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Liquation Cracking in Partial-Penetration 
Aluminum Welds: Effect of Penetration 

Oscillation and Backfilling 
Surprisingly, the papillary- (nipple-) type penetration common in aluminum welds 

can oscillate along the weld and promote cracking that can be 
difficult to eliminate with filler metals 

BY C. HUANG AND S. KOU 

ABSTRACT. Aluminum alloys are sus- 
ceptible to liquation cracking in the par- 
tially melted zone (PMZ), where grain 
boundary (GB) liquation occurs during 
welding. Liquation cracking near the weld 
root in partial-penetration aluminum 
welds was investigated. Gas metal arc 
welding (GMAW) with Ar shielding was 
conducted on binary AI-Cu Alloy 2219. 
Filler metals of various Cu and Si contents 
were used, including 1100, 2319, 4145, 
4047, and 2319 plus extra Cu. The results 
were as follows. First, the papillary type 
penetration common in aluminum 
GMAW was observed and it oscillated up 
and down, resulting in a wavy weld root 
along the weld. Second, liquation cracking 
was observed in welds with penetration os- 
cillation but not in welds without. Third, li- 
quation cracking most often occurred in 
between waves of the wavy weld root. 
Fourth, changing the filler metal did not 
eliminate liquation cracking. Fifth, the 
PMZ grains near the weld root were de- 
formed, suggesting that weld metal solidi- 
fication induced localized tensile stress/ 
strain in the liquated PMZ near the weld 
root. Sixth, a mechanism was proposed to 
explain the effect of penetration oscilla- 
tion: the PMZ GBs near the weld root im- 
mediately behind the oscillating penetra- 
tion front of the weld pool are both in 
tension and liquated, and cracking can 
occur if liquation is significant. Seventh, 
highly alloyed filler metals that delay weld 
metal solidification (4145, 4047, and 2319 
plus extra Cu) resulted in large liquation 
cracks backfilled with much eutectic-rich 
material. Eighth, a mechanism was pro- 
posed to explain the large cracks: backfill- 
ing of cracks by an abundant solute-rich 
interdendritic liquid from the nearby weld 
metal can cause melting around the cracks 
and worsen GB liquation and, hence, li- 
quation cracking, which in turn increases 
backfilling. 

C. HUANG is a Graduate Student at, and S. KOU 
is a Professor and Chair of, the Department of  Ma- 
terials Science and Engineering, University of  Wis- 
consin-Madison, Madison, Wis. 

Introduction 

The partially melted zone (PMZ) is the 
region immediately outside the fusion 
zone, where liquation occurs during weld- 
ing because of heating above the eutectic 
temperature (or the solidus temperature if 
the workpiece is completely solutionized 
before welding) (Ref. 1). Liquation can 
occur along the grain boundary (GB) as 
well as in the grain interior. Grain bound- 
ary liquation can cause cracking in the 
PMZ. PMZ cracking has also been called 
edge-of-weld cracking (Ref. 2), base- 
metal cracking (Ref. 3), hot cracking (Ref. 
4), heat-affected zone cracking (Ref. 5), 
and liquation cracking (Ref. 6). The name 
liquation cracking is used in the present 
study. 

Aluminum alloys are known to be sus- 
ceptible to liquation cracking in the PMZ 
during welding. Liquation cracking in alu- 
minum welds has been a subject of great 
interest in welding (Refs. 1-16). 

Huang and Kou (Refs. 16-20) recently 
studied PMZ liquation in the welds of Al- 
loys 2219, 2024, 6061, and 7075, including 
the liquation mechanisms, GB solidifica- 
tion, GB segregation, and PMZ weaken- 
ing caused by GB segregation. Alloy 2219 
is used to investigate liquation cracking in 
the present study. 

Metzger (Ref. 3) reported the effect of 
the weld metal composition on liquation 
cracking in aluminum welds. Liquation 
cracking occurred in full-penetration gas 
tungsten arc (GTA) welds of Alloy 6061 
made with Al-Mg fillers at high dilution 
ratios but not with AI-Si fillers at any dilu- 
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tion ratios. Metzger's study has been con- 
firmed by subsequent studies on 6061 and 
similar alloys such as 6063 and 6082 (Refs. 
5, 7-12). 

Gittos and Scott (Ref. 5) conducted the 
circular-patch test (Ref. 21) on an alu- 
minum alloy close to Alloy 6082 in com- 
position. Full-penetration GTA welds 
were made with filler metals of Al-5Mg 
and Al-5Si. As in the study of Metzger 
(Ref. 3), liquation cracking occurred in 
the welds made with the Al-5Mg filler at 
high dilution ratios (about 80%) but not in 
the welds made with the Al-5Si filler at any 
dilution ratios. 

Katoh et al. (Ref. 7), Kerr et al. (Ref. 
8), and Miyazaki et al. (Ref. 9) conducted 
the Varestraint test (Refs. 22, 23) on 6000- 
series alloys including Alloy 6061. Partial- 
penetration GTA and gas metal arc 
(GMA) welds were made. Longitudinal li- 
quation cracking occurred with a 5356 
filler but not with a 4043 filler. 

The present study deals with liquation 
cracking near the weld root in partial- 
penetration aluminum welds, focusing on 
the effect of penetration oscillation and 
backfilling on liquation cracking. The sim- 
ple binary Al-Cu Alloy 2219 was selected 
to help understand liquation cracking 
more easily. However, similar cracking 
has also been observed in multicompo- 
nent aluminum alloys and the results will 
be reported elsewhere. Liquation cracking 
in full-penetration aluminum welds will 
also be reported elsewhere (Ref. 24). 

Experimental Procedure 

The workpiece was Alloy 2219-T851. 
"T8" stands for solution heat treating and 
cold working, followed by artificial aging, 
and "Tx51" stands for stress relieving by 
stretching (Ref. 25). The actual composi- 
tions of the alloys are listed in Table 1 
along with those of the filler metals. The 
workpiece was 20 cm long (8 in.), 10 cm 
wide (4-in.), and 9.5 mm thick (~ in.). It 
was welded in the as-received condition. 

Bead-on-plate GMAW was carried out 
perpendicular to the rolling direction of 
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the workpiece. Figure 1 shows that the 
workpiece was neither clamped down to 
any fixture nor subjected to any aug- 
mented strains such as bending. It simply 
rested on the top of two aluminum sup- 
ports mounted on a carriage. A semiauto- 
matic welding gun was mounted on a sta- 
tionary support and the workpiece moved 
at a constant speed under the gun. 

The welding parameters were 7.41- 
mm/s (17.5-in./min) travel speed, 30-V arc 
voltage, 250-A average current, and Ar 

shielding. The wire diameter was 1.2 mm 
(-V~ in.) and the feed rate was 18.6 cm/s 
(440 in./min). The contact tube to work- 
piece distance was about 12.7 mm (0.5 in.), 
and the torch was held perpendicular to 
the workpiece. 

The filler metals were 1100, 2319, 4145, 
4047, and 2319 plus extra Cu. Filler metal 
1100 has essentially no Cu, and the match- 
ing filler 2319 has as much Cu as Alloy 
2219. Filler metal 4145 has about 4 wt-% 
Cu and 10 wt-% Si, and filler metal 4047 

workp.iece . 
unreszralneo 

. . ~  torch ~-~ 

Fig. 1 - -  Welding with workpiece unrestrained to 

avoid interfering with interaction between the weld 

metal  and partially melted zone during welding. 

Fig. 2 - -  Weld made  with .tiger metal  1100: A - -  transver~'e macro- 

graph; B - -  longitudinal macrograph; C - -  longitudinal micrograph; 

D - -  transverse micrograph. 

Fig. 3 - -  Weld m a d e  with filler metal  2319: A - -  transverse macro- 

graph; B - -  longitudinal macrograph; C - -  longitudinal micrograph; 

D - -  transverse micrograph. 
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vavy weld root,~.. 
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Fig. 4 - -  Weld  m a d e  wi th  f i l l e r  m e t a l  4145." A - -  t ransverse  m a c r o -  

graph;  B - -  l ong i t ud ina l  m a c r o g r a p h ;  C - -  l ong i t ud ina l  m i c r o g r a p h ;  

D - -  t ransverse  micrograph .  

Table 1 - -  C h e m i c a l  C o m p o s i t i o n s  of the Workpiece and Welding W i r e  in  W t - %  

Fig. 5 - -  We ld  m a d e  wi th  f i l ler  m e t a l  4047:  A - -  t ransverse  m a c r o -  

graph;  B - -  l o n g i t u d i n a l  m a c r o g r a p h ;  C - -  l o n g i t u d i n a l  m i c r o g r a p h ;  

D - -  t ransverse  mtcrograph .  

Si Cu Mn Mg Cr Zn Ti Fe Zr 
Workpiece 

2219 0.09 6.49 0.32 0.01 - 0.03 0.06 0.14 0.13 
Filler Metals 

1100 0.08 0.08 0.01 - - 0.02 - 0.52 - 
2319 0.10 6.30 0.30 - - - 0.15 0.15 0.18 
4145 9.9 3.9 0.01 0.05 0.01 0.04 - 0.2 - 
4047 11.6 0.03 - 0.02 - - - 0.2 - 

h a s  a b o u t  12 w t - %  Si. T h e  ex t r a  C u  was  a 
pa i r  o f  C u  wi res  o f  99.999 w t - %  pur i ty  a n d  
1 m m  d i a m e t e r  t ha t  w e r e  p o s i t i o n e d  in a 2- 
m m - w i d e  by  1 - m m - d e e p  r e c t a n g u l a r  
g r o o v e  a l o n g  t he  c e n t e r l i n e  o f  t h e  w o r k -  
p i ece  su r f ace .  T h e  C u  wi res  w e r e  ga s  t u n g -  
s t e n  a r c  w e l d e d  ( G T A W )  t h r e e  t i m e s  to  
m e l t  a n d  mix  w i th  t h e  s u r r o u n d i n g  b a s e  
me ta l .  T h e  c o n d i t i o n  fo r  G T A W  was  14 V, 
160 A ,  D C  e l e c t r o d e  n e g a t i v e ,  a n d  4.2-  
m m / s  ( 1 0 - i n . / m i n )  t r ave l  s p e e d  w i t h  A r  

lil'I.'l~"! JULY 2003 



. . . .  " ' .  - ,.~ ~ ~ " .  , ~ , . ~ Z , ~  . 

weld,nq d,rect,on i¢'~: ~ - . ~ , ~ . ' £ r . ¢ d ' : ~  ~, - 

100#ml-..pMZ _,:". ?,:.z . .•. eutectic,, L..j---:., 

Fig. 6 - -  Weld made with filler metal 2219 phts extra Cu: A - -  trans- 

verse macrograph; B - -  longitudinal macrograph; C - -  longitudinal 
micrograph; D - -  transverse micrograph. 

. . . . . . .  ~ , ~ . ~  ~ , ~ k . ~  " . . . .  

welo~ng d~recuon l!~;eWeld.~.t-~2j~ ~ ~ ,  ~ 

® 

Fig. 7 - -  Smooth weld made with filler metal 2319 without papifla~y 
penetration and liquation cracking: A - -  transverse macrograph; B 

- -  longitudinal macrograph; C - -  longitudinal micrograph; D - -  
transverse micrograph. 

shielding. The resultant weld bead was 
about 6 mm wide at the top and 4 mm 
deep, which was well within the GMA 
weld made subsequently with filler metal 
2319 in order to include all the extra Cu 
into the GMA weld. 

A workpiece 20 cm long (8 in.), 10 cm 
wide (4 in.), and 7.9 mm thick (~, in.) was 
also welded. The welding parameters were 
7.20-mm/s (17-in./min) travel speed, 
26.5-V arc voltage, 195-A average current, 

and Ar shielding. The welding wire was a 
1.2-mm-diameter wire of Alloy 2319, and 
the wire feed rate was 13.5 cm/s (320 
in./min). The contact tube to workpiece 
distance was 25.4 mm (1 in.), and the torch 
pointed forward at a 15-deg angle from 
the vertical line instead of vertically down. 

The resultant welds were cut, polished, 
and etched with a solution of 0.5 vol-% HF 
in water for microstructural examination 
by optical microscopy• Transverse cross 

sections of the welds were taken with a 
digital camera• 

The concentration of any element, E, 
in the weld metal was calculated as fol- 
lows: 

%E in weld metal = 
(%E in base metal) x lab~ (A h + ~If)] 

+ (%E in filler metal) x [Af / (.4 h + Af)] 
(1) 

where A b and A f  are the areas in the weld 
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much weld metal 
solidifying, contracting fusion 
and pulling PMZ boundary 

• ",,, 

- '  t ed" ""~ - ~  g ",~ n-hq ua / " \  direction 
B \ - G B s  / / "  \ \  

area of both GB liquation liquation 
and tensile stress/strain cracking 

little weld me al solidifying 

= '  at/e .e. i -l iqu d 
- G B s  / 

"~ L / ro ling direction 
/ \ 

area of GB liquation and b~ttom of 
little tensile stress/strain workpiece 

Fig. 8 - -  Localized stress~strain in the partially melted zone (PMZ) in the transverse cross section o f  a 
solidifying weld pool traveling perpendicular to the rolling direction. A - -  Papillary penetration; B - -  
smooth weld bottom. 

o~ 700 

60o 
580 
500 

E 
~- 400, 
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4.0 (2219/1100) 

=(6.5 (221912319) L 
r tS4~--8.4 (2219/2319+Cu) ~ 33.2 

~5 c t + 0 - ~  L at T E = 5 4 8  ° C  

.65 0(AI2Cu)"= 
I I  
I I  0 t + e  
I I  

300 .l.J.J ............................................ 
0 10 20 30 40 50 
AI Weight Percent Copper 

Fig. 9 - -Aluminum-r ich  side o f  AI-Cu phase di- 
agram (Ref. 38). 

transverse cross section that represent  
contributions from the base metal and 
filler metal, respectively. The ratioA b / (A b 
+ A f )  is the dilution ratio. AreasA b andAf 
were determined from the transverse 
macrograph by using commercial  com- 
puter software. 

Results and Discussion 

Characteristics of Weld Penetration 

Figures 2 through 6 show the results of 
the bead-on-plate welds made in the 9.5- 
mm (k-in.) workpiece with various filler 
metals. The transverse macrographs of the 
welds in Figs. 2A through 6A show a pap- 
illary- (nipple-) type penetration. Some of 
the papillary penetrations were shallower 
than others. The depth appeared to vary 
to some extent with the filler metal, but no 
apparent  pat terns  of variations were 
found. 

The longitudinal macrographs of the 
same welds in Figs. 2B through 6B show 
that the weld root was wavy along the weld 
instead of smooth. This surprising result 

5.5 - - - -  

5.0 

4.5 

4 . 0 -  
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I • I 

12219/I 
II 4047 i 

"1 ]----- 

e 
2219/ 
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1.5 ~ 
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0 1 2 3 4 5 6 
Cu Content, wt % 

Fig. 10 - -  AI-Cu-Si solidus temperature map 
(Ref. 39). 2219/4145 and 2219/4047 denote 
welds o f  Alloy 2219 made with filler metals 4145 
and 4047, respectively. 

indicates that papillary penetrat ion was 
not steady but oscil lated up and down 
along the weld. 

In GMAW, spray transfer is the most 
commonly used mode of metal transfer 
from the welding wire to the weld pool. In 
GMAW of aluminum alloys with Ar  
shielding, which is the most widely used 
process for welding aluminum alloys, the 
arc energy is concentrated along the core 
of the arc because of the relatively low 
thermal conductivity of Ar. Consequently, 
the Ar arc plasma has a very high-energy 
core and an outer mantle of lesser thermal 
energy. This helps to produce a stable, 
axial transfer of metal droplets through an 

Ar arc plasma. The resultant weld trans- 
verse cross section is often characterized 
by a papillary-type penetra t ion pat tern 
(Ref. 26). 

While the papillary-type penetrat ion 
pattern in GMAW of aluminum alloys is 
well-known, the oscillation of a papillary 
penetration along the weld is not (at least 
not to the best knowledge of the authors). 

As shown in Figs. 2B through 6B, the 
penetra t ion depth of the G M A  welds 
made with Ar shielding oscillated rather 
than remaining constant. The causes for 
penetration oscillation can be fluctuations 
in, for instance, the welding current, weld- 
ing wire melt rate, or droplet  transfer. 
With the superheat and momentum of the 
filler metal  droplets  in spray transfer,  
these fluctuations can cause thermal and, 
hence, melting fluctuations at the pool  
bottom when the droplets penetrate the 
weld pool and impinge on the pool bot- 
tom. Fluctuations in the arc pressure can 
cause pool surface oscillation (Refs. 
27-32), which may also affect heat trans- 
fer to the pool bottom. 

Penetration Oscillation and 
Liquation Cracking 

The longitudinal micrographs of the 
welds in Figs. 2C through 6C show liqua- 
tion cracking in the PMZ near the weld 
root. The cracks were intergranular, rang- 
ing from open (Fig. 2C) to backfilled 
(Figs. 4C-6C).  The transverse micro- 
graphs of the welds in Figs. 2D through 6D 
show similar characteristics of liquation 
cracking. It is evident from Fig. 2B and C 
through Fig. 6B and C that l iquation 
cracking occurred most often in the area 
between waves of the wavy weld root. 

Of all the filler metals used for welding 
Alloy 2219 in the present study, 2319 re- 
sulted in the least liquation cracking. It is 
known that many welds of Alloy 2219 fab- 
ricated with filler metal 2319 have been 
found crack-free. In the aerospace indus- 
try, such welds have been made by GTAW, 
which does not cause penetration oscilla- 
tion. The authors have made such welds by 
full-penetration GMAW in circular-patch 
testing, and, of course, no penetration os- 
cillation can occur in ful l-penetrat ion 
welds. They have also made such welds by 
partial-penetration GMAW in which pen- 
etration oscillation was absent. What Fig. 
3 shows clearly is that small l iquation 
cracks can appear in partial-penetration 
GMAW of 2219 with 2319 and Ar if PMZ 
liquation is significant and penetration os- 
cillation is clear (that is, the weld root 
shows clear waves along the welding di- 
rection). 

The presence of l iquation cracking 
in the fu l l -penetra t ion GTA welds of 
Metzger (Ref. 3) and Gittos and Scott 
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(Ref. 5), where neither the papillary pen- 
etration nor penetrat ion oscillation ex- 
ists, does not necessarily imply that the 
weld penetration type is not a dominant 
factor in liquation cracking. The present 
study by no means suggests l iquation 
cracking cannot occur in aluminum welds 
unless the papillary penetration or pene- 
tration oscillation exists. As mentioned 
previously, liquation cracking has been 
observed in ful l-penetrat ion aluminum 
welds by the authors and it will be re- 
ported elsewhere (Ref. 24). 

Steady Penetration and Absence of 
Liquation Cracking 

Figure 7 shows a bead-on-plate weld 
made in the 7.9-mm (~6-in.) workpiece with 
filler metal 2319. As shown in the trans- 
verse macrograph in Fig. 7A, the bottom of 
the weld was smooth and without any pap- 
illary penetration. The use of the lower 
welding current (wire feed rate), the longer 
distance between the contact tube and the 
workpiece, and the 15-deg torch angle 
made the weld bottom smooth but reduced 
the penetration depth by about 40%. 

As shown in the longitudinal macro- 
graph in Fig. 7B, the weld root was smooth 
and without clear penetration oscillation 
along the weld. Neither the longitudinal 
micrograph of the weld in Fig. 7C nor the 
transverse micrograph in Fig. 7D shows any 
evidence of liquation cracking in the PMZ. 

Another 2219 weld was made in the 9.5- 
mm-thick (X-in.) workpiece by gas-tung- 
sten arc welding with Ar and filler metal 
1100. The weld had a penetration depth 
about the same as that in the 2219 weld 
shown in Fig. 2. However, the weld was 
smooth - -  without a papillary penetration 
or a wavy weld root. No liquation cracking 
was observed. This will be discussed further 
elsewhere because of space limitations. 

In summary, l iquation cracking oc- 
curred in welds with a wavy weld root but 
did not occur in welds with a smooth weld 
root, and the effect of weld penetration os- 
cillation on liquation cracking was thus 
demonstrated. 

Deformation, Cracking, and Localized 
Stress/Strain in PMZ 

According to Borland (Ref. 33), there 
are essentially three hot cracking theories 
- -  the shrinkage-brittleness theory, the 
strain theory, and the generalized theory 
that includes the relevant ideas from the 
first two theories. According to the gener- 
alized theory, cracking can take place in a 
material in which continuous liquid films 
separate grains or in which some solid- 
solid bridges exist between grains (Ref. 
33). When the localized tensile 
stress/strain in the material exceeds its re- 
sistance to cracking, hot cracking occurs. 

2, Warm jet impings suddenly, \ 
causing nearby GBs to liquate. 

weld pool . " 
.: :: : 

:pu,T,;g :.: 

warm 

/ I I / 
area of both tensile 3. GBs already in tension 
stress/strain and crack if liquated significantly 
GB liquation by warm jet 

Fig. 11 - -  Mechanism o f  fiquation cracking near 

weld root induced by penetration oscillation and 
grain-boundary liquation. A - -  Overview; B - -  

enlarged view (with cracks bacl~filled). 

weld  pool  

M u c h  less weld  meta l  is so l id i fy ing ~ , j  
a n d  cont ract ing.  \ ~ l ~  ' 1 ~  

/ \ / 
a r e a  of  GB l iquat ion G B s  hard ly  in tens ion  a re  

m u c h  less l ikely to  crack,  

Fig. 12 - -  Liquation cracking is much less likely 

to occur without penetration oscillation. A - -  

Overview; B - -  enlarged view. 

Since the workpiece was not bent dur- 
ing welding to cause cracking as in 
Varestaint testing, the PMZ microstruc- 
ture and cracks were not changed by any 
external forces and thus can provide qual- 
itative information about the localized 
stress/strain in the PMZ that caused li- 
quation cracking. The use of a freestand- 
ing workpiece does not eliminate the self- 
induced stress/strain during welding. 
However, liquation cracking occurs in an 
area in the PMZ near to the weld root, 
about 500 lam based on Figs. 2 through 6. 
It is likely that in the PMZ n e a r t o  the  we ld  

root,  the contraction of the solidifying 
weld metal  dominates  the tensile 
stress/strain during welding. This is be- 
cause the solidification shrinkage and 
thermal contraction of aluminum alloys 
are both high and because no external 
stress/strain was applied during welding. 
The solidification shrinkage of aluminum 
is as high as 6.6% (Ref. 34). The thermal 
expansion coefficient of aluminum is 
roughly twice that of iron base alloys. 

Before preceding any further, it should 
be pointed out that analysis of the local- 
ized stress/strain in the PMZ of a weld 
with penetration oscillation is beyond the 
scope of the present  study. As already 
shown, liquation cracking occurred in 
welds with clear penetrat ion oscillation 
but did not occur in smooth welds. The au- 
thors are unaware of any liquation crack- 

ing theories that consider the localized 
stress/strain in welds with penetration os- 
cillation. They are also unaware of any 
methods for calculating or measuring the 
localized stress/strain in welds with pene- 
tration oscillation. The thermomechanical 
propert ies  of semisolids such as the li- 
quated PMZ and the solidifying weld 
metal are unavailable in the first place. 
Figures 2 through 6 show that liquation 
cracking occurred most often in the tiny 
area between waves along the wavy weld 
root, which can be far too small, too hot, 
and inaccessible for stress/strain measure- 
ments. Therefore, liquation cracking will 
be discussed based on the localized 
stress/strain in the PMZ near the weld 
root that was deduced from the deformed 
grains and cracks. In the study of Gittos 
and Scott (Ref. 5), the phrase "tensile 
strains arising from weld metal solidifica- 
tion" was used to qualitatively describe the 
localized stress/strain in the PMZ. 

Figures 3D through 6D showed that the 
PMZ grains near the weld root were de- 
formed; that is, pulled upward toward the 
tip of the papillary penetration. The de- 
formed grains and the liquation cracks to- 
gether suggest that weld metal solidification 
in the papillary penetration induced an up- 
ward tensile stress/strain in the PMZ near 
the tip of weld-pool penetration during 
welding and caused liquation cracking. 

The localized tensile stress/strain in- 
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Fig. 13 - -  Backfilling o f  liquation cracks. A - -  

No backfilling; B - -  backfilling and backfilling- 
induced melting; C - -  backfilling-induced in- 
crease in local average composition and increase 
in liquid fraction (melting) around cracks, 

duced in the PMZ near the weld root in- 
creases with increasing extent of weld metal 
solidification. That is, the more solid that 
forms in the weld metal, the greater the lo- 
calized tensile stress/strain is induced in the 
PMZ near the weld root by weld metal con- 
traction. Meanwhile, the material resis- 
tance of the PMZ to cracking decreases 
with increasing extent of GB liquation. 
Thus, in the PMZ near the weld root the lo- 
calized tensile stress/strain competes with 
the material resistance to cracking. If, near 
the weld root, much weld metal is already 
solidifying while the PMZ is still liquated 

I ° n g i t u d i n a  grain boundaries 

we,d 

s, je~S e. _ 

grain boundaries 

Fig. 14 - -Access  of  grain boundaries in partially 
melted zone (PMZ) to weM metal. A - -  Longi- 
tudinal cross section; n - -  transverse cross sec- 
tion. 

significantly, it is likely that the localized 
tensile stress/strain exceeds the material re- 
sistance to cracking and liquation cracking 
occurs. On the other hand, if little weld 
metal is solidifying while the PMZ is still li- 
quated significantly, liquation cracking is 
unlikely to occur. 

Figure 8 shows the transverse cross sec- 
tion of a solidifying weld pool traveling per- 
pendicular to the rolling direction and the 
localized stress/strain in the PMZ near the 
weld root. As shown in Fig. 8A, the solidify- 
ing weld metal is significantly thicker inside 
the papillary penetration than elsewhere. 
(It is thicker because the weld metal in the 
papillary penetration, surrounded by a 
cooler PMZ on all sides as well as at the bot- 
tom, solidified rapidly. This is evident be- 
cause the dendrite arm spacing was much 
finer inside the papillary penetration than 
near the bulk weld, but this will be shown 
elsewhere due to space limitations.) Be- 
cause the solidifying weld metal is relatively 
thick inside the papillary penetration, it is 
already developing strength and contract- 
ing. The PMZ, however, does not contract 
as much as the weld metal does because so- 
lidification shrinkage is much less in the 
PMZ, in view of the much smaller volume 
of the GB liquid than the weld pool. Con- 

sequently, tensile stress/strain is induced in 
the PMZ near the weld root. This tensile 
stress/strain can be harmful because it is 
concentrated near the tip and normal to li- 
quated GBs and thus can easily open them 
up. 

On the other hand, as shown in Fig. 8B, 
the solidifying weld metal near the bottom 
of a smooth weld pool is much thinner, 
and thus it induces little tensile 
stress/strain in the PMZ nearby. This 
smooth weld without a papillary penetra- 
tion is similar to that shown in Fig. 7. As 
shown in Figs. 7C and D, there was no li- 
quation cracking in the weld. Very small 
waves and slightly deformed grains were 
observed occasionally along the weld, but 
no cracks were found. 

As can be seen from Fig. 8A, liquation 
cracking is more likely to occur at the bot- 
tom of the fusion boundary than at the 
top. This was confirmed by the absence of 
liquation cracking at the top (micrographs 
not shown because of space limitations). 
Here,  the direction of the tensile 
stress/strain is nearly parallel to the GBs, 
and the solidifying weld metal is thin. Fur- 
thermore, there is less liquation because 
of the steeper temperature gradients (that 
is, narrower PMZ) at the top (Refs. 1, 19). 

Before leaving this section, it is worth 
discussing the weld made with filler metal 
2319 plus extra Cu (Fig. 6) a little further. 
Making a solute-rich preweld before weld- 
ing is an established technique for achieving 
the desired weld metal composition (Refs. 
35-37). The severe liquation cracking (Fig. 
6D) was not likely to be caused by the early 
formation of high-temperature, Cu-ricb in- 
termetallic compounds because the mi- 
crostructure showed no evidence of such 
compounds in the weld metal. The liquation 
cracking was not likely to be caused by the 
residual stresses induced by the additional 
GTA passes, either. This is because the 
welds made with filler metals 4145 (Fig. 4D) 
and 4047 (Fig. 5D) also showed much li- 
quation cracking - -  without making a 
solute-rich preweld before GMAW. 

Solidus Temperatures and 
Liquation Cracking 

According to Gittos and Scott (Ref. 5), 
the solidus temperature of the weld metal 
vs. that of the base metal has a strong ef- 
fect on liquation cracking. Figure 9 shows 
the binary A1-Cu phase diagram (Ref. 38), 
which can be used to determine the 
solidus temperature of the weld metal in 
welds made with filler metals 1100, 2319, 
and 2319 with extra Cu. Likewise, Fig. 10 
shows the solidus temperatures of AI-Cu- 
Si ternary alloys (Ref. 39), which can be 
used for the welds made with filler metals 
4145 and 4047. The solid lines represent 
experimental data and the broken lines 
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are extrapolated from the solid lines. 
Consider first the welds made in Alloy 

2219 (Al-6.49Cu) with filler metal 1100 (Al- 
0.08Cu), 2319 (Al-6.30Cu), or 2319 with 
extra Cu. With 1100, the weld metal com- 
position was AI-4.0Cu (dilution ratio 
60.6%). From Fig. 9, the solidus tempera- 
ture of the weld metal is 580°C. Similarly, 
with 2319 the weld metal composition was 
Al-6.4Cu (dilution ratio 60.6%). Since the 
eutectic temperature 548°C is the lowest 
possible temperature for an equilibrium liq- 
uid phase to exist in this weld metal, it is 
taken as its solidus temperature for the pur- 
pose of discussion. With 2319 plus extra Cu, 
the weld metal composition was A1-8.4Cu 
(dilution ratio 56.8%). The solidus temper- 
ature of the weld metal is again taken as the 
eutectic temperature 548°C. 

Consider now the welds made in Alloy 
2219 (A1-6.49Cu-0.09Si) with filler metals 
4145 (AI-3.9Cu-9.9Si) and 4047 (Al-11.6Si- 
0.03Cu). With filler metal 4145, the weld 
metal composition was Al-5.38Cu-4.31Si 
(dilution ratio 57.0%). As shown in Fig. 10, 
the solidus temperature of the weld metal 
was 525°C. Similarly, with filler metal 4047, 
the weld metal composition was AI-3.67Cu- 
5.11Si (dilution ratio 56.4%) and the solidus 
temperature was 534°C. 

In order to double-check the accuracy 
of the extrapolated solidus temperatures 
in Fig. 10, the computer program P a n d a t  

(Ref. 40) was used. The program calcu- 
lates phase diagrams and solidification 
paths based on thermodynamic models 
and data. The calculated solidus tempera- 
tures based on equilibrium solidification 
was 524°C for the weld made with filler 
metal 4145 and 534°C for the weld made 
with filler metal 4047, which confirmed 
the solidus temperatures in Fig. 10. 

Gittos and Scott (Ref. 5) stated, "The 
proposed mechanism of H A Z  cracking is 
that, during welding, grain boundary melt- 
ing occurs in the HAZ and with certain 
base metal and weld metal compositions, 
it is possible for the base metal solidus to 
be below the weld metal solidus. Thus, 
when tensile strains arising from weld 
metal solidification are imposed on the 
HAZ,  cracking occurs at such bound- 
aries." In the weld made with filler metal 
1100 in the present study, liquation crack- 
ing occurred and the weld metal did have 
a higher solidus temperature (580°C) than 
the base metal (548°C). In the welds made 
with filler metals 2319 and 2319 plus extra 
Cu, however, liquation cracking occurred 
but the weld metal did not have a higher 
solidus temperature than the base metal. 
In the welds made with filler metal 4145 
and 4047, l iquation cracking also oc- 
curred, but the weld metal did not have a 
higher solidus temperature than the base 
metal, either. 

In fact, Miyazaki et al. (Ref. 9) have 

also stated: "When the 
A6061 alloy was actually 
GMA welded using 5356 
filler metal,  longitudinal 
cracking was observed, 
but, contrary to Gittos et 
al., it was not observed 
that the solidus tempera- 
ture of the weld metal be- 
came higher than that of 
the base metal ."  It was 
suggested that constitu- 
tional liquation induced 
by low-temperature eutec- 
tic reactions in the base 
metal  could have made 
the effective solidus tem- 
peratures of the base met- 
als lower than those of the 
weld metal. While this is 
likely to be true for Alloy 
6061, liquation occurs in 
Alloy 2219 at the eutectic 
temperature 548°C and is 
thus not lower than that of 
the weld metal. 

It is worth pointing out 
that the solidus tempera- 
ture is relevant for equilib- 
rium solidification. 
However, equilibrium so- 
lidification is not likely to 
occur in welding in view of 
the high cooling rates dur- 
ing welding, and the termi- 
nal solidification occurs 
through eutectic reactions 
at temperatures well below 
the solidus temperature.  
The solidus temperatures 
of the weld metal and the 
base metal are discussed in 
this section only for the 
purpose of comparing the 
experimental results in the 
present study with the the- 
ory of Gittos and Scott 
(Ref. 5). 

Effect of Penetration 
Oscillation on Liquation 
Cracking 

A liquation-cracking 
mechanism is proposed in 
Fig. 11 to help explain the 
effect of penetration oscil- 
lation on liquation cracking. The empha- 
sis is to explain the effect of penetration 
oscillation on liquation cracking observed 
in the present s t u d y - -  not to indicate that 
the conventional liquation cracking is gen- 
erally incorrect. 

As shown in Fig. 11A, in GMAW with 
spray transfer, weld-pool penetration can 
oscillate and result in a wavy weld root 
along the weld. A depression is formed at 

Fig. 15 - -  Weld in a butt  jo in t  made  with filler metal  4145." A - -  trans- 

verse macrograph; B - -  longitudinal macrograph; C - -  longitudinal 

micrograph; D - -  transverse micrograph. 

the pool bottom when the jet carrying the 
superheat of the liquid droplets impinges 
on the pool bottom. The area inside the 
rectangle is enlarged in Fig. l lB .  As 
shown, much weld metal has already been 
solidifying, developing strength, contract- 
ing, and pulling the PMZ underneath. As 
such, significant tensile stress/strain is in- 
duced in the PMZ by weld metal solidifi- 
cation. When the warm jet impinges sud- 
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denly, the nearby GBs liquate upon heat- 
ing by the jet. The PMZ GBs near the weld 
root immediately behind the oscillating 
weld-pool penetration front, as indicated 
in the figure, are subjected to both GB li- 
quation and tensile stress/strain. If liqua- 
tion is significant, the GBs can be severely 
weakened. Consequently, the localized 
tensile stress/strain can exceed the mater- 
ial resistance to cracking, and liquation 
cracking can occur. The incipient liqua- 
tion cracks are likely to be small but they 
can gradually grow in size as weld metal 
solidification continues during welding. 
Figure 8A, in fact, is a transverse cross sec- 
tion showing the localized stress/strain in 
the PMZ near the weld root immediately 
behind the weld-pool penetration front. 

Significant GB liquation is required for 
liquation cracking to occur even in the 
presence of clear penetration oscillation. 
For an aluminum alloy that can liquate sig- 
nificantly during welding, such as Alloy 
2219, liquation cracking can occur easily in 
a weld with clear penetration oscillation. 
However, for an alloy that liquates much 
less significantly, liquation cracking may 
not occur even with clear penetration os- 
cillation. This is because GBs are still well 
bridged together because of the relatively 
light GB liquation; that is, the PMZ resis- 
tance to cracking exceeds the localized 
tensile stress/strain. For instance, Alloy 
6061 welded under the same condition as 
Alloy 2219 showed clear penetration os- 
cillation. However, it neither liquated sig- 
nificantly nor exhibited liquation cracking. 
The results of Alloy 6061 will be reported 
elsewhere because of space limitations. 

The absence of liquation cracking in a 
weld with a smooth weld root (Fig. 7) can be 
explained with the help of Fig. 12A, which 
shows a steady weld pool and the smooth 
weld root behind it. There is neither pene- 
tration oscillation nor a wavy weld root. The 
area inside the rectangle is enlarged in Fig. 
12B. As compared to the case in Fig. l iB,  
there is much less weld metal solidification 
to induce tensile stress/strain in the PMZ 
and cause it to exceed the PMZ resistance 
to cracking. Farther down the weld, weld 
metal solidification increases but PMZ so- 
lidification also increases, and the PMZ ten- 
sile stress/strain still may not exceed the 
PMZ resistance to cracking. 

As ment ioned previously, l iquation 
cracking most often occurred in the PMZ 
in the area between neighboring waves of 
the wavy weld root - -  Figs. 2B and C 
through Figs. 6B and C. During welding, 
this area corresponds to that near the weld 
root immediately behind the oscillating 
penetration front of the weld pool, which 
is essentially the area of both GB liquation 
and tensile stress/strain shown in Fig. 1 lB. 
Since the weld-pool penetration front sub- 
sequently solidifies as the next wave in the 
wavy weld root, this area ends up being be- 

tween two neighboring waves. This ex- 
plains why liquation cracking most often 
occurs in the area between neighboring 
waves of the wavy weld root. 

In view of Fig. 11 and the rapid solidifi- 
cation of the weld metal near the weld root, 
it is likely there can still be enough weld 
metal solidifying before the warm jet im- 
pinges even when weld metal solidification 
is delayed by using a highly-alloyed filled 
metal. Thus, near the weld root the local- 
ized stress/strain induced in the PMZ by 
weld metal solidification, though reduced, 
can still exceed the PMZ resistance to 
cracking. This is consistent with the liqua- 
tion cracking in the welds made with filler 
metal 4145, 4047, or 2319 plus Cu - -  Figs. 
4-6. In fact, not only cracking occurred; the 
cracks were large and backfilled with much 
eutectic-rich material. This will be ex- 
plained subsequently in the section below, 
headed "Backfilling-Induced Melting and 
Its Effect on Liquation Cracking." 

Backfilling of Cracks 

When liquation cracks are formed, a 
vacuum is created within them. A liquid 
connected to the cracks may or may not be 
sucked into them, depending on factors 
such as the quantity, viscosity, surface ten- 
sion, and freezing temperature range of 
the liquid. Consequently, the cracks may 
remain open, as shown in Fig. 13A, or be 
backfilled as shown in Fig. 13B (and Fig. 
l i b  as well). 

If liquation cracks are backfilled, the 
liquid sucked into the cracks is most likely 
the solute-rich or even eutectic interden- 
dritic liquid in the solidifying weld metal 
that is connected to the cracks rather than 
the liquid in the weld pool. This is because 
the material in the backfilled cracks was 
rich in eutectic - -  Figs. 3-6. 

The higher the fraction of the solute- 
rich or eutectic interdendritic liquid in the 
solidifying weld metal at fusion boundary, 
the more backfilling can occur. Consider 
the welds made with filler metals 1100, 
2319, and 2319 plus extra Cu. From the Al- 
Cu phase diagram shown in Fig. 9, the 
equilibrium part i t ion ratio k = 
5.65 %/33.2% = 0.17 and the eutectic com- 
position CE = 33.2% Cu. For ease of dis- 
cussion, the fraction of the liquid eutectic 
fE will be used here as an indication of the 
amount of a solute-rich as well as a eutec- 
tic interdendritic liquid in the weld metal 
at the fusion line. The fraction of the liq- 
uid eutecticfE can be calculated using the 
following form of the Scheil equation as an 
approximation (Ref. 1). 

1 

(2) 

According to Equation 2, for the weld 
metal of the weld made with filler metal 
1100, C O = 4.0% Cu andfE = 0.08. For that 
with filler metal 2319, C O = 6.4% Cu andfE 
= 0.14, and for that with 2319 plus Cu, C O 

= 8.4% Cu andre = 0.19. This suggests that 
backfilling should increase as the filler 
metal is changed from 1100 to 2319, and 
2319 plus Cu. Figures 2, 3, and 6 do show 
this trend. However, the cracks were much 
larger and were backfilled with much more 
eutectic-rich material in the case of 2319 
plus Cu than in the case of 2319. These dif- 
ferences, which cannot be explained based 
on the fraction of eutectic alone, will be ex- 
plained later in the next section. 

Savage and Dickinson (Ref. 35) sug- 
gested that the viscosity of the weld metal 
may also affect backfilling. Si decreases 
the viscosity of aluminum (Ref. 41) and it 
has been used to improve the fluidity of 
molten aluminum in metal casting. Since 
filler metal 4047 contained about 12% Si, 
it may increase the Si content of the inter- 
dendritic eutectic in the solidifying weld 
metal and thus help backfilling. Cu, on the 
other hand, increases the viscosity of alu- 
minum (Ref. 41). This implies that filler 
metal 1100 should help backfilling while 
2319 plus Cu should discourage it. How- 
ever, liquation cracks were open with filler 
metal 1100 but backfilled with 2319 plus 
Cu. Therefore, the effect of Cu on viscos- 
ity seemed minor. Neither Si nor Cu has a 
significant effect on the surface tension of 
aluminum (Ref. 41). 

Although some GBs may appear to be 
separated from the weld metal, they can, 
in fact, be connected to the solidifying 
weld metal during welding to allow back- 
filling. Figure 14A shows how GBs in a 
longitudinal cross section (Figs. 3C-6C) 
can have access to the weld metal. This 
makes sense only if the longitudinal cross 
section is not along the weld central plane. 
However, it is unlikely that a weld was cut 
precisely along the weld central plane. 
Furthermore, even if this were true, the 
penetration tip of the weld pool still did 
not necessarily move along the weld cen- 
tral plane. Rather, it could oscillate left 
and right as well as up and down as it trav- 
eled along the welding direction, in view of 
the unsteady nature of filler metal transfer 
during welding. 

Similarly, Fig. 14B shows how GBs in a 
transverse cross section (Figs. 3D-6D) can 
have access to the weld metal. It makes 
sense only if the transverse cross section is 
not cut precisely at the bottom of a wave 
of the wavy weld root, but it is not very 
likely that this actually happened. 

Backfilling-Induced Melting and Its Effect 
on Liquation Cracking 

As mentioned previously, l iquation 
cracks were much larger and backfilled 
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with much more eutectic-rich material  
when using highly alloyed filler metals 
4145, 4047, and 2319 plus Cu - -  Figs. 4-6. 
This phenomenon will be explained with 
the help of the macrosegregation theory in 
metal casting. In metal casting, the flow of 
the solute-rich interdendritic liquid in the 
mushy zone (solid + liquid) can change 
the local average composition and liquid 
fraction in the mushy zone and cause eu- 
tectic-rich channels (freckles) to form in 
the ingots (Ref. 34). 

Consider the backfilling illustrated in 
Fig. 13B. Point a is in the PMZ near the 
fusion boundary, where the temperature is 
Ta, and point b is in the solidifying weld 
metal nearby. Because of the high thermal 
conductivity of aluminum, the tempera- 
ture at point b should be nearly identical 
to T a. The white arrow from point b to 
point a indicates backfilling in the same 
direction. For simplicity, the composition 
fluctuation in the workpiece is neglected. 
Also, as in the derivation of the Scheil 
equation, the interdendritic liquid is as- 
sumed to be in equilibrium with the solid 
and to be locally homogeneous. In the AI- 
Cu phase diagram shown in Fig. 13C, 
point a indicates the local average compo- 
sition of the area surrounding point a in 
Fig. 13B (indicated by the circle); that is, 
the workpiece composition (6.49% Cu). 
Likewise, point b in Fig. 13C indicates the 
composition of the interdendritic liquid at 
point b in Fig. 13B. As shown, the solute 
content at point h is much higher than the 
local average solute content at point a. 

Consider first the hypothetical case in 
which the solute content of the interden- 
dritic liquid at point b is identical to that of 
the local average solute content at point a. 
The local average liquid fraction at point a 
may increase momentarily when the inter- 
dendritic liquid at point b backfills the crack 
at point a but will quickly go back to its ini- 
tial value before backfilling because there is 
only one local average liquid fraction at 
point a at a given temperature and compo- 
sition. This can be seen from the following 
Scheil equation (Ref. 1): 

1 

: (.(-m,.)Co) ~-k 
f'. I T . -  T 

(3) 

wherefL is the liquid fraction, mL (<0) the 
slope of the liquidus line in the phase dia- 
gram, C O the solute content, T m the melt- 
ing point of pure aluminum, T tempera- 
ture, and k the equilibrium partition ratio. 
According to Equation 3, at a given T and 
Co, there is only one fl:  

However, as shown in Fig. 13C, the 
solute content of the interdendritic liquid 
at point b is much higher than the local av- 
erage solute content at point a. Therefore, 

when the solute-rich interdendritic liquid 
flows from point b to point a, the local av- 
erage solute content at point a can in- 
crease significantly, as represented by the 
arrow pointing from point a to point d in 
Fig. 13C. Using the simple lever-arm rule 
and the phase diagram as a rough indica- 
tion, it can be seen that the fraction of liq- 
uid increases from ca/cb before backfilling 
to cd/cb after. Likewise, according to 
Equation 3, at a given temperature T, the 
local average liquid fraction fL increases 
with increasing local average solute con- 
tent C o. As such, when the solute-rich in- 
terdendritic liquid flows from point h to 
point a, the local average liquid fraction at 
point a can increase significantly. 

Therefore, when the solute-rich inter- 
dendritic liquid backfills a liquation crack, 
it can melt the material along the crack 
and cause more GB liquation. Since the 
GBs around the crack are in tension (Fig. 
l lB) ,  further GB liquation causes further 
liquation cracking. Further  liquation 
cracking, in turn, causes further backfill- 
ing - -  as long as there is sufficient solute- 
rich interdendri t ic  liquid at the fusion 
boundary available for backfilling. This 
cycle can continue until the local fusion 
boundary cools down to the eutectic tem- 
perature and solidifies completely. This is 
especially true for welds made with a 
highly alloyed filler metal such as 2319 
plus Cu (and 4145 and 4047), in which 
there is abundant  solute-rich interden- 
dritic liquid available at the fusion bound- 
ary for backfilling. This may explain the 
formation of large liquation cracks and 
their backfilling with much eutectic-rich 
material in Fig. 6 (and Figs. 4 and 5). 

Weld in a Butt Joint with 
Papillary Penetration 

In Fig. 8 the grains are continuous and 
pointing in the rolling direction, but in the 
case of a butt joint, the grains are discon- 
tinuous at the joint. It is thus interesting to 
see the effect of this discontinuity. 

Figure 15 shows a weld in a butt joint 
made in the 9.5-mm (~-in.) workpiece 
with filler metal 4145. As shown by the 
transverse macrograph of the weld in Fig. 
15A, the weld had a papillary penetration 
similar to those in Figs. 2A through 6A. As 
shown by the longitudinal macrograph in 
Fig. 15B, the weld had a wavy weld root 
similar to those in Figs. 2B through 6B. 

The longitudinal micrograph in Fig. 
15C shows that the weld had liquation 
cracks. The cracks were intergranular and 
mostly backfilled, similar to those in Fig. 
4C. The transverse micrograph in Fig. 15D 
shows the weld bottom near the butt joint, 
the fusion boundary being higher on the 
left and lower on the right. Some weld 
metal leaked into the gap at the joint dur- 
ing welding. Liquation cracking was evi- 

dent in the PMZ near the joint. The grains 
in the PMZ near the weld root were de- 
formed, similar to those shown in Fig. 4D. 
Therefore, the characteristics of papillary 
penetrat ion and liquation cracking in a 
weld in a butt joint are similar to those in 
a bead-on-plate weld. For a weld in a butt 
joint with a much larger joint gap, how- 
ever, liquation cracking at the weld root 
may not occur. 

The results in the present study also 
have practical implications for dual-pass 
welding in butt joints. In such welding the 
first pass is made from one side of the 
workpiece and the second pass from the 
opposite side. First, if the penetration tips 
from the two sides fail to overlap with each 
other, numerous liquation cracks can be 
present along the weld. Second, with suf- 
ficient overlapping between the two 
passes, the weld root of the second pass 
can still be wavy and thus can cause liqua- 
tion cracking inside the first pass if GB li- 
quation is significant near the weld root. 

C o n c l u s i o n s  

In view of the susceptibility of alu- 
minum alloys to liquation cracking and the 
wide use of Ar-shielded GMAW for alu- 
minum welding, liquation cracking was 
studied in partial-penetration aluminum 
welds made using GMAW with Ar shield- 
ing. Alloy 2219, which is a simple binary 
AI-Cu alloy easy to understand,  was 
welded with filler metals of various Cu and 
Si contents, including 1100, 2319, 4145, 
4047, and 2319 plus extra Cu. Liquation 
cracking near the weld root was examined 
in the transverse and longitudinal macro- 
graphs and micrographs of the resultant 
welds. The conclusions are as follows: 

• The papillary-type penetration com- 
mon in GMAW tends to oscillate up and 
down during welding. The penetration os- 
cillation results in a wavy weld root along 
the weld. 

• The combination of clear penetra- 
tion oscillation and significant GB liqua- 
tion promotes liquation cracking. Liqua- 
tion cracking near the weld root  has a 
much greater tendency to occur in welds 
with penetration oscillation than in welds 
without it. 

• In welds with penetration oscillation, 
liquation cracking occurs most often in the 
PMZ between neighboring waves of the 
wavy weld root. 

• In welds with penetration oscillation, 
adjusting the weld metal composition with 
the filler metal can be ineffective in elimi- 
nating liquation cracking, though it has 
been shown effective in full-penetration 
aluminum welds and perhaps in partial- 
penetration aluminum welds without pen- 
etration oscillation as well. 

• In welds with papillary penetration, 
the deformation of the PMZ grains near 
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the weld root suggests that weld metal so- 
lidification induces tensile stress/strain in 
the P M Z  near  the weld root. The  high so- 
l idification shrinkage and thermal  con- 
traction of  aluminum alloys cause the so- 
lidifying weld metal  to contract and pull 
the PMZ. 

• Susceptibility to l iquation cracking 
can vary significantly within the PMZ. Li- 
quation cracking can be much more sig- 
nificant near  the weld root  than at the 
weld top, where there are less liquation 
and tensile stress/strain. 

• In welds with penetration oscillation, 
liquation cracking can still occur even when 
the weld-metal solidus temperature is not 
higher than the base-metal solidus temper- 
ature, contrary to the full-penetration welds 
in the study of Gittos and Scott (Ref. 5). 

• A liquation-cracking mechanism has 
been  p roposed  to explain the effect  of  
penetrat ion oscillation on liquation crack- 
ing: the P M Z  GBs near  the weld root im- 
mediately behind the oscillating penetra-  
tion front of  the weld pool are subjected to 
both  GB l iquat ion  and tensi le  
stress/strain, and l iquation cracking can 
occur if l iquation is significant enough to 
weaken the GBs severely. 

• When attempting to use highly alloyed 
filler metals to delay weld metal solidifica- 
tion and thus eliminate liquation cracking, 
large liquation cracks can form and be back- 
filled with much eutectic-rich material  if 
penetration oscillation is present. 

• A backfilling-induced melting mech- 
anism has been proposed to explain the 
large backfilled cracks. Backfilling of  li- 
quation cracks by an abundant solute-rich 
interdendrit ic liquid from the nearby so- 
lidifying weld meta l  can cause mel t ing  
along the cracks to worsen GB liquation 
and, hence, l iquation cracking, which in 
turn increases backfilling. 
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