
Structure and Fatigue Strength of 
5456 Aluminum Alloy GTA Welds 

Pulsed power welds exhibited periodic variations in 
microstructural fineness, which did not seem to affect 
fatigue strength 

BY R. H. J U E R S A N D T. Z. K A T T A M I S 

ABSTRACT. Several GTA bead-on-
plate welds were made on 0.375 in. 
thick 5456 aluminum alloy plates. 
Heat input varied between 9 and 27 
kJ/ in. One series of welds was made 
using steady state power and the 
other using pulsed (2.5 Hz) power of 
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various peak to ground ratios. 
Microstructurally, the pulsed power 

arc welds per iodical ly contained 
regions of coarser dendrit ic structure 
and interdendritic secondary phase, 
AI3Mg.,, separated by finer dendritic 
regions. The coarse regions were 
found to correspond to lower solidifi
cation rates. The spacing between 
them was found to depend on tra
verse speed and pulse frequency. For 
a given power input nuggets were 
larger when pulsed power was used 
instead of s teady state power . 
Mechanical properties such as hard
ness and fatigue life were the same 

for both steady state and pulsed 
power arc weld. 

Introduction 

This investigation was undertaken 
because of a need for additional 
fatigue data on 5000 series alumi
num alloys, as expressed in the Weld
ing Research Council Bulletin No. 
137.1 

Although economically attractive, 
welding cannot be applied to many of 
the newer alloys without an aware
ness of solidification structure and of 
the re lat ionship between welding 
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Fig. 1 — Pulsed current (2.5 Hz) wave form. High current 400 A, 
low current 200 A, average current 260 A, RMS current 282 Fig. 2 — Krouse constant stress type fatigue specimen 
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F/g. 3 — Weld bead surfaces etched with HCL Welding conditions for the various spec
imens are summarized in Table 1 

parameters, structure and mechan
ical properties. 

One of the strongest, corrosion 
resistant and most weldable alloys of 
the 5000 series is 5456.25 This alloy is 
used in welded high strength struc
tural and cryogenic applications. A l 
though alloys of the 5000 series are 

classified as non-heat-treatable, the 
amount of magnesium soluble at the 
annealing temperature in the 5456 
alloy is higher than that retained in 
solution at room temperature. In pres
ence of severe strain hardening fol
lowed by aging at room or elevated 
temperature, precipitation of an inter-

Table 1 — Welding Parameters Used in 
this Study 

Type of 
power 

Steady state 

Pulsed mode. 
1 to 2 cur
rent ratio 

Pulsed mode, 
1 to 3 cur
rent ratio, 
or greater 

Type of 
power 

Steady state 

Pulsed mode, 
1 to 2 cur
rent ratio 

Pulsed mode, 
1 to 3 cur
rent ratio, 
or greater 

Type of 
power 

Steady state 

Pulsed mode, 
1 to 2 cur
rent ratio 

Pulsed mode, 
1 to 3 cur
rent ratio, 
or greater 

Type of 
power 

Steady state 

Pulsed mode, 
1 to 2 cur
rent ratio 

Pulsed mode, 
1 to 3 cur
rent ratio, 
or greater 

Heat input. 
27,000 J/ in. 

Weld 
no. 

I 

2 

3 

Power 
setting 

250A,18V 

Low 200A; 
high400A, 

18V; 
avg. 260A; 
RMS282A 

Low150A; 
high450A, 

18V; 
avg. 240A; 
RMS274A 

Heat input. 
20,000 J/ in. 

Weld 
no. 

4 

5 

6 

Power 
setting 

185A,18V 

Low 150A; 
high 300A, 

18V; 
avg. 180A; 
RMS210A 

Low 75A; 
high450A, 

18V; 
avg. 185A; 
RMS 193A 

Heat input, 
15,000 J / in . 

Weld 
no. 

7 

8 

9 

Power 
setting 

150A, 17V 

Low 120A; 
high240A, 

17V; 
avg. 145A; 
RMS 170A 

Low 60A; 
high400A, 

17V; 
avg. 155A; 
RMS 155A 

Heat input, 
9 ,000J/ in . 

Weld 
no. 

10 

11 

12 

Power 
setting 

100A, 15V 

LowaOA; 
high 160A, 

15V; 
avg. 100A; 
RMS113A 

Low 30A; 
high300A, 

15V; 
avg. 100A; 
RMS95A 
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metall ic phase takes place along 
grain boundaries or slip planes. This 
precipitation promotes intergranular 
attack and stress corrosion cracking 
in certain corrosive environments. 

Special H3xx tempers (H321 for 
plate and H3x3 for sheet) were devel
oped to eliminate or minimize this 
phase instability, hence to prevent 
"age softening." These H3xx type 
treatments are short t ime treatments 
in the range of 250 and 350 F and pro
vide stable mechanical properties 
and improved forming character
istics. Typical mechanical properties 
for 5456 - H321 plate material, are: 
U.T.S:51,000 psi; Y.S.(0.2% offset): 
37,000 psi; %E:16; fatigue limit for 5 x 
10s cycles: 23,000 psi. An area of in
vestigation which received little atten
tion in the past is the fatigue behavior 
of these alloys. It is variously re
ported610-11 that welding procedures 
per se have insignificant effect on the 
strength of welded 5456 aluminum, 
provided the procedure used results 
in a good quality weld. 

The effect of- weld microstructure 
on fatigue properties has been pre
viously studied.613 Most reported 
fatigue testing of welded aluminum 
alloys has been performed with the 
weld reinforcement intact. The result
ing geometrical factors associated 
with the welded joint would then over
shadow the metallurgical factors. The 
major stress concentration is usually 
located along the intersection line 
between the weld and the surface of 
the base metal, and the notch acuity 
of the weld metal-base metal contact 
angle affects fatigue strength signif
icantly. Stern et al9, obtained approx
imately the same fatigue strength for 
5154-H34,5086-H32, 5456-H321,and 
5454-H34 alloys in Vz in. thick as-
welded butt joints, despite a range of 
tensile strengths from 38 to 51 ksi, 
and a corresponding yield strength 
range from 19 to 28 ksi. Person10 

reported that the fatigue strength of 
5083, 5456, and 7039 butt welds, with 
reinforcement on, was generally the 
same for all alloys when the welds had 
about the same geometry. 

When geome t r i c e f fec ts were 
e l iminated, permit t ing microst ruc-
tural variations to directly influence 
fatigue properties, it was found that 
the weld metal or heat-affected zone 
(HAZ) became the weak link. Mindlin 
et al11 presented data indicating a 
strong difference in fatigue strength 
for various base metal tempers. 
Geisler12 in his study on axial fatigue 
of 5456 base metal and GMA butt 
welds also reported that the most pro
nounced factor influencing the fatigue 
life of transverse butt welds was bead 
geometry, which depends on welding 
conditions, not the specific temper of 
the base metal. An increase in the en
durance limit of 40% was obtained 
when the weld reinforcement was 

Table 2 — Fatigue Test Data 

Specimen 
no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Test 
no. 

1 
2 
3 
4 

1 
2 
3 
4 
5 

1 
2 
3 
4 

1 
2 
3 
4 
5 

1 
2 

a 
4 

5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 

5 

1 
2 
3 

4 

1 
2 
3 
4 

1 
2 
3 
4 

Number of 
cycles, N 
(millions) 

4.5362 
2.224 
0.7055 
0.0723 

2.194 
4.092 
.594 
.518 
.084 

10.0 
1.8726 
.3553 
.1544 

.392 
10.7 
.0657 
.2069 

— 

.0799 

.0345 

.1624 

.7588 
1.9692 

.5703 

.0702 
6.2925 
.0564 
.2481 

.3028 

.0784 

.048 
1.0274 
1.4391 

1.917 
.3674 
.2320 
.0558 
9.16 

.9656 
1.808 
3.550 

.2486 

.6043 

.0425 

.0721 
2.6678 

.0697 

.3897 
10.0 
1.271 

Nominal 
maximum 

stress a 
psi 

11,900 
20,200 
21,400 
23,100 

15,060 
17,650 
20,600 
22,000 
23,800 

10,670 
15,100 
20,200 
23,300 

18,500 
13,100 
23,200 
21,400 
25,600 

23,500 
29,300 
19,700 
16,200 
11,560 

19,100 
22,600 
13,500 
27,800 
19,200 

17,300 
22,800 
29,300 
13,450 
12,450 

12,150 
16,600 
19,700 
24,400 

9,850 

16,800 
16,000 
12,600 

20,700 

17,500 
25,400 
21,900 
12,800 

24,500 
19,600 
15,150 
16.700 

Real 
stress 

3,T 

psi 

35,700 
60,600 
64,200 
69,300 

45,180 
53,000 
61,800 
66,000 
71,400 

32,000 
45,300 
60,600 
69,900 

55,500 
39,300 
69,600 
64,200 
76,800 

70,500 
87,900 
59,100 
48,600 
34,680 

57,300 
67,800 
40,500 
83,400 
57,600 

51,900 
68,400 
87,900 
40,400 
37,300 

36,450 
49,800 
59,100 
73,200 
29,550 

50,400 
48,000 
37,800 

62,100 

52,500 
76,200 
65,700 
38,400 

73,500 
58,800 
45,450 
50,100 

Remarks'3 ' 

No Failure 

No Failure 

Broke in Grip 

No Failure 

No Failure 

(a) Stress ratio. R = -1 
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Fig. 4 — Photomacrograph of weld surface etched with HCI. Steady state arc condition, 
250 Amps, 18 Volts, 5 in./min travel speed. X10, reduced 27% 
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F/g. 5 — Photomacrograph of weld surface etched with HCI. Pulsed current arc condition, 
low current 200 Amps, high current 400 Amps, 18 Volts, 5 in./min travel speed. X10, 
reduced 27% 

removed from the specimen prior to 
testing. Several investigators11 13 

showed fatigue life of weldments to be 
substantially below that of the base 
metal independently of temper, and 
indicated weld structure to be the 
controll ing variable. Specifically, at 
106 cycles, values reported for 5456-
H321 welds were 24,000 versus 

36,000 psi for "flushed off welds. 
In the investigation reported herein 

an attempt is made to determine the 
effect of various types of arc power on 
solidification structure and related 
fatigue behavior of 5456 alloy weld
ments and ultimately to establish the 
s t r u c t u r a l s e n s i t i v i t y of f a t i g u e 
strength in this alloy. 

Materials and Apparatus 

Plates of 5456-H321 aluminum 
alloy (nominal composit ion: 0.8 Mn, 
5.1 Mg, 0.12 Cr, 0.40 (Si + Fe), 0.10 
Cu, 0.25 Zn, 0.20 Ti, balance Al) 0.375 
in. thick were used in this investiga
tion. The water-cooled Airco Ma
chine Torch M50-B was maintained 
perpendicular to the plate surface. A 
5/32 in. diam, 2% thoriated tungsten 
tapered electrode was used. A Linde 
OM-48 side beam carriage with elec
tronic governor held the torch and 
controlled the travel speed. All welds 
were made at a travel speed of 10 
ipm. A fixture designed to maintain 
proper plate alignment was used. 
Asbestos board was placed between 
the plate to be welded and the fixture, 
thus insuring a constant heat sink. 
Cooling rates varied with welding 
parameters. 

The power supply was a Vickers 
Controlarc 300 dc machine with 
superimposed high frequency arc 
starting and a modified rectifier to 
generate pulsed power.14 The pulsed 
welding current varied from a high to 
a low level to produce a continuously 
welded seam consisting essentially of 
overlapping welds. Each one of these 
pulsed welds is produced with an ini
tially high welding current which is 
lowered toward the end of the cycle. 
The weld puddle partially solidifies 
while the arc is maintained at the low 
level. Process variables which can be 
controlled include the pulse wave 
shape, pulse current, background 
current, pulse time, and interpulse 
time. 

The periodic welding current used 
herein is typified in Fig. 1. The peak 
current and background current were 
varied throughout the study, whereas 
the basic frequency (2.5 Hz) and wave 
shape were maintained constant. For 
a uniform travel speed of 10 ipm, 
overlapping pulses were separated by 
distances of about 1/16 in. The peak-
to-background-current ratios used 
were 2 to 1 and 3 to 1. All welds were 
made with welding grade helium sup
plied to the weld zone at 72 cfh. A 
Tektronix 564 storage oscilloscope 
was used to observe and record cur
rent wave forms. 

The fatigue specimens used in this 
investigation were of the Krouse con
stant stress type, Fig. 2. They were 
tested in reversed bending at a fre
quency of 1750 cpm, with stress levels 
varying between 11,900 and 29,300 
psi. 

Experimental Procedure 

A bead-on-plate study was 
c o n d u c t e d on c h e m i c a l l y a n d 
mechanically cleaned plates. The aim 
was to s imulate a pract ical jo int 
design (square butt) without filler 
metal which would introduce the com-
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plicating effect of alloy composit ion 
variation. All welds were single pass 
beads made in the flat position using 
a 500 A water-cooled GTA torch 
mounted on an electronically con
trolled side-beam travel carriage. 

The values of the welding param
eters adopted herein are summar
ized in Table 1. The heat input levels 
ranged from 9 kJ/ in . to 27 kJ/ in . 
Three conditions of arc power were 
used: steady state; pulsed mode with 
a high-to-low current ratio of 2 to 1; 
pulsed mode with a current ratio of 3 
to 1 or higher. The plate dimensions 
were % x 12 x 24 in. insuring a uni
form heat sink. The bead was placed 
at the center of each plate in the longi
tudinal direction. The heat input was 
the same in both steady state and 
pulsed power experiments. 

Results and Discussion 

A typical pulsed current wave form 
is illustrated in Fig. 1 which shows a 
low current of 200 A and a high cur
rent of 400 A (current ratio 1 to 2). The 
average current was calculated and 
found to be 260 A and the root mean 
square current 282 A. Pulsed current 
offers a better control of weld metal 
melting, solidification and final mi
crostructure, as well as higher cooling 
rates, finer structures and increased 
penetration. 

Typical macrost ruc tures of un
polished weld bead surfaces lightly 
etched with HCI and rinsed with hot 
water are illustrated in Figs. 3 to 6. 
Grains grew normal to the isothermal 
surfaces (ripples) and became finer 
for higher current ratios. The grain 
structure and growth direction ap
peared to depend on the spacing be
tween successive ripples. For a given 
current pulse frequency this spacing 
depends on traverse speed, Figs. 5 
and 6. No center-line cracking was 
observed in either the steady state or 
pulsed current welds. 

Typical photomicrographs of pol
ished weldments are illustrated in 
Figs. 8-11. The microstructure is den
dritic with an interdendritic globular 
nonequil ibrium phase identified by 
e lec t ron m ic roana lys i s as be ing 
AI3Mg2. Figure 8 shows a uniform and 
f ine i n te rdend r i t i c d i spe rs ion of 
AI,Mg2 particles within the steady 
state GTA weld deposit. Substantial 
coarsening of this phase is observed 
in the heat-affected zone. Aligned 
particles of AI3Mg2 are seen within the 
wrought base material. 

A close examination of Figs. 9 and 
10 shows that ripple marks are in real
ity regions within the weld, where the 
dendritic structure and the second
ary phase are slightly coarser than the 
rest of the weld. These regions ap
pear to be limited by isothermal 
surfaces which roughly coincided with 
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Fig. 6 — Photomacrograph of weld surface etched with HCI. Pulsed current arc condition, 
low current 200 Amps, high current 400 Amps, 18 Volts, 10 in./min travel speed. X10, 
reduced 27% 
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Fig. 7 — Weld nugget depth versus width for various power conditions and energy levels 

the solid-liquid interface at the begin
ning and the end of the current peak 
period. During solidification of these 
regions the current and power input 
were above average, hence local 
cooling rate14 and dendrit ic growth 
rate were below average and the 
microstructure was coarser. Dendritic 
arm spacing measured in the coarse 
and fine dendritic structures indi
cated that the dendritic growth rate in 
the coarse region was about 25% 

lower than in the fine region. 
It is interesting to note, Fig. 10b. 

that this perturbation in structural uni
formity does not affect the continuity 
of dendritic growth; dendrites grow 
continuously across the ripple sur
faces. In these regions of slower 
growth slight changes in grain growth 
direction are observed. Possible vari
ations in bulk deposit composit ion 
were investigated by electron micro
probe analysis. Several scans were 
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SOLIDIFICATION ISOTHERM 

Fig. 8 — Photomicrographs of steady state GTA weld de
posit. Longitudinal section parallel to the plate surface. 
X50, reduced 34% 

Fig. 9 — Photomicrographs of pulsed power GTA weld deposit. Longi
tudinal section parallel to the plate surface. Current ratio = 1:3. X100, 
reduced 34% 

conducted across the solidification 
isotherms of various welds, but no 
mac roseg rega t i on was revea led . 
Alternating bands of fine and coarse 
dendrites in GMA welds in commer
cial Al-Mg-Mn alloys were previously 
reported by Jordan and Coleman16 

who attributed them to periodic vari
ations in solidification rate. 

Between the coarse ripples pro
duced by the periodical variation of 
current, hence power input, there is a 
generation of finer ripples which are 
also observed in the steady state arc 
weld. Fig. 4. This fine rippling could 
be caused by a heat flow instability.16 

During solidification of the layer of 
solid included between two succes
sive fine r ipples ( isothermal sur
faces), the latent heat of fusion re
leased at the solid-l iquid interface 
slows down or even halts solidifica
tion until it is completely evacuated. 

It has been observed in many in
stances15 that, in the vicinity of the 
weld centerline, long columnar grains 
elongated longitudinally are twinned. 
Twinned columnar grains were ob
served in the present case in both 
steady state and pulsed power welds. 

Figure 11 reveals that, in one of the 
twins in these twinned grains, the 
volume fraction of AI.,Mgp is higher 
than in the other and the particles are 
aligned. This could simply be due to 
the difference in angle at which the 
plane of polish intersects the twins. 
Further analysis of this structure is 
beyond the scope of this paper. 

Cross-sections of the deposits 
were photographed and weld nugget 
dimensions recorded and plotted in 
Fig. 7. It is readily obvious that, for a 
given energy input, the pulsed power 
mode results in a generally larger 
weld deposit with both nugget width 
and depth increasing as pulse-peak 
to b a c k g r o u n d - c u r r e n t rat io in 
creases. For a given heat input pulsed 
power would appear to permit higher 
welding speeds than steady state 
power. The reason for the increased 
nugget size with pulsed power is not 
very clear. 

M i c r o h a r d n e s s measu remen ts 
taken at 2 mm steps across the pol
ished surface of weld deposits did not 
reveal any startling variation in this 
property. The average Knoop hard
ness appeared to be approximately 

151 in both steady state and pulsed 
power welds. 

Initial fatigue testing resulted in 
failure at the grip area. In order to 
selectively test the strength of the 
weldment a 1/32 in. diam hole was 
drilled in its center, Fig. 2. The stress 
concentration resulting from the exis
tence of the hole was taken into con
sideration in determining the max
imum applied stress. The stress con
centration factor, k, , ratio of max
imum stress to nominal stress, was 
taken equal to 3 as in the case of a 
hole drilled in a plate of infinite width. 

To def ine the S-N relat ionship 
several specimens were tested at 
room temperature in reverse bend
ing (R= -1) at various stress levels for 
each set of processing conditions, 
Table 2. The amount of scatter is very 
large and no curve could possibly be 
plotted. However, the band of values 
generated indicates no difference in 
fatigue strength between steady state 
and pulsed power welds. The fatigue 
strength of this alloy appears to be 
independent of solidification struc
ture for the range of conditions inves
tigated. 
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Fig. 10 — Photomicrographs of polished weld etched with Keller's 
reagent. Longitudinal section parallel to the plate surface. Pulsed 
arc condition, (a) X50, (b) X100, both reduced 24% 
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Fig. 11 — Photomicrographs of polished welds etched with 
Keller's reagent. Longitudinal section parallel to the plate sur
face. Pulsed arc condition, (a) X100, (b) X400, both reduced 24% 

Conclusions 

1. In the welds processed using 
pulsed power certain coarser den
dritic regions appear periodically 
and are separated from finer den
dritic regions by solidification iso
therms. In these coarser regions 
the i n t e r d e n d r i t i c s e c o n d a r y 
phases are coarser. No macro-
segregation was revealed within 
the coarser regions. The spacing 
between coarse regions depends 
on traverse rate and pulse fre
quency. 

2. The use of pulsed power and the 
corresponding periodically vari
able solidification rate seem to 
favor a finer grain structure. 

3. For a given power input pulsed 
power welds are larger in size than 
steady state welds. It appears that 
the pulsed power arc efficiency 
may be greater, offering faster 
welding with reduced welding heat 
effects. 

4. Properties (hardness and fatigue 
life) of bead-on-plate welds pro
cessed using pulsed and steady 
state types of arc power were sim
ilar. This reconf i rms previous 

reports that the welding proce
dure does not significantly affect 
fatigue behavior provided the weld 
is of good quality. 
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