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Liquation Cracking in 
Full Penetration Al-Si Welds 

Unlike wrought aluminum alloys, the widely used high-Si, Al-Si casting alloys can 
completely backfill and heal liquation cracks in welds regardless of 

the filler metal used 

BY G. CAO AND S. KOU 

ABSTRACT. Liquation cracking was in
vestigated in the partially melted zone 
(PMZ) in welds of Al-Si alloys, which are 
widely used as casting alloys and often rich 
in Si to ensure good castability. Alloy 
A357 (Al-7Si) was selected as an example 
for studying liquation cracking in castings 
repaired or joined by welding. The crack 
susceptibility was evaluated by the circu
lar-patch test, and full penetration, gas 
metal arc welds made with filler metals 
1100 (Al), 4043 (Al-5Si), 4047 (Al-12Si), 
and 5356 (Al-5Mg). The PMZ consisted of 
a dendrites and interdendritic eutectic 
similar to the base metal, and the inter
dendritic eutectic coarsened and became 
a and Si particles in the heat-affected 
zone(HAZ). Liquation cracking was sig
nificant with filler metals 1100 and 5356 
but slight with filler metals 4043 and 4047. 
Based on the multicomponent Scheil 
model and including as many as 10 differ
ent elements, curves of temperature (T) 
vs. fraction solid (fs) were calculated for 
the weld metal and the PMZ, which are 
competing with each other in increasing 
fs, and hence crack resistance. It is pro
posed that liquation cracking can occur if 
the weld-metal fs > the PMZ fs during the 
last 40°C of PMZ solidification before fs 

reaches 0.99 (beyond which there is too lit
tle grain-boundary liquid to cause liqua
tion cracking). It was found that in welds 
with significant liquation cracking (filler 
metals 1100 and 5356), the weld-metal fs 

was significantly higher in the tempera
ture range, while in welds with slight li
quation cracking (filler metals 4043 and 
4047), it was only slightly higher. In all 
welds, liquation cracks were completely 
backfilled and healed, instead of open as 
in full penetration welds of wrought alu
minum alloys, such as Alloys 2219 and 
6061. The T-fs curves showed that, as 
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compared to Alloys 2219 and 6061, Alloy 
A357 had a much higher fraction liquid (1 
- fs) for backfilling before PMZ solidifi
cation was essentially over (fs = 0.99). The 
T-fs curves were also calculated for two 
other high-Si, Al-Si casting alloys, A356 
and 359, and the fraction liquid was high 
before PMZ solidification was essentially 
over, thus suggesting a strong tendency for 
backfilling and healing. 

Introduction 

The partially melted zone (PMZ) is a 
region immediately outside the weld 
metal where liquation occurs during weld
ing because of overheating above the eu
tectic temperature (or the solidus temper
ature if the workpiece is completely 
solutionized before welding) (Ref. 1). 

Liquation cracking in the welds of 
wrought aluminum alloys, including 2000-
and 6000-series alloys, has been investi
gated by many investigators (Refs. 2-22). 
Liquation cracks in full penetration welds 
of wrought aluminum alloys are typically 
open instead of backfilled and healed 
(Refs. 2-5, 19, 20). Unlike Al-Cu and Al-
Mg-Si welds, liquation cracking in welds 
on Al-Si castings has seldom been studied 
although Al-Si alloys are widely used in 
casting. 

Gittos and Scott (Ref. 5) studied liqua
tion cracking in full penetration Al-Mg-Si 
welds made in Alloy 6082. They proposed 
a liquation-cracking theory based on the 
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equilibrium solidus temperature (Ts), that 
is, liquation cracking occurs when the 
weld-metal solidus temperature is higher 
than the base metal solidus temperature. 
While this theory helps understand liqua
tion cracking in Alloy 6082, the use of T s , 
unfortunately, prevents nonequilibrium 
solidification, which prevails in welding, 
from being considered. Contrary to Gittos 
and Scott, Miyazaki et al. (Ref. 9) found 
that in partial-penetration Al-Mg-Si welds 
made in Alloy 6061, the weld-metal 
solidus temperature was lower than the 
base-metal solidus temperature whether 
liquation cracking occurred or not. 

Huang and Kou (Ref. 19) studied li
quation cracking in full penetration Al-Cu 
welds made in Alloy 2219. A necessary 
condition for liquation cracking in full 
penetration Al-Cu welds was proposed. 
That is, the weld metal must be higher in 
fraction solid than the PMZ throughout 
PMZ solidification. This is because the so
lidifying weld metal contracts and pulls 
the solidifying PMZ. Huang and Kou 
(Ref. 20) also studied liquation cracking in 
full penetration Al-Mg-Si welds in Alloy 
6061. A necessary condition for liquation 
cracking in full penetration Al-Mg-Si 
welds was also proposed. That is, the weld 
metal must be higher in fraction solid than 
the PMZ during part of PMZ terminal so
lidification. Since either condition is based 
on the fraction solid, nonequilibrium so
lidification can be considered, cither 
through the basic Scheil model or more 
advanced solidification models that can 
predict T-fs curves more accurately than 
the Scheil model. In the case of Alloy 6061 
(Ref. 20), the following six elements were 
included in the calculation of T-fs curves: 
Al, Cu, Mg, Mn, Si. and Zn. Trace ele
ments Cr, Ti, and Fe were neglected. 

Additional conditions required for li
quation cracking to occur in any full pen
etration welds include (Ref. 20): 1) a sig
nificant tendency for the workpiece to 
contract during solidification, 2) signifi
cant restraint to keep the workpiece from 
contracting freely, 3) significant liquation 
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Fig. 1 — Circular patch test. A — Top view of 
workpiece; B — vertical cross-sectional view of 
apparatus. 

to weaken the PMZ, and 4) no solidifica
tion cracking nearby to relax the strains in 
the PMZ. Liquation cracking is not likely 
to occur in full penetration welds if the 
weld metal has a lower fraction solid than 
the PMZ throughout PMZ solidification. 

Regarding the first additional condi
tion, the workpiece contracts during weld
ing mainly because of solidification 
shrinkage and thermal contraction of the 
weld metal. The solidification shrinkage 
of aluminum is as high as 6.6% (Ref. 23), 
and the thermal expansion coefficient of 
aluminum is roughly twice that of iron-
based alloys. 

Partial penetration aluminum welds 
made with gas metal arc welding and Ar 
shielding often exhibit capillary penetra
tion. Huang and Kou (Ref. 18) found that 
the weld root is not smooth along the 
welding direction but wavy with liquation 
cracks in the areas between waves. A 
mechanism that takes into account pene
tration oscillation was proposed to explain 
liquation cracking in such welds. 

Unlike liquation cracking in wrought 
aluminum alloys, liquation cracking in 
casting aluminum alloys has seldom been 
studied. Welding is routinely used for re
pairing casting defects in aluminum alloys. 
Solidification cracks, cold shuts, and gas 
holes in aluminum castings are often 
closed by repair welding with a filler metal. 
Sometimes, an aluminum casting needs to 
be welded to a wrought aluminum alloy. It 
is essential to ensure that welding does not 
induce liquation cracking. Aluminum al
loys with silicon as a major alloying ingre
dient are by far the most important com-

Fig. 2 — Macrographs of circular patch welds and liquation cracks. A —Alloy A357 welded with filler 
metal 1100 to 1100 patch; B —Alloy 2219 welded with filler metal 1100 to 1100 patch. 

Table 1 • 

1100 
A357 

1100 
4043 
4047 
5356 

— Compositions ofthe Workpiece and Filler Metal (wt-%) 

Si 

0.78 
6.92 

0.08 
5.20 

11.60 
— 

Cu 

0.10 
0.053 

0.08 
0.30 
0.030 
— 

Fe 

— 
— 

0.52 
0.80 
— 
— 

Mg 

Sheets 
— 

0.56 
Filler Metals 

— 
0.05 
0.02 
5.00 

Mn 

0.01 
0.023 

0.01 
0.05 
— 
0.12 

Ti 

— 
— 

— 
0.20 
— 
— 

Zn 

0.01 
— 

0.02 
0.10 
— 
— 

Al 

bal. 
bal. 

bal. 
bal. 
bal. 
bal. 

mercial aluminum casting alloys, primar
ily because of their superior castability 
(Ref. 24). Such alloys are known to have 
good fluidity and high resistance to solidi
fication cracking. The purpose of the pre
sent study was to investigate liquation 
cracking in welds on Al-Si castings. 

Experimental Procedure 

The circular-patch test (Ref. 25) was 
used to evaluate the susceptibility to li
quation cracking. The apparatus is shown 
in Fig. 1. The workpiece was highly re
strained (by being bolted down to a thick 
stainless steel plate) in order to prevent it 
from contracting freely during welding. 
This allowed liquation cracking to occur 
during welding and the crack susceptibil
ity to be evaluated. A similar design was 
used by Nelson et al. (Ref. 26) for assess
ing solidification cracking in steel welds. 

An Alloy A357 billet of 102 mm diam
eter by 300 mm length prepared by casting 
was used. Squares 102 x 102 x 5 mm were 
cut from the billet and milled down from 
5 to 3.2 mm for use as the workpiece. Cir
cular patches were also prepared from the 
same billet with a square edge. 

As shown in Fig. 1, the workpiece of 
Alloy A357 was sandwiched between a 
copper plate at the bottom and a copper 

ring at the top. The copper plate was 152 
x 152 x 19 mm. The copper ring was 19 mm 
thick, with an 83-mm inside diameter, and 
having dimensions of 152 x 152 mm on the 
outside. The workpiece, together with the 
copper plate and the copper ring were 
bolted down tightly to a 25.4 mm-thick 
stainless steel base plate 203 x 203 mm. 
The bolts, located at holes at the center 
and each corner of the workpiece, were 
tightened with a torque wrench to the 
same torque of 47.5 m N to ensure consis
tent restraint on the workpiece. The cen
ter hole was 12.7 mm diameter and the 
corner holes 11.1 mm. The workpiece was 
actually separated from the copper plate 
and ring with 1.6-mm-thick steel washers 
having a 12.2-mm inside diameter and 
23.5-mm outside diameter. Without the 
washers, it was difficult to make full pene
tration welds because of the heat-sink ef
fect of the copper ring. 

Four filler metals were used, 1100, 
4043, 4047 and 5356, all 1.2 mm in diame
ter. In one and only one experiment, a cir
cular patch of base Alloy 1100 was used in 
order to lower the weld metal Si content 
as much as possible, by using filler metal 
1100 for welding. In all experiments, the 
patch had a 57.2-mm diameter, and the 
gap of the square butt joint between the 
outer piece and the patch was about 0.25 
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mm. The compositions of Alloy A357, 
Alloy 1100, and filler metals 1100, 4043, 
4047, and 5356 are all shown in Table 1. 

The apparatus was mounted horizon
tally on a welding positioner to allow rota
tion under a stationary gas metal arc weld
ing (GMAW) gun. Gas metal arc welding 
was conducted with direct current elec
trode positive (DCEP) using a constant 
voltage power supply, and the welding pa
rameters were 4.2 mm/s welding speed 
(based on a 1.6 rpm rotation speed and a 
5.1 cm diameter), 22 V, 140 A average cur
rent, and Ar shielding. The filler metal, 1.2 
mm in diameter, was positioned at 25.4 
mm from the center ofthe workpiece. The 
wire feed speed was 93 mm/s for 1100, 
4043, and 4047, but 114 mm/s for 5356 in 
order to keep the welding current close to 
140 A. The distance between the contact 
tip and workpiece was about 25.4 mm, and 
the welding gun was 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. The transverse 
cross-sectional area of each weld was de
termined with a digital camera and a com
puter using commercial software. 

It has been shown that the composition 
of a single-pass GMA aluminum weld is 
essentially uniform (Ref. 27). The Lorenz 
force, surface-tension gradients, and 
droplet impingement help mix the filler 
metal with the melted base metal (Ref. 1). 
As such, the concentration of an alloying 
clement E in the weld metal was calcu
lated from those in the base metals and the 
filler metal using the following equation 

% element E in weld metal = 
[(% E in base metal ,4) x a + 
{% E in base metal B) x ft + 
(% E in filler metal C)xc]/ 
(a + b + c) 

*lVWIJI!kl;l=H=M:M! 

(1) 

where a, b, and c are the areas in the weld 
transverse cross section that represent 
contributions from the base metal A (the 
outer piece), base metal B (the patch test), 
and filler metal C, respectively. They were 
determined from the area and location of 
the transverse cross section of the weld. 

Results and Discussion 

For convenience, all welds are identi
fied by two numbers, the first referring to 
the workpiece and the second the filler 
metal. For instance, Weld A357/4047 
refers to the weld made in Alloy A357 with 
a filler metal of Alloy 4047. There were 
two welds made in Alloy A357 with filler 
1100, that is, A357/1100A and A357/1100. 
They were made with and without an 1100 
circular patch, respectively. The measured 
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Fig. 3 — Binary Al-Si phase diagram (Ref. 28). 

dilution ratios of the welds are shown in 
Table 2. The weld metal compositions, cal
culated based on the dilution ratios and 
the compositions ofthe workpiece and the 
filler metals, are also shown in Table 2. 

The experimental results will be com
pared with previous studies involving 
wrought aluminum Alloys 2219 and 6061 
(Refs. 19, 20). 

Macrographs of Welds 

Figure 2A shows the macrograph of 
Weld A357/1100A, that is, Alloy A357 
welded to an Alloy 1100 patch with filler 
metal 1100. No open liquation cracks were 
visible. For comparison with a wrought 
alloy weld made in a similar way, weld 
2219/1100A, that is, Alloy 2219 welded to 
an Alloy 1100 patch with filler metal 1100 
(Ref. 19), is shown in Fig. 2B. Open liqua
tion cracks are evident along the outer 
edge of the weld. 

All other welds made in Alloy A357 
had a macrograph similar to that shown in 
Fig. 2A and showed no open cracks. 

Microstructures of Base Metal and HAZ 

For convenience of discussion, the bi
nary Al-Si phase diagram is shown in Fig. 
3 (Ref. 28). As shown, Alloy A357, which 
is approximately a binary Al-6.9Si alloy, is 
hypoeutectic and its as-cast microstruc
ture should consist of an Al-rich a phase 
and an Al-Si eutectic of approximately Al-
12.6SL 

Figure 4A shows a typical microstruc
ture of the base metal of Alloy A357. It 
consists of light-etching equiaxed a den-

Alloy A357 
jr-y J - J ^ Base~metll 

'if* \ 

My m^m • 
yr-y--<w-^g^ 

Fig. 4 — Typical microstructure of Alloy A357. A 
— Base metal; B — heat-affected zone (HAZ); C 
— HAZ enlarged, a, E, and Si denote aluminum-
rich phase, interdendritic eutectic, and Si-rich par
ticles, respectively. 

drites and dark-etching interdendritic Al-
Si eutectic. Figure 4B shows a typical mi
crostructure of the heat-affected zone 
(HAZ). The interdendritic Al-Si eutectic 
in the HAZ was heated to just below the 
eutectic temperature, causing it to coarsen 
and become a aluminum and Si particles, 
as shown in the enlarged HAZ micro
graph in Fig. 4C. 
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Fig. 5 — Overall weld microstructure. A — Alloy A357 welded with filler metal 1100 to 1100 patch; B — Alloy A357 welded with filler metal 5356. PMZ: par
tially melted zone; HAZ: heat-affected zone. 

Table 2 — Weld Metal Dilution Ratios and Compositions (wt-%) Calculated Based on Equation 1 

Weld 
(alloy/filler 
metal) 

A357/1100A 
(weld metal 1) 

A357/1100 
(weld metal 2) 
A357/5356 
(weld metal 3) 
A35 7/4043 
(weld metal 4) 
A357/4047 
(weld metal 5) 

Dilution 
ratio 

13.0% from A357 
47.9% from 1100 
patch 
63.2% from A357 

59.3% from A357 

64.6% from A357 

65.0% from A357 

Si 

1.30 

4.41 

4.10 

6.31 

8.56 

Cu 

0.086 

0.063 

0.031 

0.140 

0.045 

Fe 

0.20 

0.19 

0.28 

Ma 

0.073 

Mn Ti 

0.012 

0.35 

2.37 

0.38 

0.37 

0.018 

0.062 

0.033 

0.015 

0.071 

Zn 

0.013 

0.007 

0.035 

Al 

balance 

balance 

balance 

balance 

balance 

Overall Weld Microstructure 

Figure 5A shows the overall micro
graph of Weld A357/1100A covering from 
the weld metal to the base metal (Alloy 
A357). Liquation cracking was severe in 
the PMZ. However, the cracks appeared 
backfilled and healed. (This is shown 
more clearly in the enlarged micrograph 
in Fig. 6B.) This explains the lack of open 
cracks in the weld macrograph — Fig. 2A. 

Figure 5B shows a similar micrograph 
of Weld A357/5356, that is. Alloy A357 
welded with filler metal 5356. Liquation 
cracking was significant though not as se
vere as that in Weld A357/1100A — Fig. 
5A. Again, the cracks appeared backfilled 
and healed. (This is shown more clearly in 
the enlarged micrograph in Fig. 8B.) 

The overall micrographs of other welds 
are not shown here; however. Weld 
A357/1100 was similar to that of Weld 
A357/5356 (Fig. 5B) and also exhibited 
significant liquation cracking. Welds 
A357/4043 and A357/4047 had much less 

liquation cracking. In fact, liquation crack
ing in these welds was almost negligible. 

Calculation of Temperature vs. 
Fraction Solid 

In order to better understand the in
teraction between the weld metal and the 
PMZ during welding, the T-fs (tempera
ture vs. fraction solid) curves were calcu
lated for the weld metal and the PMZ. A 
computer code Pandat was used, which is 
a software package for calculating multi-
component phase diagrams, solidification 
paths, and thermodynamic properties 
(Ref. 29). PanAluminum was also used, 
which is a thermodynamic database for 
aluminum alloys based on the experimen
tal data of thermodynamic properties and 
phase equilibria (Ref. 30). The software 
and the database have been tested exten
sively against binary and multicomponent 
aluminum alloys (Refs. 31^47). 

The database. PanAluminum, that was 
used consisted of 16 elements, which in

cluded all the following 10 elements in Ta
bles 1-3: Al, Si, Cr, Cu, Fe, Mg, Mn, Ti, Zr, 
and Zn. The Scheil model for multicom
ponent alloys was used as an approxima
tion, but with a temperature-dependent 
equilibrium partition ratio (k) and liq
uidus slope (mL). If necessary, more ad
vanced solidification models can be used 
to calculate the fraction solid more accu
rately than the Scheil model. 

Welds Made with Filler Metal 1100 

The micrographs and T-fs curves of the 
weld metal and PMZ of Weld A357/1100A 
are shown in Fig. 6. The weld metal den
dritic structure (Fig. 6A) is very different 
from the base metal dendritic structure 
(Fig. 4A) though both consisted of a den
drites and interdendritic eutectic. Severe 
liquation cracking is evident in the PMZ 
(Fig. 6B). suggesting that the solidifying 
and contracting weld metal pulled and 
tore the PMZ while the PMZ was solidify
ing. For this to occur, the solidifying weld 
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metal must be much more crack resistant 
than the solidifying PMZ. 

The T-fs curves (Fig. 6C) of the weld 
metal and the PMZ of Weld A357/1100A 
were calculated based on their composi
tions shown in Tables 1 and 2. The weld 
metal and the PMZ were essentially bi
nary alloys of compositions Al-1.30Si and 
Al-6.92Si, respectively. The primary Al 
phase (a) starts to form from the liquid at 
the beginning of a T-fs curve (fs = 0). An 
arrest appears in a T-fs curve when a sec
ondary solid phase also starts to form from 
the liquid, that is, when the liquidus slope 
changes due to intersection with a line of 
two-fold saturation, such as a eutectic val
ley. For instance, in the curve for the PMZ 
of Alloy A357, the Si-rich phase starts to 
form at the first arrest at 573CC and MgnSi 
starts to form at the second arrest at 
555°C. It is assumed that the secondary 
phase will nucleate as soon as such a val
ley is reached, that is, without significant 
undercooling. 

Experimental data show that the 
strength (Refs. 23, 48-51) of a semisolid 
aluminum alloy increases with increasing 
fraction solid (decreasing temperature). 
During welding, the solidifying weld metal 
and the solidifying PMZ are connected to 
each other (at the fusion boundary) and 
under the tensile strains induced by solid
ification shrinkage and thermal contrac
tion. Thus, the one with a higher fraction 
solid is likely to be more crack resistant 
(stronger) under tension if, as an approxi
mation, the secondary effect of the mi
crostructure and grain size on the strength 
or resistance to cracking is neglected. 

Flemings (Ref. 23) pointed out that 
the strength of a semisolid is very low until 
some given fraction of solid is reached, 
usually in the range of 0.2 to 0.4 (approx
imately 0.3). According to the T-fs curve 
of Alloy A357 (Fig. 6C), by the time the 
PMZ cools to about 590°C, its fraction 
solid exceeds 0.3. PMZ solidification is es
sentially over (fs = 0.99) when the tem
perature drops to about 550°C. With fs > 
0.99, there is not likely to be sufficient 
grain-boundary liquid to form continuous 
films to cause liquation cracking. Thus, it 
seems reasonable to focus on the last 40°C 
of solidification before fs reaches 0.99, 
which in the case of A357 is the tempera
ture range of 590-550°C. Incidentally, 
"terminal solidification" refers to the last 
portion of solidification — usually a tem
perature range much narrower than the 
solidification range itself. Since the 40°C 
temperature range is not much narrower 
than the 65°C solidification range 
(615-550°C, again, not counting the final 
1% liquid) of Alloy A357, it is not called 
the terminal portion of solidification in 
the present study. 

It is proposed that liquation cracking is 
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Fig. 6— Alloy A357 welded with filler metal 1100 
to 1100 patch. A — Weld metal; B — PMZ; C — 
T-fs curves calculated using Pandat of Com-
puTherm LLC (Ref. 29). Weld metal fs far exceeds 
PMZfs in pan (shaded) ofthe last 40°C of PMZ 
solidification before f=0.99 (bracketed). 

Fig. 7 — Alloy A357 welded with filler metal 1100. 
A — Weld metal: B — PMZ; C — T-fs curves cal
culated using Pandat of CompuThenn LLC (Ref. 
29). Weld-metal fs significantly exceeds PMZ fs in 
part (shaded) ofthe last 40°C of PMZ solidification 
before fi=0.99 (bracketed). 

likely to occur in the PMZ if, within a sig
nificant portion of its last 40°C of solidifi
cation before fs reaches 0.99, the PMZ be
comes significantly lower in fraction solid, 
and hence resistance to cracking, than the 
solidifying weld metal, which is contract
ing and straining the PMZ. 

As indicated by the T-fs curves (Fig. 
6C), the weld metal becomes much higher 
in fs, and hence crack resistance, than the 
PMZ in the shaded area within the tem
perature range 590-550°C (bracketed). 
This explains the presence of severe liqua
tion cracking in the PMZ of Weld 
A357/1100A. 

The PMZ microstructure (Fig. 6B) 
shows that liquation cracks appeared to be 
completely filled with eutectic. This sug
gests that sufficient liquid was present in 
the PMZ to backfill and heal the cracks 
when they were formed. According to the 
PMZ T-fs curve (Fig. 6C), at about 575°C 
there still exists approximately 52% liquid 
in the PMZ even though the weld metal 
has reached about 90% solid. 

In Weld A357/1100A, the region of the 
weld metal adjacent to the PMZ appeared 
to be depleted of eutectic, as evident from 
the right-half of the micrograph in Fig. 6 A. 
This region is also visible in Fig. 5A. It is 

WELDING JOURNAL 



I l l IW=JIJI!M;!=M=M;M! J t u i l l i l . l i 11 

Weld A357/5356 
- ' y ^ -we ld metal 3 - ^ 

Tie 

o 

640 

620 

2 600 

560 

540 

520 

A357 
(PN 1Z ) \ 

weld 
s 

metal 

(C) 

-

3 

\ 

1\ N 
• 4 ^^~ \ 
i / i N 

/ 
weld-metal fs > PMZ 
— • significant liquati 

cracking 

fs J 
Dn 

0.2 0.4 0.6 0.8 
Fraction solid, fs 

fig. 8—Alloy A357 welded with filler metal 5356. 
A — Weld metal; B — PMZ; C — T-fs curves cal
culated using Pandat of CompuTherm LLC (Ref. 
29). Weld metal fs significantly exceeds PMZfs in 
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Fig. 10 — Alloy A357 welded with filler metal 
4047. A — Weld metal; B — PMZ: C — T-fs 

cunes calculated using Pandat of Compu Therm 
LLC (Ref. 29). Weld metalfsslightly exceeds PMZ 
fs in part (shaded) ofthe last 40°C of PMZ solid
ification beforefi=0.99 (bracketed). 

likely that the interdendritic liquid in the 
weld metal next to the PMZ flowed into 
the PMZ to compensate for the PMZ liq
uid that flowed to feed the cracks. This 
weld-metal interdendritic liquid was, in 
turn, compensated by the weld pool liquid 
near the pool boundary. Since the weld 
pool liquid was much leaner in solute than 
the weld metal interdendritic liquid, it 
caused a drop in the local average solute 
content of the weld metal (C0), that is, av
eraged over local dendrites and interden
dritic liquid. This caused the local fraction 
eutectic (fE) to decrease as can be seen 
from the following form of the Scheil 

equation for binary alloys (Ref. 1) 

I** (2) 

where k is the equilibrium partition ratio 
and C f is the solute content of the eutec
tic. 

The micrographs and T-fs curves of the 
weld metal and PMZ of Weld A357/1100 
are shown in Fig. 7. The weld metal den
dritic structure (Fig. 7A) is much finer 
than the base metal dendritic structure 
(Fig. 4A), thus reflecting the much higher 

cooling rate in welding than in casting. Sig
nificant liquation cracking is evident in the 
PMZ (Fig. 7B), suggesting that the weld 
metal was significantly more crack resis
tant than the PMZ. 

As shown by the calculated T-fs curves 
(Fig. 7C), the weld metal is significantly 
higher in fs, and hence crack resistance, 
than the PMZ in the shaded area within 
the temperature range 590-550°C. This 
explains the presence of significant liqua
tion cracking in the PMZ. However, the 
difference between the weld metal fs and 
the PMZ fs is significantly less here than 
in the case of Weld A357/1100A — Fig. 
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Fig. 11 — T-fs curves explaining the much greater 
backfilling tendency of casting Alloy A357 than 
wrought Alloys 2219 and 6061. At about 25°C be
fore solidification is essentially over (fs = 0.99), 
much more liquid is left for backfilling in A357 
(52%) than in 2219 (13%) and 6061 (4%). 
Curves calculated using Pandat of CompuTherm 
LLC (Ref. 29). 
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Fig. 12 — T-fs curves explaining the strong back
filling tendency of three high-Si, Al-Si casting al
loys. At about 25°C before solidification is essen
tially over (fs = 0.99), much liquid is still available 
for backfilling in A356 (52%), A357 (52%), and 
359 (69%). Curves calculated using Pandat of 
CompuTherm LLC (Ref. 29). 

6C. This is because the difference between 
the weld metal composition (essentially 
Al-4.41 Si) and the base metal composition 
(essentially Al-6.92Si) is less than in the 
case of Weld A357/1100A (essentially Al-
1.30Si for the weld metal and Al-6.92Si for 
the base metal). Consequently, significant 
liquation cracking occurred in Weld 
A357/1100 (Fig. 7B) but not as severe as in 
Weld A357/1100A (Fig. 6B). 
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Weld Made with Filler Metal 5356 

The micrographs and T-fs curves of the 
weld metal and PMZ of Weld A357/5356 
are shown in Fig. 8. Again, the weld metal 
dendritic structure (Fig. 8A) was much 
finer than the base metal dendritic struc
ture — Fig. 4A. Again, the PMZ dendritic 
structure shows significant liquation 
cracking (Fig. 8B), suggesting that the 
weld metal was significantly more crack 
resistant than the solidifying PMZ. 

The calculated T-fs curves (Fig. 8C) 
shows that the weld metal is significantly 
higher in fs, and hence crack resistance, 
than the PMZ in the shaded area within 
the temperature range 590-550°C, which 
explains the presence of significant liqua
tion cracking in the PMZ. The weld metal 
is lower in fs than the PMZ from about 555 
to 570°C but is significantly higher than 
the PMZ above approximately 575°C. Ac
cording to the proposed model, this sug
gests that liquation cracking occurred in 
the PMZ above this temperature. 

Welds Made with Filler Metals 
4043 and 4047 

The micrographs and T-fs curves of the 
weld metal and PMZ of Weld A357/4043 
are shown in Fig. 9. The weld metal den
dritic structure (Fig. 9A) is again much 
finer than the base metal dendritic struc
ture — Fig. 4A. The PMZ dendritic struc
ture (Fig. 9B) exhibited a slight degree of 
liquation cracking. This suggests that the 
solidifying and contracting weld metal was 
slightly more crack resistant than the so
lidifying PMZ. 

Within the temperature range 590-
550°C (Fig. 9C), the weld metal can be 
slightly higher in fs, and hence crack resis
tance, than the PMZ, although the differ
ence in fs is reversed below 555°C. The 
combination of this small difference in fs 

and the ductile equiaxed-grain structure 
of the PMZ explains the slight liquation 
cracking in the PMZ of Weld A357/4043. 
As shown in Table 1, filler metal 4043 con
tained 0.2% Ti, and this caused Al3Ti pre
cipitation at the early stages of solidifica
tion, at approximately 641°C. 

The micrographs and T-fs curves of the 
weld metal and PMZ of Weld A357/4047 

are shown in Fig. 10. The liquation crack
ing exhibited by this weld was very small 
and the PMZ microstructure (Fig. 10B) 
looked very similar to the base-metal mi
crostructure — Fig. 4A. According to the 
calculated T-fs curves (Fig. 10C), the weld 
metal is slightly higher in fs, and hence 
crack resistance, than the PMZ from 
575-555°C, which is within the tempera
ture range 590-550°C. This small fs differ
ence, in conjunction with the ductile 
equiaxed-grain structure of the PMZ, ex
plains the slight degree of liquation crack
ing in the PMZ of Weld A357/4047. Above 
about 575°C the weld metal is lower in fs 

than the PMZ. 

Casting Alloy A357 vs. Wrought Alloys 
2219 and 6061 

As mentioned previously, Huang and 
Kou (Ref. 19) reported open liquation 
cracks along the outer edge of the weld in 
wrought aluminum Alloy 2219 welded 
with filler metal 1100 to an 1100 patch 
(Fig. 2B) and 6061 welded with filler metal 
5356 (Ref. 20). In contrast, liquation 
cracks in casting aluminum Alloy A357 
welded with filler metal 1100 to an 1100 
patch (Figs. 2A, 5A, and 6B) and welded 
with filler metal 5356 (Figs. 5B and 8B) 
were closed and healed by backfilling. In 
order to explain this striking difference, 
the T-fs curves of Alloys 2219 and 6061 
were also calculated based on their com
positions shown in Table 3. 

According to the calculated T-fs curves 
shown in Fig. 11, the PMZ of Alloy A357 
has as much as 52% liquid at 575°C, that is, 
25°C before solidification is essentially 
over at 550°C (fs = 0.99). The PMZ of 
Alloy 2219, on the other hand, has only 
13% liquid at 554°C, that is, 25°C before 
solidification is essentially over at 529°C (fs 

= 0.99). Thus, backfilling of PMZ cracks 
can be expected to be significantly more 
difficult in Alloy 2219 than in A357. As 
shown in Table 3, Alloy 2219 contained 
0.12% Zr particles, which suggests that 
Al3Zr particles are present prior to solidi
fication. 

As for Alloy 6061. the PMZ has as little 
as 4% liquid at 565°C. that is, 25°C before 
solidification is essentially over at 540°C (fs 

= 0.99). As such, backfilling and healing of 
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PMZ cracks can be expected to be far more 
difficult in Alloy 6061 than in A357. 

Other Si-rich Al-Si Casting Alloys 

Two other popular Si-rich casting al
loys, A356 and 359 (Ref. 52), were also 
studied based on their PMZ T-fs curves. 
Theses curves are shown in Fig. 12. The 
curves were calculated based on the com
positions shown in Table 3. The T-fs curve 
of A356 is close to that of A357. This sug
gests that its tendency to backfill liquation 
cracks is expected to be essentially as high 
as Alloy A357. At 25°C before solidifica
tion is essentially over (fs = 0.99). that is. 
at 575°C, there is still as much as 69% liq
uid available for backfilling in Alloy 359, 
as compared to 52% in Alloy A357. This 
suggests that Alloy 359 has an even 
stronger tendency to backfill liquation 
cracks than Alloy A357. 

Hence, when welded with filler metals 
1100 or 5356, Si-rich casting Alloys A356 
and 359 are expected to be susceptible to 
liquation cracking but the cracks are likely 
to be healed by backfilling, as in the case 
of Alloy A357. 

High-Si, Al-Si alloys containing more 
than 1 % Cu can solidify over a much wider 
temperature range, that is. with solidifica
tion extending to a significantly lower tem
perature than those without Cu. Further 
studies are needed to evaluate the liqua
tion cracking of these alloys. 

Conclusions 

The present study was conducted to in
vestigate liquation cracking in full pene
tration Al-Si welds. Alloy A357 (Al-7Si) 
was selected because high-Si. Al-Si alloys 
are widely used as casting alloys due to 
their good fluidity and high resistance to 
solidification cracking. Liquation cracking 
can occur in such alloys when welding is 
used to close defects (such as solidification 
cracks, cold shuts, and gas holes) in cast
ings or join castings to wrought aluminum 
alloys. In this study, the circular patch test 
was used to evaluate the liquation crack
ing susceptibility. Full penetration, gas-
metal arc welds were made with filler met
als 1100 (Al), 4043 (AloSi), 4047 
(Al-12Si), and 5356 (Al-5Mg). Liquation 
cracking in the partially melted zone was 
examined experimentally and explained 
based on the calculated solid volume frac
tion established during solidification. 

The conclusions derived from casting 
Alloy A357, which are believed to be also 
valid for high-Si, Al-Si casting Alloys A356 
and 359, are as follows: 

1) The partially melted zone (PMZ) in 
welds of high-Si, Al-Si casting alloys con
sists of a dendrites and interdendritic eu
tectic similar to the base metal. In the 

heat-affected zone, the interdendritic eu
tectic coarsens and becomes Al-rich a and 
Si particles upon heating to below the eu
tectic temperature. 

2) Filler metals 1100 and 5356 are 
much more likely to cause liquation crack
ing in the PMZ of high-Si, Al-Si casting al
loys than filler metals 4043 and 4047. This 
suggests the use of filler metals 4043 and 
4047 for repairing castings of these alloys 
by welding. 

3) Severe liquation cracking can occur 
when welding high-Si. Al-Si casting alloys 
to Alloy 1100, especially when using filler 
metal 1100. This suggests that welding 
castings of these alloys to Alloy 1100 
should be avoided. If this is not possible, 
filler metal 4047 should be used instead of 
filler metal 1100. 

4) The tendency for liquation cracking 
to occur in the PMZ of high-Si. Al-Si cast
ing alloys increases with decreasing Si con
tent in a binary Al-Si weld metal. In other 
words, the tendency for liquation cracking 
increases in the order of filler metals 4047, 
4043. and 1100. It increases further when 
welding these alloys to Alloy 1100 with 
filler metal 1100 because of a further de
crease in the weld metal's Si content. 

5) It is proposed that liquation crack
ing is likely to occur in the PMZ if. within 
the last 40°C of solidification before fs 

reaches 0.99, the PMZ becomes signifi
cantly lower in fs. and hence resistance to 
cracking, than the solidifying weld metal, 
which contracts and strains the PMZ. For 
Alloy A357, this temperature range is 
590-550°C. 

6) Curves of temperature (T) vs. frac
tion solid (fs) have been calculated for 
both the PMZ (same as the base metal) 
and the weld metal of high-Si. Al-Si cast
ing alloys using the multicomponent 
Scheil model of solidification that in
cluded the following ten elements: Al, Si, 
Cr, Cu. Fe. Mg. Mn, Ti, Zr, and Zn. 

7) With filler metals 1100 and 5356, the 
weld metal that is solidifying, contracting, 
and straining the solidifying PMZ can be 
significantly higher in fs (and hence crack 
resistance) than the PMZ within the tem
perature range of 590-550°C. This ex
plains the significant liquation cracking 
observed in high-Si, Al-Si casting alloys 
welded with filler metals 1100 and 5356. 

8) When welding high-Si, Al-Si casting 
alloys to Alloy 1 lOOwith filler metal 1100, 
the weld metal can be much higher in fs 

(and hence crack resistance) than the 
PMZ fs within the temperature range of 
590- 550°C. This explains the severe li
quation cracking in these welds. 

9) With fillermetals 4043 and 4047, the 
weld metal can be only slightly higher in fs 

(and hence crack resistance) than the 
PMZ within the temperature range of 
590-550°C. The combination of this small 

difference in fs and the ductile equiaxed-
grain structure of the PMZ explains the 
slight liquation cracking in high-Si, Al-Si 
casting alloys welded with filler metals 
4043 and 4047. 

10) Liquation cracks in full penetration 
welds of high-Si, Al-Si casting alloys tend 
to be completely backfilled and thus 
healed — contrary to the open liquation 
cracks in full penetration welds of wrought 
aluminum alloys such as 2219 welded with 
filler metal 1100 and 6061 welded with 
filler metal 5356. Furthermore, complete 
backfilling and healing can occur in welds 
of high-Si. Al-Si alloys regardless of the 
filler metal used. 

11) T-fs curves show that before PMZ 
solidification is essentially over (fs = 
0.99), the fraction liquid (1 - fs) is much 
higher in high-Si. Al-Si casting alloys than 
in Alloys 2219 and 6061. This suggests that 
much more liquid is available for backfill
ing and healing of liquation cracks in high-
Si, Al-Si casting alloys. This explains why 
open liquation cracks are present in alloys 
2219 and 6061, but not in high-Si. Al-Si 
casting alloys. 
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