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ABSTRACT. Legislative and market pres- 
sures have caused the automotive indus- 
try to consider more fuel efficient designs 
of vehicles in recent years. Many light- 
weight material options are being ex- 
plored to reduce vehicle weight. Alu- 
minum alloys are receiving a great deal 
of attention. As a result, development of 
rapid joining techniques for aluminum 
alloys has become an important research 
issue. The objective of this investigation 
was to develop welding procedures for 
autogenous CO2 laser beam welding of 
aluminum 5754-0 and 6111-T4 alloys 
for application in tailor welded blanks. 
The mechanical and microstructural 
characteristics of the welded joints were 
evaluated using tensile tests, microhard- 
ness tests, optical microscopy, and en- 
ergy dispersive X-ray (EDAX) for local 
chemical analysis. Results indicate that 
both the alloys can be autogenously laser 
welded with full penetration, minimum 
surface discontinuities and little, if any, 
loss of magnesium through vaporization 
from the fusion zone. 

It was found that welds made on 
5754-0 with a 3-kW laser beam and a 
travel speed ranging between 100 and 
400 in./min had total longitudinal elon- 
gation (17.3-23.6%), close to the base 
metal value (22%). Similar welds on 
Alloy 6111-T4 welds had lower longitu- 
dinal elongation (8.6-18.7%), compared 
to the base material (26%). The reduced 
ductility observed in 6111 laser welds is 
probably due to weld solidification 
cracking in the fusion zone. Based on the 
results, laser welded aluminum alloys 
possess potential for use in automotive 
fabrication applications. 

S. VENKAT, C. E. ALBRIGHT and S. RA- 
MASAMY are with The Ohio State University 
Department of  Industrial, Welding and Sys- 
tems Engineering, Columbus, Ohio. J. P. HUR- 
LEY is with the Edison Welding Institute, 
Columbus, Ohio. 

Introduction 

Recently, corporate average fuel 
economy (CAFE) regulations have been 
imposed by federal agencies to signifi- 
cantly reduce atmospheric pollution 
caused by motor vehicles (Ref.1). These 
regulations have forced automotive man- 
ufacturers to further improve the fuel ef- 
ficiency of motor vehicles by refining the 
manufacturing design and reducing the 
overall weight. Theoretical calculations 
based on conventional automotive de- 
signs have estimated that a 40% reduc- 
tion in body weight can possibly increase 
fuel efficiency by 7.5% (Ref. 2). The evo- 
lution of advanced materials technology 
has led to the development of aluminum 
alloys with higher strength-to-weight 
ratio, better weldability, enhanced 
formability and improved corrosion re- 
sistance relative to conventional alu- 
minum alloys. Current trends in the form- 
ing of prewelded sheet material for 
automotive body components have mo- 
tivated an interest in the laser blank weld- 
ing of aluminum alloys (Ref. 1). This in- 
terest relates to the combined advantages 
offered by the following: 1 ) tailored blank 
welding, 2) laser beam welding and 3) 
aluminum alloys. 

Aluminum alloys are used extensively 
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in aerospace, railway, nuclear, architec- 
tural and chemical construction applica- 
tions (Ref. 3). Their applications in the 
automotive industry have also been 
rapidly increasing, and are expected to 
accelerate in the next five to ten years. 
However, the properties of aluminum 
welds have been found to be highly sen- 
sitive to the laser welding procedure, per- 
haps to a greater extent than most other 
common engineering alloys (Ref. 4). The 
most significant issues in CO2 laser beam 
welding of aluminum include 

• Vaporization of high vapor pressure 
(low boiling point) strengthening ele- 
ments, including magnesium, due to ex- 
cess weld heat input (Ref. 5). 

• Excess heat input also affects weld 
strength by influencing the extent of 
overaging of heat-affected zones in heat- 
treatable alloys and the width of an- 
nealed zone in non-heat-treatable alloys 
(Refs. 5-7). 

• Heat-affected zone liquation and 
weld solidification cracking, found to 
occur in heat-treatable alloys, are also 
sensitive to weld heat input (Refs. 8, 9). 

Welding Aluminum Alloys in 
Tailored Blank Applications 

A very important potential application 
is the press-forming of laser welded alu- 
minum sheets into body components 
(Ref. 1). Failure in sheet formed compo- 
nents most often occurs by localized 
necking and/or buckling (Ref. 10). Hence, 
in general, it is desirable for the material 
to have uniform elongation or strain, be- 
cause this is indicative of the ability to 
withstand stable plastic deformation in 
tension. Large uniform elongation can re- 
sult from a high degree of work harden- 
ing, where the material becomes stronger 
as it deforms. Work hardening can be in- 
creased by solid solution strengthening or 
precipitation hardening. Alloys of the 
5XXX and 6XXX series provide some of 
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Fig. 1 - -  Experimental setup for CO, laser beam welding. 

the best forming properties found in alu- 
minum alloys and were chosen for this in- 
vestigation (Ref. 3). Aluminum Alloys 
5754 and 6111 are considered to have a 
combination of weldability and formabil- 
ity that make them likely candidates for 
welded blank forming. 

The principal research objective in 
this investigation was to develop welding 
procedures for autogenous CO2 laser butt 
joint welding of 5754-0 and 6111-T4 
aluminum alloys. Mechanical properties 
and microstructural characteristics of the 
welded joints were evaluated. 

Experimental Procedures 

The compositions of 5754-0 and 
6111-T4 (as-received condition) used in 
this investigation are given in Table 1. 
The suffixes O and T4 indicate the tem- 
per designation before welding. Prior to 
welding, Alloy 5754 was cold rolled and 
annealed, while 6111-T4 was solution 
treated and naturally aged to a stable 
condition. The starting stock of 5754-0 
was 1.63 mm (0.064 in.)thick and 6111- 
T4 was 1.016 mm (0.040 in.) thick. Spec- 
imen coupons 635 x 31.75 mm (25 x 

1.25 in.) were machine sheared from 
5754-0 and 6111 -T4 sheet material. The 
specimens were then ground for square- 
groove edge preparation. The coupons 
were acetone washed and stainless steel 
wire brushed for surface preparation be- 
fore welding. The coupons were placed 
in a fixture with a banking angle of 10 
deg to prevent back reflection into the 
laser resonator cavity. A schematic of the 
laser beam welding process is shown in 
Fig. 1. Laser beam welding was con- 
ducted using a GE Fanuc fast axial flow 
CO2 laser with maximum power capabil- 
ity of 3 kW (M ~' _=_ 3.5) and maximum 
travel speed of 400 in./min. Helium was 
used for both front and back shielding 
(Ref. 11 ). The shielding gas was supplied 
at 30 ft~/h (= 14 L/min) in a slow laminar 
flow - -  Fig. 1. The welds were made 
using a 127-mm (5-in.) focal length lens 
with the focal point located on the sur- 
face of the specimen. 

Mechanical testing included Knoop 
hardness testing and tensile testing of 
longitudinal and transverse (to tensile test 
direction) weld oriented specimens. Mi- 
crohardness measurements were per- 
formed using a 200-g load for 15 s. Ten- 
sile testing was performed using an 
INSTRON universal testing machine. 
Standard ASTM E-8 sub-size specimen 
with 25.4-mm (1-in.) gauge length was 
made from the welded specimen. 

Metallographic specimens were 
mounted in epoxy, ground and final pol- 
ished using diamond paste. Specimens 
were then etched in a mixture of 50 mL 
Poulton's reagent containing a 40-mL so- 
lution of 3 g chromic acid per 10 mL of 
water and 25 mL concentrated nitric 
acid. Optical microscopy was conducted 
using polarized (color) light. Composi- 
tional variations across the weld zone 
were evaluated using electron probe mi- 
croanalysis with a CAMEBAX TM SX50 op- 
erating at 15 kV, 20 nA, 20 micron elec- 
tron beam size. Fractographic 
examination of tensile specimens was 
performed using CAMECA TM scanning 
electron microscopy (SEM). 

Results 

Weld Geometry 

The geometric characteristics of 5754- 
O welds are shown in Fig. 2. Welding at 
power levels of 2.0-2.2 kW and travel 

Table 1 --Alloying Element Composition for Aluminum Alloys 5754-0 and 6111-T4 

Alloy Mg Cr Mn Si 

5754-0 2.6-3.6% 0.3% 0.5% 0.4% 
6111-T4 0.5-1% 0 . 1 %  0.15-0.45% 0.7-1.1% 

Cu Zn Ti 

0.1% 0.2% 0.15% 
0.5-0.9% 0.15% 0.10% 
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speeds between 90 and 340 in./min re- 
sulted in partial penetration welds. At 2.5 
kW and travel speeds between 70 and 
140 in./min, partial penetration welds oc- 
curred. Upon increasing the travel speed 
between 150 and 280 in./min, full pene- 
tration welds with hole formation was 
formed. At 300 in./min, no hole formation 
was observed. However, travel speeds 
between 320 and 400 in./min resulted in 
partial penetration welds. 

When the power level was increased 
to 2.8 kW, partial penetration welds were 
observed between 70 and 90 in./min. Be- 
tween 100 and 140 in./min, full penetra- 
tion welds with hole formation were ob- 
served. Increasing the speed to between 
140 and 200 in./min resulted in full pen- 
etration welds without any hole forma- 
tion. An interesting observation was the 
reoccurrence of hole formation upon in- 
creasing the travel speed to between 220 
and 260 in./min. This was observed in 
only one out of every three welds. How- 
ever, welding between 260 and 400 
in./min did not provide any hole forma- 
tion. At 3 kW and 70 to 100 in./min, hole 
formation was observed, but welding at 
travel speeds between 120 and 400 
in./min did not produce holes. 

The geometric characteristics of 6111 - 
T4 welds are shown in Fig. 3. All of the 
laser welds were done at 3 kW. Hole for- 
mation resulted at travel speeds between 
50 and 150 in./min. However, at higher 
travel speeds (160-400 in./min), full pen- 
etration without hole formation was ob- 
served. It was observed that the weld face 
underfill decreased with the travel speed. 
The photomicrographs representative of 
the cross-section for welds made at dif- 
ferent travel speeds are shown in Figs. 4 
and 5 for Alloy 5754-0. 

Mechanical Properties of Laser Welds 

The mechanical properties of the 
5754-0 and 6111-T4 laser welds were 
evaluated in terms of percent elongation 
under uniaxial tension. The results of 
these tests are shown in Figs. 6-8. 

• The longitudinal un i fo rm elonga- 
tion of the 5754-0 laser welds varied 
from 17.8 to 21.6%, compared to the 
base metal value of 18%, and the total 
elongation varied from 17.3 to 23.6%, 
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Fig. 3 - -  Weld geometry for 611 I-T4 laser beam welds. 

compared to the base metal value of 
22%. The values at the travel speed of 
320 in./min were not considered. 

• The transverse total elongation of 
the 5754-0 laser welds varied from 3.13 

to 10.91%, compared to the base metal 
value of 22%. 

• The longitudinal un i fo rm elonga- 
tion of the 6111-T4 laser welds varied 
from 8.3 to 18.3%, compared to the base 

Table 2 - -  Microprobe Results for 5754 -0  and 6111-T4 

Aluminum Laser Power Travel Speed 
Alloy (kW) (in./min) 

5754-O 3 2O0 
6111 -T4 3 380 
5456 (Metzbower) 8 65 

(a) Average energy input does not account for process efficiency. 

Net Weld Heat Mg in Base Mg in Fusion Wt-% Mg Loss 
Input (al (J/in.) Metal (wt-%) Zone (wt-%) from Fusion Zone 

900 J/in. 3.71% (SD = 0.15%) 3.51% (SD = 0.25%) 0.2% 
473 J/in. 0.61% (SD = 0.02%) 0.55% (SD = 0.02%) 0.06% 

7384 J/in. 5.25% 4.35% 0.9% 
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metal value of 24%, and the total elon- 
gation varied from 8.5 to 18.7%, com- 
pared to the base metal value of 26%. 

Hardness Profile 

The results of the Knoop microhard- 
hess test for Alloys 5754-0 and 6111 -T4 
are shown in Figs. 9 and 10, respectively. 
The hardness profile across the fusion 

zone of a 5754-0 laser weld made at 3 
kW and 380 in./min is shown in Fig. 9. A 
slight increase across the heat-affected 
zone and fusion zone relative to the base 
metal is apparent. The average Knoop 
hardness number for the base metal is 73, 
while that for the fusion zone is 79. The 
hardness profile across the fusion zone of 
a 6111-T4 laser weld made at 3 kW and 
200 in./min is shown in Fig. 10. There is 

a slight decrease in hardness near the fu- 
sion boundary, within the fusion zone of 
the weld. The average Knoop hardness 
number for the base metal is 82, while 
that for the fusion zone is 69. 

Electron Probe Chemical Analysis 

The results of microprobe analysis of 
the 5754-0 and 6111-T4 base metal and 
welds for magnesium are shown in Table 
2 and Figs. 11 and 12. The microprobe 
profile for 5754-0 alloy plotted in Fig. 11 
shows an average decrease in magne- 
sium concentration of 0.2% due to laser 
welding. The average weight percent of 
magnesium in the base metal is 3.71%, 
while in the fusion zone this value 
equaled 3.51%, as shown in Table 2. 

The microprobe profile for 6111-T4, 
plotted in Fig. 12, shows an average de- 
crease in magnesium of 0.06% due to 
laser welding. The average weight per- 
cent of magnesium in the base metal is 
0.61%, while in the fusion zone, the 
amount of magnesium was measured to 
be 0.55% as shown in Table 2. 

Fractography 

A typical SEM fractograph for a 5754- 
O longitudinal weld tensile specimen is 
shown in Fig. 13. The welding parame- 
ters for this specimen were 3 kW power 
and 300 in./min speed. The fractograph 
shows numerous cup-like depressions, 
referred to as dimples. This is indicative 
of a fracture mode commonly known as 
dimple rupture and the mechanism of 
failure is known as microvoid coales- 
cence (Ref. 12). The size of the dimples 
is observed to be smaller in the fusion 
zone than in the base metal. 

A typical SEM fractograph for a 6111- 
T4 longitudinal weld tensile specimen is 
shown in Fig. 14. The welding parame- 
ters for this specimen were 3 kW power 
and 200 in./min speed. The fractograph 
shows both the fusion zone and the base 
metal. Two distinct fracture modes are 
observed. The base metal exhibits a dim- 
ple rupture type of failure mode, which is 
also similar to that observed on the re- 
gion in the center of the fusion zone. 
However, the regions adjacent to the fu- 
sion boundary in the fusion zone exhibit 
a different fractographic structure. The 
fracture surface also shows the presence 
of a globular structure along the inter- 
dendritic grain boundaries. 

Metallography 

Microstructural characteristics of the 
base metal and weld metal of Alloys 
5754-0 and 6111-T4 are shown in Figs. 
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15 and 16, respectively. The microstruc- 
ture of the 5754-0 laser weld made at 3 
kW and 180 in./min is shown in Fig. 15. 
The microstructures of the 5754-0 welds 
show a cellular dendritic structure with 
no evidence of any equiaxed grains. 
However, formation of occasional 
equiaxed grains were found at higher 
travel speeds. The microstructure of the 
6111 -T4 laser weld also showed the for- 
mation of a cellular dendritic structure. 
However, in this case, the microstructure 
indicates a more prominent formation of 
equiaxed grains in the center of the weld. 
The equiaxed grains shown in Fig. 16 
corroborate this observation. 

D i s c u s s i o n  

W e l d  G e o m e t r y  

Penetration and Weld Geometry 

Autogenous laser welding of alu- 
minum 5754-0 and 6111-T4 alloys re- 
sulted in welds with variable geometry 
depending on the laser power and travel 
speed. The deep-penetration mode or 
keyhole welding occurs when a beam of 
sufficiently high power density causes 
vaporization of the substrate. The thresh- 
old power density required for keyhole 
formation is dependent on the absorptiv- 
ity of the substrate material. Since alu- 
minum has a higher reflectivity than steel 
(Ref. 13), the value of the threshold 
power density required for deep-pene- 
tration-mode welding is higher for alu- 
minum alloys as compared to other con- 
ventional alloys (Ref. 14). Dausinger 
(Ref. 4) has reported that power densities 
of at least 2000 kW/cm 2 are required for 
keyhole mode welding of AI-Mg and AI- 
Mg-Si alloys. That work also reported 
that threshold power densities of various 
aluminum alloys depend on the alloy 
content. The presence of increased 
amounts of magnesium or zinc tend to 
reduce the minimum power density re- 
quired for keyhole mode welding. This is 
most likely due to the fact that magne- 
sium and zinc are high vapor pressure el- 
ements that require a relatively low ther- 
mal energy to make the liquid-vapor 
transition. Thus, increased amounts of 
these elements assist in easier formation 
of a keyhole. 

At power levels lower than the thresh- 
old value, conduction-limited welding 
occurs. This may be the reason why in 
this investigation, at power levels ranging 
from 2 to 2.2 kW the 5754-0 laser welds 
exhibited partial penetration - -  Fig. 2. 

Upon increasing the power to 2.5 kW, 
the extent of penetration is observed to 
be dependent on travel speed. At rela- 

% T r a n s v e r s e  E l o n g a t i o n  for 5 7 5 4 - 0  W e l d s  

25.00 ~ . . . . . . . . . .  

20® ! 

~ -- iooo : '. '. • : 

oooi : : : : : 
,00 120 ,40 ,60 180 200 220 240 26o 28o 3o0 32o 34o 

Weld Travel Speed, inches per minute 

I • Weld . . . .  Base Metal I 

360 400 

Fig. 7 - -  Transverse percent elongation for 5754-0 laser beam welds made at 3 kW. 

% L o n g i t u d i n a l  E l o n g a t i o n  for 61 1 I -T4  W e l d s  

30| . . 

25 ~ . . . .  • . . . .  ~ . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  

10 

5 

0 
160 

o 

200 220 240 260 280 300 320 340 360 380 

Weld Travel Speed, inches per minute 

• % T o t a l  - -  % T o t a l  o % U n i f o r m  . . . .  % U n i f o r m  

E l o n g a t i o n  E l o n g a t i o n  E l o n g a t i o n  E l o n g a t i o n  

( W e l d )  ( B a s e  M e t a l )  ( W e l d )  ( B a s e  M e t a l )  
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tively slow travel speeds the average time 
that the laser beam irradiates at any point 
is high, resulting in a high net weld heat 
input. Due to this, there tends to be an ex- 
cessive buildup of plume above the key- 
hole cavity (Ref. 15). This plume forma- 
tion results in laser beam attenuation and 
hinders coupling with the weld metal. 
This phenomenon is thought to be re- 
sponsible for the partial penetration or 
conduction-limited welding, as observed 
in the welds made at 2.5 kW and be- 
tween 70 and 140 in./min. 

As the travel speed is increased at the 
same laser power, the average irradiance 
time of the beam at any point decreases. 

Based on the same argument, beam at- 
tenuation is minimized. Therefore, suffi- 
cient power density is available to both 
initiate and sustain the keyhole. Hence 
full-penetration welding is observed with 
increasing travel speed. 

Effect of Speed on Weld Geometry 

The occurrence of weld metal hole 
formation is dependent on the weld pool 
size and surface tension of the molten 
pool (Ref. 16). The low surface tension 
and high fluidity of molten aluminum are 
important factors that affect hole forma- 
tion in aluminum welds. At slow travel 
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speeds, the volume of the molten weld 
pool is relatively large due to the in- 
creased weld heat input. The surface ten- 
sion of molten aluminum is not high 
enough to sustain the weight of the 
molten mass. This results in the molten 
metal collapsing under gravity (Ref. 11). 
This is thought to be the cause for hole 
formation. 

As the speed increases, the net weld 
heat input decreases and the volume of the 
weld pool decreases. The surface tension 
of the molten metal is now high enough to 
sustain the mass of the weld pool. Hence 
no hole formation is observed at higher 
speeds. As the speed increases the weld 
pool flow pattern and size changes (Ref. 
13). At higher speeds, there exists a strong 

flow toward the center of the keyhole. If the 
volume of the weld pool is large enough, 
depending on the balance between the 
surface tension and curvature at the center 
of the weld pool, then other surface dis- 
continuities like humping or underfill may 
result (Ref. 17). 

Mechan ica l  Propert ies of  5 7 5 4 - 0  and 6 1 1 1 -  
T4  Laser Welds  

The mechanical properties of the au- 
togenous laser beam weldments of the 
5754-0 and 6111-T4 alloys are com- 
pared to those of the base metal in Figs. 
6-8. 

The mechanical properties of 5754-0 
alloy welds in the longitudinal direction 

compare very well with those of the base 
metal. The average percent longitudinal 
elongation of 5754-0 laser welds is al- 
most equal to that of the base metal. The 
average bead width of the laser weld is 1 
mm (0.04 in.), while that of the neck of 
the tensile specimen is 6.35 mm (0.25 
in.). The weld represents only 16% of the 
cross-section loaded in tension. There- 
fore, the base metal, which constitutes 
the remaining 84% of the load area, con- 
tributes more to the percent elongation as 
compared to the weld. The uniform and 
total elongation of the 5754-0 welds in 
the transverse orientation are relatively 
poor when compared to those of the base 
metal. All the tensile specimens fractured 
in the fusion zone. The fractured surface 
of the laser welds revealed the presence 
of surface discontinuities. These could 
act as stress risers when the weld is 
loaded in the transverse direction. So 
when the specimen is loaded in tension, 
the fusion zone constitutes the weakest 
link where all the strain concentrates. As 
a result, failure initiates and propagates 
quickly in the fusion zone. 

The mechanical properties of6111-T4 
weldments are not comparable to that of 
the base metal. A fractured tensile speci- 
men revealed numerous secondary 
cracks. The cracks initiate along the grain 
boundaries of the cellular dendritic so- 
lidification structure within the fusion 
zone. These are likely caused by liqua- 
tion of low-melting-point eutectic phases 
along the grain boundaries. This type of 
brittle failure is known as weld solidifi- 
cation cracking (Ref. 18). 

Hardness Profi le and M i c r o p r o b e  Analysis 

The microhardness profile for 5754-0 
laser welds indicates there is a slight in- 
crease in hardness in the heat-affected 
zone and fusion zone of the welds rela- 
tive to the base metal. This is contrary to 
observations reported by Martukanitz, 
Smith and Howell (Ref. 19) on 5754-0, 
Metzbower and Moon (Ref. 14) on 5456, 
Mazumder and Blake (Ref. 20) and Cies- 
lak (Ref. 5) on similar 5XXX series alloys. 
Moon and Metzbower (Ref. 14) reported 
a 0.9% weight drop (5.3-4.4%) in mag- 
nesium content in the fusion zone of 
5456 laser welds. A corresponding loss 
in hardness was also observed that was 
attributed to loss of magnesium. No mi- 
croprobe analysis has been reported in 
that investigation. Cieslak (Ref. 5), in his 
investigation on Nd:YAG continuous and 
pulsed laser welding of 5456, 5086 and 
6061 alloys, has reported a substantial 
percentage weight loss of magnesium 
across the fusion zone. The degradation 
of mechanical properties has been attrib- 
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parameter: 3-kW laser power and 380 in./min travel speed. 

uted to the loss in magnesium content. 
However, it is surprising to note a mar- 
ginal increase in microhardness across 
the fusion zone in 5754-0. The cause for 
this increase is not currently known. The 
microhardness results for 6111-T4 indi- 
cate a slight decrease in hardness, corre- 
sponding to the regions where solidifica- 
tion cracks were observed as shown in 
Fig. 17. 

Fractography 

The fracture in the 5754-0 longitudi- 
nal specimen appeared to initiate in the 

fusion zone. The SEM micrographs of the 
5754-0 laser weld fractured surface 
shown in Fig. 13 indicate a failure pre- 
dominantly by microvoid coalescence. 
This type of rupture is commonly ob- 
served in ductile rupture of materials. 
Even though large-scale porosity was not 
found in these welds, some welds exhib- 
ited microporosity. 

The SEM micrographs of 6111-T4 
shown in Fig. 14 illustrate the different re- 
gions of the weld and their failure mode. 
The center of the weld appears to have 
separated by the mechanism of mi- 
crovoid coalescence, displaying a dim- 

pied structure indicating a ductile type of 
failure. The fractograph of the region of 
cellular-dendritic structure indicates that 
fracture separation occurred by a brittle 
failure with little or no local plastic de- 
formation. This type of failure mode is 
known as decohesive rupture (Ref. 12). 
The top view of the weld showed the 
presence of secondary cracks, which 
seemed to initiate in the cellular-den- 
dritic growth regions of the fusion zone. 
At higher magnification, it was observed 
that the cracks clearly initiate along the 
interdendritic boundaries between two 
grains. This interdendritic nature of the 
cracks supports the hypothesis that there 
is a possible formation of a low-melting- 
point eutectic phase along the cellular 
grains that cannot support stress during 
solidification. 

Microstructure Characterization 

The microstructural characteristics of 
both alloys are shown in Figs. 15 and 16. 
As a result of welding 5754-0 alloy, a cel- 
lular dendritic structure is formed with 
occasional occurrences of equiaxed 
grains (at higher travel speeds) along the 
center of the weld. Laser welding of 6111 - 
T4 also resulted in a cellular dendritic 
structure but with equiaxed grains along 
the weld centerline. The microstructure 
of both 5754-0 and 6111 -T4 showed ab- 
sence of any significant heat-affected 
zone. This is due to the high energy den- 
sity laser radiation and high cooling rates 
(rapid travel speeds). Solidification cracks 
appear to emanate from the cellular den- 
dritic zone of 6111-T4 welds as shown in 
Fig. 17. Moreover, the kinetics of weld so- 
lidification (Ref. 18) results in solute seg- 
regation, the extent of which is dependent 
on the solidification rate, travel speed and 
weld heat input. Low melting point eu- 
tectic phases exist due to these segrega- 
tions and solidify along the grain bound- 
aries. These liquid films cannot withstand 
the residual thermal stresses and solidifi- 
cation shrinkage strains and result in weld 
solidification cracks. 

Conc lus ions  

Based on the results obtained from 
this research, the following conclusions 
can be drawn: 

1) Aluminum 5754-0 and 6111-T4 
alloy sheets have been autogenously butt 
joint welded with a 3-kW CO2 laser 
beam with no hole formation. 

2) The total longitudinal elongation of 
5754-0 laser welds, when oriented lon- 
gitudinally to the tensile axis, was 80 to 
110% of the base metal. The failure mode 
in the welds was ductile rupture. The 
welded aluminum sheet displayed maxi- 
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Fig. 13 - -  Fractography of 5754-0 longitu- 
dinal weld tensile specimen. Welding para- 
meter: 3-kW laser power and 380 in./min 
travel speed. 

Fig. 14 - -  Fractography of 611 l-T4 longitu- 
dinal weld tensile specimen. Welding para- 
meter: 3-kW laser power and 200 in./min 
tra vel speed. 

Fig. 15 - -  Solidification structure of 5754-0 
laser beam weld. Welding parameter: 3-kW 
laser beam power and 180 in./min travel 
speed. 

Fig. 16 - -  Microstructure showing equiaxed 
grain structure along the weld center of a 
611 l-T4 laser beam weld. Welding parame- 
ter: 3-kW laser power and 200 in./min travel 
speed. 

mum total elongation when welded at 3- 
kW laser power and at travel speeds be- 
tween 200 and 300 in./min. 

3) The total elongation of 6111-T4 
laser welds, when oriented longitudi-  
nally to the tensile axis, was 30 to 70% 
of the base metal. The failure mode was 
a combination of ductile rupture and brit- 
tle interdendritic failure• The elongation 
of the welds decreased with increased 
travel speed. 

4) It was also observed that the grain 
morphology of 5754-0 showed predom- 
inantly cellular dendritic structure in the 
fusion zone with traces of equiaxed den- 
dritic growth along the weld centerline. 
Similar studies on 6111-T4 revealed a 
cellular dendritic structure growing to- 
ward the weld centerl ine with fine 
equiaxed grains in the center. 
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