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Al-Cu Welds

in Full-Penetration

Keeping the weld-metal solute content above — not below — the solidification
cracking range can prevent liquation cracking as well as solidification cracking

ABSTRACT. Liguation cracking in the
partially melted zone (PMZ) of full-pen-
etration aluminum welds was investi-
gated, using the simple binary Alloy 2219
{Al-6.3Cu) to gain better understanding.
The PMZ is the region outside the fusion
zone where grain-houndary liquation oc-
curs during welding. The circular-patch
test was used (o evaluate the crack sus-
ceptibility. Gas metal arc (GMA) welds
were made with the weld metal contain-
ing 0.93, 2.32, 3.43, 6.30, and 7.53 wi-%
Cu. The curves ol temperature (7) vs. the
solid fraction (fg) were caleulated for both
the PMZ (same as the base metal) and the
weld metal, The results were as [ollows:
First, at 1.93% Cu liquation crucking was
very severe; at 2.32% Cu liguation crack-
ing deercased but solidification cracking
appeared; at 3.43% Cu liquation cracking
disappeared but solidification cracking
was severe; and at 6.30 and 7.55% Cu nei-
ther type of cracking occurred. Second,
liguation cracking either stopped or did
not occur near solidification eracks.
Third, the Tfy curves did not intersect
euch other and they showed that, for the
welds that liquation-cracked, the weld-
metal f exceeded the PMZ f throughout
PMZ solidification. Three things were
proposed. First, liquation cracking is
caused hy the tensile strains induced in
the soliditying PMZ by the solidifying and
contracting weld metul that cxeced the
PMZ resistance to cracking. Under the
same welding conditions, the tensile
strains in the PMZ increase with increas-
ing weld-metal fg and workpiece restraint,
and the PMZ resistance to cracking de-
creases with increasing liquation. Second,
an aluminum weld metal higher in f5 than
the PMZ throughout PMZ solidificution
can cause liguation cracking if the work-
picee is restrained tightly, the PMYZ is li-
quated heavily, and there is no solidifica-
tion cracking in the adjacent weld metal
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to relax tensile strains in the PMZ. Third,
raising the weld metal solute content be-
yond the solidification-erucking range can
prevent liguation cracking as well as so-
lidification cracking,

Introduction

The partially melted zone (PMZ) is a
region immediately outside the weld
mietal where liguation occurs during weld-
ing because of overheating ahove the eu-
tectic temperature {or the solidus temper-
ature il the workpiece is completely
solutionized before welding) (Ref. 1). This
is illustrated in Fig. |. Since the grain
houndaries are liguated, intergranular
cracking can occur under the tensile
strains induced by welding. Significant
tensile strains are induced in the work-
picce when it is restrained and unable to
contract (due to solidification shrinkage
and thermal contraction) freely upon
cooling during welding. Liguation crack-
ing often oceurs in the PMZ, along the fu-
sion houndary. Aluminum alloys are
known tu be susceptible to liguation
cracking in the PMZ during welding. Li-
quation and liquation cracking in alu-
minum welds have been the subjects of
great interest in welding (Refs, 1-20).

Metzger (Ref. 3) obscrved liquation
cracking in full-penetration gas tungsten
arc {GTA) welds of Alloy 606] made with
Al-Mg filler metals at high dilution ratios,
but not in similar welds made with Al-Si
Mller metals at uny dilution ratios. Thiswas
confirmed by suhsequent studies on 6061
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und similar alloys such as 6063 and 6082
(Refs. 5, 7-12).

Gittos et al. (Ref. 3) used the circular-
patch test (Ref, 21) to study liguation
cracking in an aluminum alloy close to
Alloy 6082 in composition. Liguation
cracking occurred in full-penetration GTA
welds made with the Al-5Mg filler metal at
high-dilution rutios (about 80%) but not
with the AlL5Si filler metal at any dilution
ratios. They proposed that liguation
cracking occurs when the base metal
solidus temperuture is below the weld-
metal solidus temperature.

Katoh et al. (Ref. 7), Kerr et al. (Ref.
8), and Miyazaki et al. (Rel. 9) used the
Varestraint test (Rels. 22, 23) to study li-
quation cracking in GTA and GMA wclds
of 6000 allays (partial penetration). Their
results contradicted the cracking condi-
tion of Gittos et al. (Rel. 5).

Huuang and Kou (Ref. 24) studied li-
quation cracking in partial-penetration
aluminum welds of Alloy 2219, The papil-
lary (nipple) -type penetration common in
GMAW with spray transfer was found to
oscillate along the weld and cause crack-
ing. Various filler metals, including 1100},
2319, 4047, 4145, and 2319 plus extra Cu,
were used but did not climinate liquation
cracking.

Cross and Gutscher (Ref. 25) studied
the effect of Cu and Fe content on the so-
lidification cracking and liquation in Alloy
2519 using a circular-patch test.

The present study demonstrates the sig-
nificant effect of the weld-metal selute con-
tent on liquation cracking in full-
penetration welds. Alloy 2219 is sclected,
not as the suhject of investigation, hut as a
tool for better understanding of liguation
cracking.

Experimental Procedure

The circutar-pateh test (Ref. 21) was
uscd to evaluate the susceptibility to li-
quation cracking. As shown in Fig, 2, the
workpiece was highly restrained (by being
bolted down to a thick stainless steel
plale) in order to prevent it from con-
tracting frecly during welding. This allows
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Fig, 1-— Formation of pariially melied zone next to fusion boundary: A —
top view; B— transverse cross seetion along AA" in A.

cracking to occur and he evaluated.

Alloy 2219-O was welded in the as-
received condition, where the O-temper
stands [or overaging {Ref. 26). The actual
compositions of the alloys and filler met-
als are listed in Table 1.

The workpiece consisted of twa picces.
The outer piece was Alloy 2219, the inner
picce was cither Alloy 2219 or 1100, and
filler metal was Alloy 1100, 2319, or 2319
plus extra Cu. By using different alloys as
the inner piece and the filler metal, the
weld-metal compuesition could be varied
over a widc range.

The outer piece was 102 mm long, 102
mm wide and 3.2 mm thick, with a hole of
11.1 mm diametcr in each corner. The
inncr picce was @ circular patch 57.2 mm
in diameter, with a hole of 12.7 mm at the
center. The gap between the outer and
inner pieces was about 0.25 mm. In one
weld (Weld 2219/1100/1100B), the diame-
ter of the inner piece (the circular paich)
was changed to 50.8 mm to help adjust the
weld-metal compuosition.

The vuter picce was sandwiched he-
tween a capper plate (152 x 152 x 19 mn1)
at the bottom and a copper ring (19 mm
thick, 83-mm 1D, and 152 x 152 mm un the
outside) at the top. The workpiece to-
gether with the copper plate and the cop-
per ring were bolted down tightly to
stainless steel base plate of 203 x 203 x

3.2 mm

mless steel base piate

Fig. 2— Cirenlar-patc!
apparaiis.

ttest, A — Tap view of workpieee; B — side view of

Table 1 — Compositions of Workpiece and Filler Metals in wi-%

Cu Mn My Cr Zn Ti Si Fe zr
Workpiece
1100 0.10 0.01 -— 0.01 _ - (.78 -
2219 6.30 0.33 - —_ n.nl Q.03 0.08 0.12 0.12
Filler Metals
(100 0.08 .ot — —_ 0.02 - 0,08 0.52 —
2319 6.30) 0.30 - 0.15 0.10 (.15 0.18

25.4 mm. The bolts were tightencd with a
torque wiench to the same (orque of 47.5
N-m to ensure consistent restraint condi-
tiuns. A similar design was uscd hy Nelson
et al. (Ref. 27) for assessing solidification
cracking in steel welds.

The workpiece was separated from the
copper plate and the copper ring by wash-
ers (1.6 mm thick, 12.2-mm ID, and 23.5-
mm OD}. Without the washers, it was dif-
ficult to make full-penetration welds
because of the heat sink effect of copper.

The extra Cu was a 99.999%-pure Cu
wire of 1 mm diameter. When it was vsed,
it was positioned in a l-mm-decp groove
of 50.8 mm diameter at the top surface of
the cirenlar pateh. The Cu wire was placed
ina l-mm-wide groove. The extra Cu was
GTA welded first to mell and mix with the
surrounding base metal. The conditions

for GTAW were 16V, 75 A DCEN, and
7.4 mm/s welding speed (based on a rota-
tion speed of 2.8 rpm and diameter of 5008
mm) with Ar shielding. The resultant weld
head was fully penetrating and about 4
mm wide at the top, well within, and thus,
fully incorporated into the subscquent
GMA weld.

The welding parameters for GMAW
were 4,2 mmn/s welding speed (based on a
1.6-rpm rotation speed and a 50.8 mm di-
ameter), 22-V, 140-A average current, and
Ar shielding. The filler wire, 1.2 mm in di-
ameter, was positioned at 25.4 mm from
the center of the workpiece, and was fed
at a speed of 93.1 mm/s. The distance be-
tween the contact tube and workpiece was
about 25.4 mm, and the torch was perpen-
dicular to the workpicee.

The macrostructure and microstruc-
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Fig. 3 — Weld made between Alloy 2219 {outer
piece) and Alloy 1100 {(patch of 57.2 mm diameier)
with filler metal 1100. A — Querview; B — macro-

graph: C — micrograph of area in square in A.

graph; C — micrograph of area in square in B,

Fig. 4 — Weld made between Alloy 2219 (outer Fig. 5 — Weld made between Alloy 2219 {outer
picce) and Alloy 1100 (paich of 50.8 mm diameter)  picee) and Alloy 1100 (patch of 57.2 mum diameter)
with filler metal 1100. A — Overview; B — macro-  with filler metal 2319. A — Overview; B — macro-
graph; C — micrograph of area in square in B.

ture of the resultant welds were examined.
The surfaces of the resoltant welds were
cleaned with a solution of 4& vol-% HF in
H-0. Macrographs of the welds were
taken with a digital eamera. The welds
wcere then scctioned and etched with a so-
lution of 0.5 vol-% HF inwatcr. The trans-
versg cross-sectional area of each weld
was determined with the help of computer
software. The weld microstructure was ex-

@ FEBRUARY 2004

amined with an oplical microscope.

1t has been shown that the composition
of a single-pass GMA aluminum weld is
essentially uniform (Ref. 28). The Lorenz
foree, surface-lension gradients, and
droplet impingement help mix the filler
mectal with the melted base metal (Ref. 1).
Thus, the coneentration of an alloying el-
ement E in the weld metal was calculated
from those in the basc metals and the filler

metal using the following equation:

% element E in weld metal = [{%4£ in
base melal A) xa + (%E in base metal
Byxh + (%E in filler melal C) xc]
fa+b+c) (1)

where the arcasa, b, and ¢ are the areas in
the weld transverse eross section that rep-
rcsent contributions from the base metal



A, base metal B, and filler metal C, re-
spectively. They were determined from
the area and location of the transverse
crass scction of the weld.

Results and Discussion

The percentage contributions from the
inner picee, the outer piece, and the filler
metal to the welds and the resultant weld-
metal compositions are listed in Tahle 2.
The experimental results are summarized
in Tahle 3. For convenience, all welds are
identified with a scrics of three numbers.
The first, second, and third numbers refer
to the outer picce, the inner piece (circu-
lar patch), and the filler metal used, re-
spectively.  For  instance,  Weld
2219/1100/2319 refers to a weld made hy
joining an outer picce of Alloy 2219 to un
inncr picee of Alloy 1100 with a filler
metal of Alloy 2319,

Overvlews: Macrographs and
Micrographs of Welds

There were two 2219/ 1100/1 100 welds.
The one with a circular patch of 57.2 mm
diameter  will  be  called Weld
2219/1100/1100A, and Lthe one (and the
only one in the present study) with a cir-
cular patch of 50.8 mm diameter, called
2219/1 TO0/11008.

Figure 3A is the overview of the top of
Weld 2219/1100/1100A that has been
traced with the help of computer software
from the digital photograph of the weld.
The crucks were marked with thick lines for
clarity. Such an overview was used instead
of the photograph itsell because cracks
were Loo small to see at the magnification
of the overview. The erater at the termina-
tion of welding was included in the figure
hut not the heginning of the weld (at the
three o’clock position of the weld), which
was welded over und replaced by the crater.

Weid 2219/1100/1100A had a weld-
metal composition of Al-0.93Cu. As
shown in Fig. 3A, it suffered from very se-
vere liquation cracking (91% of the weld
outer cdge) und some solidification crack-
ing (13% of the weld length). Figure 3B is
a macrograph of the lower left region of
the weld. Liquation cracking was evident
along the ouler edge of the weld, but there
was no liquation cracking along the inner
edge. In circular-pateh welding, the work-
piece is held tightly against a strong back
(the stainless steel base plate in Fig. 2).
This keeps the weld metal from contract-
ing due to thermal contraction and solidi-
fication shrinkage when it cools. Conse-
quently, the outer edge of the weld is in
tension while Lhe inner edge is in com-
pression. This explains why liguation
cracking was ohserved only along the
auler edge of the weld.
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Fig. 6= Three types of cracking observed. 4 — Pri-
warily liguation cracking B — mixed fignation/so-
lidificaiion cracking; C — primarily solidification
cracking.

Fig. 7 — Cracking at bottom of weld, A — Bottom
sitrface of weld in Fig. 38: B — transverse cross sec-
tion along line “xy. " sketched uceording to wmicro-
grapht ebserved (not shown due 10 spyce linl).

Figure 3C shows the mi-
crostructure inside the small
square in Fig. 3A. The cellu-
lar/dendritic fusion zone was
clearly different from the hi-
quated PMZ. The liquation
crack made a clear-cut sepa-
ration of the two zones along
the fusion boundary. No li-
quation cracking was ob-
served inside the PMZ.

The weld-metal composi-
tion was raiscd to Al-2.32Cu
in Weld 2219/1100/1100B to
reduce liquation cracking. As
shown in Fig, 4A, solidifica-
tion cracking (49% ol the
weld length) was more and li-
quation cracking (28% of the
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Fig. 8 — Aluminumerich side of AI-Cu phase diagram (Ref. 30).

quation/solidification crack-

ing was observed in four regions along the
outer edge of the weld. It is interesting to
note that in each region liqualion cracking
and solidificution cracking did not coexist,
that is, run side by side. Figure 4B shows
crucking in the upper right region of the
weld. 1t is evident thal liquation cracking

stopped at the point where solidification
cracking started. This is prohahly becunse
solidification cracking in the weld metal
reduced the tensile strains in the adjacent
PMZ. significantly. In fact, a similar {rend
also was seen in the upper right region of
Weld 2219/1100/1100A — Fig. 3A.
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‘I'able 2 — Compositions of Weld Metals

Contribution from

Outer Piece

Weld metal { 1) of weld 13.5% from

Contribntion from

Inner Piece Filler Metal

52.3% from 34.2% from

2219/1100/1100A 2219 11060 1100

Weld metal (2) of weld 36.0% from 28.84% from 35.2% from
22191100/ 1 0B 2219 o 1100

Weld metal (3) of weld 21.5% from 46.3% from 32.2% from
2219%/1100/2319 2219 11 2319

Weld metal (4) of weld 635.3% fram 2219 {both 34.7% from
221072219/2319 inner and outer pieces) 2319

Weld metal (5) of weld 63.14% from 2219 (buth 33.52%
2219/2219/2319+ Cu inner and outer pieces) from 23149

Contribution from

Weld-Metal
Composition

Contribution from
Fxtra Cu

— Al-0.93Cu
— Al-2.32Ca
— Al-3.43Cu
— Al-6.30Cu

1.34% from
Cu

Al-7.55Cu

Table 3 — Summary of Experitnental Results

Outer Picee/lnner Picee/Filler Mectal

weld 2219/ Weld 221%
IOK1100A  THR/11008
Weld-metal Al-0L93Cu Al-2.32Cu
composition
Liquation cracking 18.42 5.82
(cm)
Liquation cracking 91 24
(% of weld outer
cdge)
Solidification 2.08 8.26

cracking (em)
Solidification cracking £3 49
(% of weld lengthi)

Weld 2219/ Weld 2219/ Weld 2219/

LHN/2319 2219/2319  221%239+Ca
Al-3.43Cu AL-6.3Cu Al-7.55Cu
No No No
t] ] ]
480 Nn No
6l ] 0

() Weld length = (lenglin ol weld outer edge plus length of weld inner culge )2,

Figure 4C shows the microstructure in
the square of Fig. 4B. The solidification
crack in the fusion zone was connceted to
the liquation crack at the weld interface.
This suggests that liquation cracking can
trigger solidification cracking. However,
solidification cracking can also initiate
within the fusion zone by itself and does
not have to initiate at liquation eracks.

The weld-metal composition was fur-
ther raised to Al-343Cu in Weld
22191 100/2319 1o reduce liquation crack-
ing. Solidification cracking (60% of the
weld length) took over completely, that is,
liquation cracking disappeared. As shown
in the overview in Fig. 5A, solidification
cracking occurred in three different re-
gions of the weld, each crack being about
3 (o 4 em long.

The macrograph in Fig. 5B shows so-
lidification cracking in the upper right re-
gion of the weld. Cracking started from
near the onter edge of the weld, propa-
galed inward, und then followed the weld-
ing dircction.

Figure 5C shows the microsiructure of
the weld inside the square in Fig. 5B, in-
cluding the tip ol the solidilication cruck
near the fusion boundary. Clearly, solidifi-
cation cracking initiated within the weld
metal near the outer edge of the weld, and
there was no liguation cracking in the PMZ,
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As the weld-metal composition was in-
creased  to Al-6.30Cu  in Weld
2219/2219/2319, which is the same as the
composition of Alloy 2219 (Al-6.30Cu),
neilher liquation cracking nor solidilica-
tion cracking occurred except for sone so-
lidification cracking inside the crater.

Finally, as the weld-metal composilion
was increased o Al-7.55Cu in Weld
2219/2219/2319+ Cu. neither liquation
cracking nor salidification craocking ac-
curred, not even in the crater. Figure 6
summarizes Lhe three types of cracking in
the welds discussed above. 1t includes pri-
marily liquation cracking {Fig. 3A), mixed
tiquation/solidification cracking (Fig. 4A),
and primarily solidification crucking —
Fig. 5A.

Locations of Cracking

The tensile strains in the weld are ex-
pected 1o be highest in the regions be-
tween the center of the workpicee and its
four corners because the workpiece was
holted down at the center and near its four
corners — Fig, 2, The weld could not have
becn subjected to uniform constraint dur-
ing welding even if the washers were re-
moved.

When liquation cracking was severe, it
occurred essentially along the enlire weld,

as in the case of Weld 2219/1100/1100A
{919% of the outer weld cdpe, Fig. 3A).
However, when liquation cracking was
fess severe, it appeared to be located more
or less in three regions: between the cen-
ter of the workpicce and its lower left,
upper left, and upper right corners. Weld
2219/1T00/1100B is an example — Fig, 4 A,
The region between the cenler and the
lower right corner was more complicaied
hecause of the overlapping hetween the
beginning and the end of the weld. The
rolling direction did not appear to have a
significant effcet on liquation cracking.

In fact, solidification cracking also ap-
peared to be located more or less in the
same three regions. Weids 2219%1100/1 100A
(Fig. 3A), 221%/1100/1100B (Fig. 4A), and
2219/1100/2319 (Fig. 5A) arc cxamples.
Solidification cracking can be initiated in
a weld metal with a composition highly
susceptible to solidification cracking when
the weld pool enters lhe Lthree regions. As
alrcady mentioned, when solidification
cracks open up in the weld metal, tensile
sirains in the adjacenl PMZ are greatly re-
duced and liguation cracking stops (or
tends not to oecur). This explains why li-
quatinn cracking switched to solidification
cracking in Welds 2219/1100/1100A (Fig.
3A) and 2219/1100/1 1M0B — Fig. 4A.

Bottom View of Liquation Cracking

Figure 7A shows the botiom surltace of
Weld 2219/1100/1 100A. The crack did not
look like liquation eracking because it ran
parallel to but not exactly along the outer
edge ol the weld. 1t did not look like so-
lidification cracking, cither, because it did
not move toward and propagate along the
weld centerline. In fact, this crack was the
bottom of the liquation crack shown in
Fig. 3B.

The transverse cross section along line
“xy” is shown schematically in Fig. 7B.
During welding the molten metal at the
bottom of the weld pool spread over the
hottam surface of the PMZ, that is, the
bottoms of the weld metal and the PMZ
overlapped. The liquation crack along the
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o phase and finally as a
Cu-rich eutectic.
The mechanism of

fusion boundary propagated through the
weld metal and ended up as a major crack
at the bottom weld surlace, while that in
the PMZ also propagated through the
weld metal and ended up as a minor erack
at the hottom weld surface.

Mechanism of Liquation Cracking

Huang and Kou (Refs. 17, 19, 20) stud-
ied the mechanism of liquation in Alloy
2219, Figure 8 sbows the Al-rich side of
tbe Al-Cu pbasc dingram (Ref. 30). Cu-
rich 8 particles are present both along
grain houndaries and within the grain in-
terior. Upon reaching the eutectic tem-
perature, the 8 partieles react with the sur-
rounding ¢ phase to form a eutectic liquid.
Above the eutectic temperature, the eu-

liquation cracking is as
follows. Liguation cracking is caused by
the tensile strains induced in the solidify-
ing PMZ by the solidifying and contract-
ing weld metal that cxceed the PMZ resis-
tance to eracking. Therefore, liquation
cracking requires Lhe presence of both sig-
nificant tensile strains in the PMZ and a
susceptible PMZ micrnstructure.
Significant tensile strains are induced
in the PMZif the adjucent weld metal be-
comes stronger than the PMZ during
PMZ solidification, and if the workpicee is
severely restrained (for instance, in eircu-
lar-patch testing) and thus unable to con-
tracl freely upon cooling. As the weld
metal solidifies. it contructs because of sa-
lidification shrinkage and thermal con-
traction. The solidification shrinkage of
atuminum is as high as 6.6% (Ref. 29). The

thermal cxpansion coeificient of alu-
minum is roughly lwice that of iron-based
alloys. The grain-boundary liquid in the
PMZ, however, does not eontract signifi-
cantly us it solidilies because of its much
smaller volume than the weld pool. Con-
scquently, the solidifying and contracting,
weld metal pulls the adjacent PMZ, The
higher the solid fraction of the weld metal,
the greater its strength and contruction
arc. For a given material, the tensile
strains induced in the PMZ depend on the
welding eonditions, such as the heat input,
welding speed, workpiece thickness, fix-
turing, type of weld (cireular or linear),
and so on. If the weld metal eracks, the
tensile strains in the adjacent PMZ are re-
laxed. Tensile strains can also be imposced
an the PMZ if external forees are applied
to the workpieece during welding (for in-
stance, in Varestraint testing).

A susceptible microstructure is prescnt
ifthc PMZ resistance ta cracking is lowered
by scvere tiquation. Fora given material, the
extent of liquation depends on the welding
condition, such as the welding process, heat
input, and welding speed. Thercfore, for the
same material under the same welding con-
dition, the strength of the weld metal rela-
tive to that of the adjacent PMZ cun have a
significant effect on liquation cracking.
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and solidification can continue far below
the solidus temperature in an equilibrium
phasc diagram. A new condition for liqua-
tion cracking in full-penetration alu-
minum welds is proposed here.

Figurc 9 shows schematically the mi-
crostructure at the fusion boundary. Con-
sider the material at the junction between
the weld pool and the fusion boundary, such
as point Z. Here, the metal is completely
melted both on the side of the weld pool and
the side of the PMZ. As the weld pool trav-
els a little further, the material at this point
falls behind and is now at the position
marked by the line XY. By now, the mater-
ial has been cooling and solidifying. It con-
sists of dendrites and interdendritic liquid
on the weld-metal side, and grains and
grain-boundary liquid on the PMZ side.,

It is proposed that & weld metal higher
in solid fraction and hence strength than the
PMZ throughout PMZ solidification can
cause liquation crackingif: 1) the workpiece
is restrained tightly; 2} the PMZ is liquated
heavily; and 3) there is no salidification
cracking in the adjacent weld metal to relax
the tensile strains in the PMZ. The strength
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shown that the strength
of a semisolid alu-
minum alloy increases
with increasing solid

Fig. 13— Effect of weld-metal solite content ou liguation cracking and so-
lidificationt cracking in full-penetration welds of a binary altuninum alloy
such as 2219 (Al-6.3Cu).

fraction (decreasing
temperature) (Ref. 31).

This condition for
liquation cracking in full-penetration alu-
minum welds is illustrated in Fig. 9. The
PMZ is in tension hecause of the solidify-
ing and contracting weld metal. In the case
shown in Fig. 9A, at the fusion boundary
the weld metal has a lower sclid fraction
and hence strength than the PMZ, which
is only slightly liguated. Consequently, no
liguation cracking occurs. In the case
shown in Fig. 9B, on the other hand, at the
fusion houndary the weld metal has a
higher solid fraction and hence strength
than the PMZ, which is severely liguated.
Consequently, liguation cracking is likcly
to occur.

Effect of Weld-Metal Composition

Figure 10 summarizes the effect of the
weld-metal compaosition on liquation

cracking in full-penetration welds in Alloy
2219, The closer the weld-metal composi-
tion is to pure Al, the more severe liqua-
tion cracking can be. As the weld-metal
Cu content increases, liquation cracking
decreases.

The cffect of the weld-meltal composi-
tion on liquation cracking shown in Fig. 10
will be explained in the next section based
on the curves ol temperature vs. the solid
fruction.

Temparature vs. Solld Fraction

As mentioned previously, equilibrium
solidification does nat exist during weld-
ing and nonequilibrium selidification
needs to be considered. The simplest case
of nonequilibrium solidification is that
represented by the Scheil equation (Ref.
1). If the solidus line und the liquidus line



of the binary phase diagram are assumed
1o be straight lines, the solid fraction £ at
any given temperature 7 can be calcolated
fraom the following Scheil equation;

1

A _(&114

Gy (2)

where C,, is the solute content of the alloy,

C, the composition of the liquid at the

solid/liquid interface at T, and & the equi-

librium partition ratio. It can be shown

(Ref. 32} that the Scheil equation can be
rewritten as

|
,ooie ( r?r;‘JC "

' T =T

L (3)
where m; {< 0)is the slope of the liquidus
ling in the phase diagram, and T, the
melting point of pure aluminum.

Consider first the effect of the weld-
metal composition on liquation cracking
in Alloy 2219 — Fig. 10. According to
Equation 3, al any temperature T the
lower the weld-metal solute content C,,
the greater the solid fraction f; ts. That is,
the stronger the solidifying weld metal be-
comes and causes liquation cracking. This
is consistent with the effect of the Cu con-
tent shown in Fig. 10. That is, the closer
the weld-metal composition is to pure Al,
the higher the susceptibility of Alloy 2219
to liquation cracking is, and the suscepti-
bility decreases as the weld-metal Cu con-
tent increases.

Figure 11 shows the 7-f¢ curves calcu-
lated, hascd on the Scheil equation, for the
PMY. in Alloy 2219 and weld metals of var-
ious Cu contents. As shown, Curve 1 for the
Al-0.93Cu weld metal is well on the higher-
fy; side of Curve 4 for the PMZ (Al-6.3Cu).
This suggests that the weld metal was higher
in salid fraction and hence strength than the
PMZ during solidification. This helps ex-
plain why scvere liquation cracking oc-
curred in Weld 2219/1100/1100A (Weld
metal 1in Fig, 10). Similarly, Curve 2 for the
Al-2.32Cu weld metal was on the higher-fy
side of Curve 4 for the PMZ, and this ex-
plains the liquation cracking in Weld
221110071 100B (Weld metal 2 in Fig, 10},

Curve 3 for the Al-3.43 Cu weld metal
was also on the higher-fy side ol Curve 4
for the PMZ. Surprisingly, liquation
crucking did not occnr (Weld metal 3 in
Fig. 10). This is probably because solidifi-
cation cracking occurred first, and the ten-
sile strains in the adjacent PMZ were thus
reduced significantly before liquation
cracking had a chance to occur. As will be
shown later, Al-Cu alloys are most sus-
ceptible to salidification crucking between
3 and 4% Cu. Since the weld metal was
highly susceptible to solidification crack-
ing and since it reached high solid frac-
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tions before the PMZ, solidification crack-
ing oceurred before liguation cracking.

The T-f¢ curve for the Al-6.3Cu weld
metal coincides with Curve 4 for the PMZ.
Curve 5 for the Al-7.55Cu weld metalis on
the lower-fy side of Curve 4 for the PMZ.
In neither case, the solidifying weld metal
has a higher solid fraction and hencc
strength than the PMZ to cause liquation
cracking. This helps explain why liquation
cracking occurred neither in Weld
221492219/2319 (Weld nietal 4 in Fig. 10)
nor Weld 2219/2219/23194-Cu {Weld
metat 5 in Fig. 10).

Solidification Cracking and
Liguation Cracking

Figure 12 shows the curve of solidifica-
tion cracking vs. composition from
Michaud et al. (Ref. 33) tor the pulsed
laser beum welding of binury Al-Cu alloys,
As shown, the maximum crack suscepti-
bility occurs between 3 and 4% Cu, which
is close to the muximum crack susceptibil-
ity at 3.43% Cu in the present study. As
shown in Fig. 10, reducing liquation crack-
ing by increasing the Cu content can en-
courage solidification cracking. In view of
this, the weld-metal Cu content should be
increascd to beyond 3 to 4% Cu in order
to avond both soliditication cracking and
liquation ¢racking. This is further illus-
traled in Fig. 13 (shaded area).

Comparison with Partial-Penetration
Welds

As already demonstrated, in full-pene-
tration aluminum welds, liquation crack-
ing can be climinated by using filler met-
ats to adjust the weld-metal composition.
As shown by Huang and Kou (Ref. 24),
however, in partiul-penetration welds
made in Alloy 2219, liquation crucking
caused by oscillation of weld penctration
can persist regardless of the filler metal
uscd because penctration oscillation al-
lows the weld metal to solidify and hence
develop strength well ahead of the PMZ
regardless ol the weld-metal composition.
Before 4 new penetration Ironl arrives
and liquates the PMZ grain bounduarics
immediately behind it, much weld mctal
has already been solidifying near these
grain boundaries alter the previous pene-
tration front stopped.

Summary and Conclusions

fn summary, in view of the susceptibil-
ity of many aluminum alloys to liquation
cracking during welding, the present study
was conducled to investigate liquation
cracking in full-penetration aluminum
welds. The simple binary Al-Cu Alloy
2219, which is easier to understand, was

selected for studying liquation cracking.
To test the susceptibility to liquation
cracking, circulur-patch welds were made
by GMAW. To vary the weld-metal com-
position over a wide range., Alloy 2219 wus
welded either to Alloy 1100 or to itself
with [iller metals 1100, 2319, or 2319 with
cxtra Cu. The compositions ol the resul-
tant welds varied from 0.93 to 7.55% Cu.
The macrostructure and microstructure of
the welds were exumined. The curves of
temperature {T) vs. solid fraction (fy),
were calculated for hoth the weld metal
and the PMZ to analyze the competition
between the solidifying weld metal and the
solidifying PMZ.

The conclusions are as follows:

1) Effect of weld-metal composition, | i-
quation cracking can be severe when the
weld-mctal solute content is low and much
lower than the hase-metal solute content
but decreases as the weld-metal solute
content increases.

2) Effect of solidification cracking. So-
lidification cracking can occur if the weld-
metul composition is in the range most
susceptible to solidification cracking. Li-
quation cracking tends to be absent near
soliditication cracks probably because so-
Lidification cracking relaxes the teusile
strains in the nearby PMZ.

3) If curves. The curves for the PMZ
(same as the base metal) and the weld
metal, which can he caleulated bused on
the Scheil equation, do not interseet cach
other in binary-alloy welds such as Al-Cu
welds, They show that for the Al-Cu welds
that liquation-cracked, the weld-metal f5
exceeded the PMZ f throughout PMZ so-
lidification. The curves, especially when
coupled with the data of solidification
cracking vs. composition, help understand
how liquation cracking in full-penctration
aluminum welds can be avaided by adjust-
ing the weld-metal solute content.

&) Mecharnism of liguation cracking, Li-
quation cracking is causcd by the tensike
strains, induced in the solidifving PMZ by
the solidilving und contracting weld metal,
that exceed the PMZ resistance to crack-
ing. Under the same welding conditions,
the tensile strains increase with increasing
weld-metul f5 and workpiece restraint, and
the PMZ resistance to cracking decreuses
with increasing PMZ liquation.

3} Condition for liguation cracking. A
weld metal higher in fg than the PMZ
throughout PMZ solidification can cause
liquation cracking in full-penctration alu-
minum welds if 1) the workpiece is re-
strained tightly; 2) the PMZ is liquated
heavily; and 3) there is no solidification
cracking in the adjacent weld metul 1o
relax the tensile strains in the PMZ. This
condition is different from that of Gittos
and Scott {Rel. 3) based on equilibrium
solidus temperatures, that is, liguation
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cracking occurs when the base-metal
solidus temperuature is below the weld-
metal solidus temperature. Equilibrium
solidification does not exist in welding,

6) Avoiding cracking. In the case of bi-
nary-alloy welds such as Al-Cu welds, in-
creasing the weld-metal solute content to
reduce liquation cracking can encourage
solidilication crucking. Decreasing the
weld-metal solute content to reduce solid-
ification cracking can encourage liquation
cracking. The weld-metal composition
should be adjusted to where both types of
cracking can be avoided, that is, beyond
the solidification cracking range.

7Y Pattern of liquation cracking. Liqua-
tion cracking initiates at, or in the PMZ
near, the outer edge of the weld and prop-
agates along the outer edge.

8) Partern of solidification cracking. So-
lidification cracking initiates in the weld
metal near the outer edge of the weld or
from liquation cracks at the outer edge
and moves inward 1o propagate more or
less along the weld centerline.

9) Liguation cracking at weld bottom.
Al the bottom surface liquation cracking
may nol appear at the outer edge of the
weld as expected but just inside the weld
metat. This can occur if the weld metal
spreads slightly over the bottom surface of
the PMZ, thus allowing liquation cracking
lo propagate through the weld metal and
reach its bottom surface,

10) Comparison with partial-penetration
welds. As demonstrated in the present
study, in full-penetration aluminum welds,
liguation cracking can be climinated by
using filler metals to adjust the weld-metal
composition. In partial-penetration alu-
minum welds, however, liquation cracking
ncar the weld root caused by oscillation of
weld penetration can persist regardless of
the filler metal used because penetration
oscillation allows the weld metal to solid-
ify und hence develop strength well ahead
of the PMZ regardless of the weld-metal
composition (Ref, 24),
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