows. First, the liquid base metal is car-
ried into the cooler region with sensible
heat. However, the sensible heat is ex-
pected to be small because of the small
amount of liquid base metal carried into
the cooler region. Thus, the liquid base
metal can freeze quickly before much mix-
ing occurs. Second, the closer the solidus
temperature of the liquid base metal is to
its liquidus temperature, the more quickly
freezing can progress appreciably. Third,
a liquid base metal with a lower density
than the bulk weld metal has a tendency to
float upward into and mix with the bulk
weld pool above it, for instance, a thin
layer of liquid pure Al base metal under an
Al-Cu bulk weld pool. This might con-
tribute to the thin and discontinuous Al-
rich beach in a pure Al weld made with Al-
Cu filler metals. Fourth, the viscosity of
the liquid base metal can differ from that
of the bulk weld metal. The former can
have a lower temperature and thus a
higher viscosity though the composition
difference between the two may also play
a role. A higher viscosity may help the liq-

uid base metal layer stick better to the un-
melted solid base metal.    

The condition of TLW < TLB, as shown
in Fig. 1A, can be met automatically by
using 1100 Al (essentially pure Al) as the
base metal because the highest achievable
liquidus temperature of aluminum alloys
is the melting point 660°C. An advantage
of using 1100 Al is that its microstructure
is featureless (that is, without the cells or
dendrites in Al-Cu alloys) and hence easy
to recognize. To keep the temperature dif-
ference (TLW – TLB) large, TLW can be
kept low by using high-Cu welding wires to
keep the weld-metal Cu content high.

Figure 4 shows longitudinal micro-
graphs taken along the central plane of a
weld made on 1100 Al with filler metal Al-
52.5Cu. Figure 4A shows the overall mi-
crostructure along the bottom of the weld,
the welding direction being from right to
left. As shown, the peninsulas and islands
are roughly parallel to the fusion bound-
ary. Figure 4B shows the microstructure
somewhere along the melting front. Fig-
ure 4C and D show, respectively, two is-
lands and one peninsula in Figure 4A at a
higher magnification.

The dilution of the weld was about
48%, and the weld metal composition was
about Al-33Cu (from Equation 2), that is,
the eutectic composition. From the Al-Cu
phase diagram (Fig. 1A), the liquidus tem-

A

B

Fig. 4 — Longitudinal micrographs for TLW < TLB. A — Overview; B — melting front; C, D — weld bottom. Base metal: 1100 Al (pure Al); weld metal: Al-33Cu;
TLW = 548°C and TLB = 660°C. Beaches, peninsulas, and islands all appeared pure Al like base metal, suggesting they originated from unmixed base metal.

C
D
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perature of the weld metal, TLW, was the
eutectic temperature 548°C. Taking the
base metal 1100 Al as pure Al as an ap-
proximation, the liquidus temperature of
the base metal, TLB, was the melting point
of pure Al 660°C. Thus, TLW was well
below TLB and the temperature difference
(TLB – TLW) was 112°C. 

The filler-deficient beaches, peninsu-
las, and islands in Fig. 4C and D were sim-
ilar to the base metal in microstructure ex-
cept without the particles of dark-etching
Al-Fe intermetallic compounds in the
base metal. Further etching (for minutes)
and higher magnifications confirmed that
these compounds were redistributed by
solidification as very fine dots or short line
segments lining up along the cell bound-
aries of the cellular structure in the
beaches, peninsulas, or islands. The bro-
ken lines in Fig. 4C and D were drawn
along the boundaries of the regions in
which such dots or line segments existed,
that is, the beaches. Unfortunately, long
etching often degraded the overall quality
of the micrographs significantly as can be
seen subsequently in Fig. 5A. 

The peninsula (Fig. 4D) is roughly par-
allel to the fusion boundary, especially the
part of the fusion boundary to the left of
the peninsula, where it originated during
welding. The islands (Fig. 4C) are also
roughly parallel to the fusion boundary.
These findings are consistent with the pro-
posed mechanism. The porosity in the
weld metal was probably caused by some
air trapped in the space between individ-
ual wires in the composite welding wire.

Figure 5 shows the transverse micro-
graphs of welds made on 1100 Al with
filler metals of various Cu contents. The
first micrograph (Fig. 5A) was taken from
a weld made with welding wire 2319 Al
(Al-6.3Cu). The dilution was 51%, and the
weld metal composition was Al-3.0Cu.
From the Al-Cu phase diagram, TLW =
653°C. Since TLB = 660°C, TLW was below
TLB and (TLB – TLW) = 7°C. The second
micrograph (Fig. 5B) was taken from a
weld made with filler metal Al-31Cu. The
dilution was 29%, and the weld-metal
composition was Al-23Cu. From the Al-
Cu phase diagram, TLW = 589°C. Thus,
TLW was below TLB and (TLB – TLW) =
71°C. The last two micrographs (Fig. 5C
and D) were taken at two different loca-
tions along the weld shown previously in
Fig. 4, that is, 1100 Al welded with filler
metal Al-52.5Cu. As mentioned before,
TLW = 548°C and TLB = 660°C. Thus, TLW
was below TLB and (TLB – TLW) = 112°C.

Three observations can be made re-
garding the filler metal-deficient zone
(FDZ) in the micrographs in Fig. 5. The
FDZ can be defined as the region of the
weld metal along the fusion boundary that
contains all the filler metal-deficient fea-

tures present in the weld metal (such as
beaches, peninsulas, and islands), be-
tween the fusion boundary and a bound-
ary that is parallel to and just far enough
from the fusion boundary to include all the
features. First, these beaches, peninsula,
and islands are light-etching just like the
base metal, suggesting that they had orig-
inated from the base metal that was
melted but not mixed with the bulk weld
pool. In Fig. 5A the very fine dark-etching
lines in the beach are somewhat normal to
the fusion boundary (the white broken
line). Likewise, in Fig. 5B, the dark-etch-
ing grain boundary in the beach is normal
to the fusion boundary (the white broken
line). These both indicate that the beaches
are indeed solidification structure and
that the dark-etching particles of Al-Fe in-
termetallic compounds originally in the
base metal were redistributed during so-
lidification along the cell or grain bound-
aries. Second, the peninsulas and island
were roughly parallel to the fusion bound-
ary, which is consistent with the mecha-
nism proposed for TLW < TLB — Fig. 3A.
Third, the FDZ increased in thickness
with increasing temperature difference
(TLB – TLW), which is also consistent with
Mechanism 1. Before leaving the present
paragraph, it is worth mentioning that the
bulk weld metal in Fig. 5A was overetched
and became blurred because of the long
etching needed to bring out the cellular
structure of the beach.

Figure 6 shows a composition profile
taken along path AE across the fusion
boundary and the island shown in Fig. 5D.
The Cu content at the core of the island
was essentially zero, identical to that of the
base metal. This confirms that the island
originated from the liquid base metal that
froze quickly without mixing with the liq-
uid weld metal. This is consistent with the
proposed theory. The measured weld-
metal composition was about Al-35Cu,
close to that of Al-33Cu calculated based
on the dilution ratio and Equation 2.
Composition gradients existed between
the island core and the adjacent weld
metal. The gradients are likely to be asso-
ciated with diffusion or partial mixing be-
tween the liquid base metal and the liquid
weld metal and with solute segregation
during solidification, as suggested by
Mechanism 1. 

This composition profile shows an-
other advantage of selecting pure alu-
minum as the base metal, that is, the com-
position profile in pure Al (including the
base metal and the island) is easy to mea-
sure by EDS because it is uniform. If any
alloy workpiece, for instance, Al-6Cu, had
been used, the composition would have
fluctuated wildly across the island due to

A

Fig. 5 — Transverse micrographs showing effect
of (TLB – TLW) on thickness of filler metal-
deficient zone (FDZ). A — (TLB – TLW) = 7°C;
B — (TLB – TLW) = 71°C; C, D — (TLB – TLW)
= 112°C. Base metal: 1100 Al (pure Al).

B

C

D
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microsegregation across dendrite arms.

Filler-Metal-Deficient Zone in Welds 
with TLW > TLB

Mechanism 2, shown in Fig. 3B, is for
filler metals that make TLW > TLB (Ref.
18). The base metal next to the boundary
of the homogeneous bulk weld pool
(which is at TLW) is above TLB and thus
must form a liquid layer because TLW >
TLB regardless of the extent of weld pool
convection. Since the layer of liquid base
metal near the fusion boundary is below
TLW, the liquid weld metal pushed by con-
vection into this cooler region can freeze
quickly as intrusions without much mixing
with the liquid base metal. This also means
that the liquid base metal in the layer so-
lidifies without much mixing. The result is
a filler-deficient beach with weld-metal in-
trusions. The liquid base metal that solid-
ifies in the space between intrusions can
appear as peninsulas or even islands near
the fusion boundary. Since the flow of the
liquid weld metal into the layer of liquid
base metal during welding may be ran-
dom, the peninsulas and islands can be
randomly oriented instead of roughly par-
allel to the fusion boundary as in the case
of TLW < TLB. The larger the temperature
difference (TLB – TLW) is, the thicker the
FDZ can be, but the actual thickness can
also be affected by the direction and

strength of weld pool convection.
The condition of TLW > TLB, as shown

in Fig. 1B, can be met automatically by
using Al-33Cu eutectic as the base metal
because the lowest achievable liquidus
temperature of aluminum alloys is the eu-
tectic temperature 548°C. An advantage
of selecting Al-33Cu eutectic as the base
metal is that its lamellar microstructure is
easy to recognize. 1100 Al was used as the
filler metal to keep the weld-metal Cu
content as low as possible, that is, TLW as
high as possible. In one experiment the
weld-metal Cu content was further re-
duced by placing before welding a rec-
tangular rod of 1100 Al in a rectangular
groove at the workpiece top surface along
the welding path.

Figure 7 shows longitudinal micro-
graphs taken along the central plane of a
weld made on Al-33Cu eutectic with filler
metal 1100 Al. The eutectic had been
heat treated at 540°C for 65 h before
welding to develop a spherodized eutec-
tic microstructure. This was intended to
enhance the contrast between the base
metal and the beach along the weld in-
terface, which was expected to be also eu-
tectic but much finer and lamellar, typical
of an as-solidified eutectic. 

Figure 7A shows the overall microstruc-
ture along the bottom of the weld, the
welding direction being from right to left.
Figure 7B shows the microstructure some-

where along the melting front, as can be
seen from the rising fusion boundary from
right to left. Figure 7C and D show, respec-
tively, some peninsulas and one island at a
higher magnification. 

The dilution was 67.3%, and the com-
position of the bulk weld metal was Al-
24Cu. From the Al-Cu phase diagram,
TLW = 586°C and TLB = 548°C. An ad-
vantage for selecting Al-33Cu eutectic as
the base metal is that the condition of TLW
> TLB is met automatically. Another ad-
vantage is that the eutectic is distinctly dif-
ferent from other Al-Cu alloys in mi-
crostructure and hence easy to recognize.  

Figure 7B shows a beach thick and con-
tinuous along the fusion boundary at the
melting front. At higher magnifications,
the beaches exhibited a lamellar structure,
typical of as-cast eutectic. According to
the proposed mechanism (Ref. 18), com-
plete mixing throughout the weld pool is
impossible because TLW > TLB. Thus, a
continuous layer of liquid base metal ex-
ists along the melting front, regardless of
the extent of weld pool convection, and so-
lidifies into a beach continuous along the
resultant fusion boundary. The presence
of the eutectic beach along the fusion
boundary at the melting front is consistent
with the proposed mechanism, in that
complete mixing is impossible when TLW
> TLB. The interface between the un-

melted base metal and the eutectic beach
was at the eutectic temperature, suggest-
ing that the melting front was at the liq-
uidus temperature of the base metal TLB
(the eutectic temperature in this case) in-
stead of the liquidus temperature of the
weld metal TLW. This is also consistent
with the proposed mechanism. 

As shown in Fig. 7C, the weld metal in-
truded into the beach along the fusion
boundary. The beach was continuous and
the peninsulas were randomly oriented,
instead of being roughly parallel to the fu-
sion boundary as in the case of TLW < TLB.
This is also consistent with the proposed
mechanism. Both the island and the beach
in Fig. 7D were eutectic, as confirmed by
microstructure examination at higher
magnifications. 

Thus, the beach, peninsulas, and island
in Fig. 7 were all eutectic just like the base
metal itself. As such, they all originated
from the liquid base metal near the pool
boundary that did not mix with the liquid
weld metal. The peninsulas and the island
were the liquid base metal left in the space
between the weld-metal intrusions that so-
lidified without mixing, as suggested by
Mechanism 2.  

Before leaving Fig. 7, it is worth men-
tioning that, as shown in Fig. 7A, the weld
penetration appears to fluctuate signifi-
cantly. The so-called papillary penetration
is common in partial-penetration welding
of Al alloys with Ar as the shielding gas,
such as in the present study. The penetra-
tion tip tends to fluctuate up and down
along the weld (Refs. 23, 24).

Figure 8 shows the transverse micro-
graphs of two welds made on as-cast Al-
33Cu eutectic with filler metal 1100 Al.
The first micrograph (Fig. 8A) was taken
from the weld made with a 66.5% dilution,
and the weld metal composition was Al-
23.8Cu. From the Al-Cu phase diagram,
TLB = 548°C and TLW = 586°C. Thus, TLW
was above TLB and (TLW – TLB) = 38°C. 

The beach was continuous along the
fusion boundary but intruded by the weld
metal at multiple locations along the fu-
sion boundary. Peninsulas and islands of
random orientations existed in the space
between intrusions. The beach, peninsu-
las, and islands had a lamellar structure
characteristic of the eutectic alloy just like
the eutectic base metal (as can be seen in
Fig. 9B). These observations are consis-
tent with Mechanism 2. 

The second micrograph (Fig. 8B) was
taken from another weld made on as-cast
Al-33Cu with filler metal 1100 Al. A rec-
tangular rod of 1100 Al was placed in a
rectangular groove machined at the top of
the workpiece before welding in order to
further reduce the weld-metal Cu content
and raise the temperature difference (TLW
– TLB). Microstructural examination of

Fig. 6 — Macrosegregation across fusion boundary
when TLW < TLB. A — Transverse micrograph; B —
composition profile. Base metal: 1100 Al (pure Al);
weld metal: Al-33Cu. Core of island identical to base
metal in composition, i.e., unmixed base metal.
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the resultant weld confirmed that the rod
was completely melted and mixed with the
bulk weld pool. The weld metal composi-
tion was Al-16Cu based on the composi-
tions of the base and filler metals and the
weld transverse cross section, which
showed the contributions to the weld
metal were 41.6% from the base metal (the
dilution), 40.6% from the filler metal, and
17.8% from the rod. From the Al-Cu phase
diagram, TLB = 548°C, TLW = 613°C, and
thus, (TLW – TLB) was raised to 65°C. 

The beach in the second weld (Fig. 8B)
was also eutectic like that in the first weld
but much thicker. This difference is con-
sistent with Mechanism 2, which suggests
that with a larger (TLW – TLB), a thicker
unmixed zone is likely to exist. However,
it is possible that the 1100 Al rod, with its
higher liquidus temperature and hence
greater resistance to melting, could have
slowed down the velocity of the liquid
weld metal induced by the filler-metal
droplets and helped a thick layer of liquid
base metal survive and thus further con-
tributed to a thick filler-deficient beach.

Figure 9 shows the transverse micro-
graphs of a weld made on as-cast Al-33Cu
eutectic with filler metal 1100 Al. The di-
lution was 56.3%, and the weld metal com-
position was Al-20.7Cu. From the Al-Cu

phase diagram, TLB = 548°C and TLW =
598°C. Thus, TLW was above TLB and (TLW
– TLB) = 50°C. The beach is continuous
along the fusion boundary but intruded by
the weld metal — Fig. 9A. A section of the
beach near the upper-right corner of the
micrograph is shown at a higher magnifi-
cation — Fig. 9B. The microstructure of
the beach is lamellar, typical of as-cast eu-
tectic just like the base metal itself. This
clearly suggests that the beach originated
from the layer of the liquid base metal
along the pool boundary that solidified
without mixing with the liquid weld metal. 

In general, the lamellar structure in the
beach was too fine to reveal clearly at a
magnification level (e.g., 300×) that was
kept low enough in order to include the
beach, bulk weld metal, and base metal all
in one micrograph. Only a few columnar
eutectic grains were oriented such that
their α-Al and θ-Al2Cu layers were at the
best angle to show the lamellar structure
more clearly. At higher magnifications
(e.g., 1000×), however, all grains in the
beach exhibited a clear lamellar structure.  

A composition profile (Fig. 9C) was
taken along path A–D (Fig. 9B) across the
fusion boundary. It shows that the Cu con-
tent was uniform at about Al-35Cu across
the beach just like the base metal. This is

essentially the eutectic composition of Al-
33Cu. This further confirms that the beach
was an unmixed liquid base metal. 

This composition profile also shows
another advantage of selecting eutectic
Al-33Cu as the base metal, that is, the
composition profile in the eutectic (in-
cluding the base metal and the beach) is
easy to measure by EDS because it is es-
sentially uniform. On the contrary, the
composition in the weld metal fluctuated
wildly between the eutectic composition of
about 33% Cu when the electron beam hit
the interdendritic eutectic and the α-Al
composition of about 6% Cu when the
beam hit the dendrite arms. The dashed line
represents the average weld metal compo-
sition of Al-20.7Cu mentioned previously.

Conclusions

The present study was conducted to
verify the mechanisms proposed recently
for fusion-boundary macrosegregation in
arc welds made with dissimilar filler met-
als (Ref. 18). Al-Cu welds were made by
gas metal arc welding with dissimilar filler
metals. The filler metals made the liquidus
temperature of the weld metal TLW differ-
ent from that of the base metal TLB. Two
groups of welds were made. In the first

Fig. 7 — Longitudinal micrographs for TLW > TLB. A — Overview; B — melting front; C, D — weld bottom. Base metal: Al-33Cu (eutectic, heat-treated); weld
metal: Al-24Cu. TLW = 586°C and TLB = 548°C. At higher magnifications, beach, peninsulas, and island all appeared eutectic (but lamellar) like base metal,
suggesting they originated from unmixed base metal.
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group, the dissimilar filler metal made
TLW < TLB and in the second group TLW
> TLB. The microstructure and composi-
tion profiles near the fusion boundary of
the resultant welds were examined. The
conclusions are as follows: 

1) The Al-Cu welds made with dissim-
ilar filler metals have shown along the fu-
sion boundary features including beaches,
peninsulas, and islands essentially identi-
cal to the base metal both in microstruc-
ture and composition, both when TLW <
TLB and TLW > TLB. This demonstrates
that these filler-deficient features origi-
nated from the liquid base metal that did
not mix with the bulk weld pool, to which
the dissimilar filler metal was added. Ac-
cording to the proposed mechanisms, such
filler-deficient features can form due to
lack of mixing between the layer of liquid
base metal along the pool boundary and
the bulk weld pool, both when TLW < TLB
and TLW > TLB. The layer can exist be-
cause convection is weakened near the
pool boundary when TLW < TLB but al-
ways exists regardless of convection when
TLW > TLB.

2) The Al-Cu welds made with dissim-
ilar filler metals have shown a thicker
filler-deficient zone in welds made with a

larger difference between TLW and TLB,
both when TLW < TLB and TLW > TLB.
The proposed mechanism suggests that
the filler-deficient zone can be thicker
with a larger difference between TLW and

TLB, both when TLW < TLB and
TLW > TLB, but the actual thick-
ness can be affected by the
strength and direction of con-
vection in the weld pool. 

3) The Al-Cu welds
made with TLW < TLB have
shown filler-metal-deficient
beaches thin and discontinuous
along the fusion boundary, and
filler-deficient peninsulas and
islands roughly parallel to the
fusion boundary. According to
Mechanism 1 for TLW < TLB,
the region of liquid weld metal
immediately ahead of the TLW
solidification front is below TLB
and thus cooler than the liquid
base metal and that the liquid
base metal swept from the layer
into the region can freeze
quickly as peninsulas or islands
without much mixing with the
liquid weld metal. The liquid
base metal remaining in the
layer, which is thin and discon-
tinuous because of weld pool
convection, can solidify into a
thin and discontinuous beach. 

4) The Al-Cu welds
made with TLW > TLB have
shown along the fusion bound-
ary a thick continuous filler-de-
ficient beach that is intruded by
the weld metal, and filler-defi-
cient peninsulas and islands
that are randomly oriented.
The proposed mechanism for
TLW > TLB suggests that the
layer of liquid base metal is
below TLW and thus cooler than
the liquid weld metal and that
the liquid weld metal pushed by
convection into the layer can
freeze quickly into weld-metal
intrusions without much mixing
with the liquid base metal. The
liquid base metal in the space
between the intrusions solidi-
fies in random orientations.
Since the layer must exist re-
gardless of weld pool convec-
tion, it can be thick and contin-
uous and thus can solidify into a
thick and continuous beach. 

5) Conclusions 1–4
show that the proposed mecha-
nisms have been verified by the
Al-Cu welds made with dissimi-
lar filler metals. 

6) The present study
can help guide the selection of

filler metals to minimize macrosegrega-
tion near the fusion boundary in dissimi-
lar-filler welding. First, a filler metal that
makes a smaller change in the liquidus
temperature of the weld metal is likely to

C
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Fig. 9 — Macrosegregation across fusion boundary when TLW
> TLB. A — Transverse micrographs; B — enlarged; C — com-
position profile. Base metal: as-cast Al-33Cu (eutectic). Beach
identical to base metal in composition, i.e., unmixed base metal.

Fig. 8 — Transverse micrographs showing effect
of (TLW – TLB) on thickness of filler metal-
deficient zone (FDZ): A — (TLW – TLB) = 38°C;
B — (TLW – TLB) = 65°C. Base metal: as-cast
Al-33Cu (eutectic).
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cause less macrosegregation. Second, for
the same absolute value of (TLW – TLB), a
filler metal that lowers the liquidus tem-
perature of the weld metal (that is, TLW <
TLB) is likely to cause less macrosegrega-
tion than a filler metal that raises the liq-
uidus temperature of the weld metal (that
is, TLW > TLB).

7) The Al-Cu system is a useful alloy
system for studying solidification and
macrosegregation in dissimilar-filler
welds. The easy-to-recognize microstruc-
tures and easy-to-measure compositions
of pure Al and Al-33Cu eutectic are par-
ticularly helpful.
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Appendix A

Figure A1 shows L the length of the
weld, Ab the area representing the contri-
bution of the base metal to the weld metal,
and Af the area representing the contribu-
tion of the filler metal to the weld metal.

Weight of Cu in weld from base 
metal = (vol-% Cu)base Ab L ρCu
={(wt-% Cu / ρCu) / [wt-% Cu / ρCu
+(100 – wt-% Cu) / ρAl ]}base Ab L ρCu

(A1)

Weight of Cu in weld from filler 
metal = (vol-% Cu)filler Af L ρCu
={(wt-% Cu / ρCu) / [wt-% Cu / ρCu
+(100 – wt-% Cu) / ρAl ]}filler Af L ρCu

(A2)

Weight of Cu in weld = (vol-% Cu)weld
(Ab + Af) L ρCu = {(wt-% Cu / ρCu) /
[(wt-% Cu / ρCu) + (100 – wt-% Cu) / 
ρAl ]}weld (Ab + Af) L ρCu

(A3)

Weight of Cu in weld = weight of Cu
in weld from base metal + weight of
Cu in weld from filler metal

(A4)

Equations A1–A4 can be solved simulta-
neously, and the result is Equation 2.
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Fig. A1 — Schematic showing a section of the
weld (L), the area representing the contribution of
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the weld metal (Af), that is, the transverse cross-
sectional area of the crown.
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