
High Temperature Bend Tests on Welded Aluminum Plates 

Five welded plates show wide differences in ability to undergo 
large plastic strain without failure, and filler metal selection and 
weld configuration are important for good weld performance 
at elevated temperature bending 
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Introduction 
The bending of metals, whether in 

single or double plane bends, is an 
important forming operation which is 
used extensively in fabrication of large 
structures from sheet and plate. The 
size limitation of existing aluminum 
rolling mills often prevents the use of 
a one piece sheet or plate for forming 
large structures such as storage tanks. 
For the larger structures, two or more 
pieces are welded together to produce 
sufficiently large plates. This then in
troduces an additional variable into 
the forming operation since, with less 
than 100% weld efficiency, the weld 
will behave differently to the base 
metal. Preferential straining within 
the weld during hot forming is then 
possible with subsequent reduction in 
cross section and further concentra
tion of the strain causing instability, 
necking and failure in the weld. 

In aluminum alloys numerous tech
niques are available by which such a 
welded plate could be fabricated and 
so a series of elevated temperature 
bend tests were made to test for the 
optimum welding technique. The 
welding parameters considered were 
the weld configuration and filler met
al. These welds were then tested to 
different bend radii and the failures 
noted. In addition to this qualitative 
test, a grid pattern was applied to the 
bend specimen to obtain local strain 
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measurements on the samples after 
bending. 

The stresses and strains in a bent 
rectangular bar have been extensively 
investigated by Sachs et al1 who 
found that in sections in which the 
thickness is less than the width the 
minimum bend radius increases as the 
width to thickness ratio increases. This 
is due to the restraint of the width 
which causes a transverse stress and 
reduces the transverse strain. The cen
ter of the specimen tends to be in a 
biaxial strain state (plane strain), 
whereas the edges of the bar are in 
plane stress. The ductility under plane 
strain is lower than plane stress and so 
failure initiates at the center of the 
bar in a bend test. 

This stress state variation is a fur
ther parameter which has to be taken 
into consideration in considering the 
bending of welded plates where anisot-
ropy and inhomogeneities would be 
particularly susceptible to failure un
der a plane strain state. For this rea
son, the strain distribution in the weld 
was determined using a grid system 
developed for this investigation. The 
uniformity of the strain distribution 
should then be related to the bend 
radius at failure of the plate since it 
is the strain concentration in the weld 
which causes the premature failure. 

Material and Welding Procedure 
The material used in this investiga

tion was 3,'4 in. thick plate 5083 
aluminum alloy with composition 
shown in Table 1. Two filler metal 

Table 1—Chemical Analysis of the Plate and Filler Metal Alloys, % 

Si Fe Cu Mn Mg Cr Ni Zn 

5083 0.11 0.25 0.05 0.72 4.73 0.09 0.01 0.04 
5183 
5356 

0.4 
0.5 

0.4 
0.5 

0.10 
0.10 

0.5 -1.0 
0.05-0.20 

4.3 -5.2 
4.5 -5.5 

0.05-0.025 
0.05-0.20 

0.25 
0.10 

Ti 

0.03 

0.06-0.20 

compositions, 5183 and 5356, were 
used of nominal compositions shown 
in Table 1. 24 x 30 in. plates were 
made by welding two 12 x 30 in. 
pieces, to allow sufficient specimens 
for testing. The welding procedures 
used are as shown in Table 2. The 
weld beads were machined off after 
welding. Machining off the weld beads 
was difficult with the single vee welds 
owing to the warpage which occurred 
during welding. 

The specimens of 10 x 2 x 3 / 4 in. 
were chosen as being sufficiently wide 
to cause plane strain at the center. 
This would then give a failure in the 
center of the width and not at the 
edges. The welds were parallel and 
perpendicular to the specimen length. 

Table 2—Materials Tested 

Five test specimens have been welded 
of y, in. thick 5083-H112 material. These 
specimens are 24 X 30 in. and have been 
welded in the 30 in. direction which is 
parallel to the rolling of the plate. 

Plate A was welded with 5183 filler 
metal and a single vee 90 deg included 
angle. The reverse side was then back 
chipped and welded and the plate X-
rayed. The porosity level of this plate is 
at the maximum level of ASME specifi
cations. 

Plate B was welded with 5356 filler 
metal and a double vee 74 de^ included 
angle joint. The root pass was made, the 
plate turned over, back chipped and 
welded to completion on that side, 
reversed again and welded to comple
tion. Plate was then X-rayed and found 
within ASME porosity level. 

Plate C prepared and welded similar 
to Plate A except 5356 filler metal was 
employed. X-rayed and found O.K. 

Plate D similar to Plaie B using 5183 
filler metal. X-rayed—O.K. 

Plate £ employed a square butt joint, 
dcsp gas tungsten-arc welding and 
without the addition of fil ler metal. 
X-rayed—O.K. 
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Table 3—Mechanical Properties of 5083-H112, '•'•/., in. Thick Welded 
Aluminum Plate at Room Temperature 

Identification 

Plate-A. 
Base metal—2 

—3 
(avg.) 
Plate-A, 
Transverse weld—5 

—7 
(avg.) 
Plate-B. 
Base metal—2 

—3 
(avg.) 
Plate-B, 
Transverse weld—5 

—7 
(avg.) 
Plate-C, 
Base metal—2 

—3 
(avg.) 
Plate-C, 
Transverse weld—5 

—7 
(avg.) 
Plate-D, 
Base metal—2 

—3 
(avg.) 
Plate-D, 
Transverse weld—5 

—7 
(avg.) 
Plate-E,1' 
Transverse weld—4 

Ultimate 
Tensile 

Strength, 
ksi 

48.1 
47.7 
47.9 

45.4 
44.6 
45 ."0 

48.4 
48.0 
48.2 

44.8 
44.6 
44.7 

48.5 
48.8 
48.6 

38.1 
38.9 
38.5 

49.0 
48.5 
48.8 

44.0 
43.0 
43.5 

Yield 
Strength, 

ksi 

25.9 
25.2 
25.6 

19.8 
20.2 
20.0 

25.9 
25.1 
25.5 

22.4 
22.5 
22.5 

26.3 
26.3 
26.3 

19.0 
19.4 
19.2 

26.3 
26.3 
26.3 

23.2 
23.1 
23.2 

Elongation 
over 2 in., 

% 

22.0 
22.0 
22.0 

20.0 
18.0 
19.0 

22.0 
23.0 
22.5 

20.0 
18.5 
19.3 

22.5 
22.0 
22.3 

11.0 
12.0 
11.5 

20.5 
21.5 
21.0 

15.0 
14.0 
14^5 

Weld 
efficiency. 

%» 

93.9 

92.7 

79.2 

89.1 

44.3 19.7 19.0 92.5' 

% Weld efficiency derived from average tensile strengths. 
' Insufficient material for additional tests. 
Based on ult imate tensile strength of Plate-A. 

Testing Method 
Three methods are available for the 

bend testing of metal plate—namely, 
pure bending with end moments, die 
bending and wrap forming. The latter 
type was selected since it gives uni
form curvature and surface strain at 
bend angles above approximately 90 
deg. In addition, it most closely ap
proximates the shear spinning oper
ation in which the welded plates are 
formed. 

A modified plate bender was used 
to make the bends; this apparatus uses 
a circular roller which is free to rotate 
as the wiper block. There is no fric
tion between the block and the speci
men which is clamped to a backing 
plate to prevent relative movement 
between the specimen and the die. No 
lubrication was used on the die, 
wiping block or specimen as no sliding 
friction was found to occur. The bend 
apparatus was capable of 180 deg 

Fig. 2—Bend specimen with applied grid 
after bending 

Fig. 3—Bend specimens with applied grid after bending (numbers shown give a 
relative rating of the weld performance in bending) 

la 
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Fig. 4—Base metal speci
men after a 1.67-T radius 
bend 
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Fig. 5 — Plate-A welded 
specimen after a 1.67-T 
radius bend 
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Fig. 6 — Plate-B welded 
specimen after a 1.67-T 
radius bend 

Fig. 7 — Plate-C welded 
specimen after a 1.67-T 
radius bend 
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bends and dies in the range of V, ., to 
5 in. diameter were used. 

Specimens with a thermocouple at
tached to one end were heated to 
900° F in an electric furnace. Each 
specimen was positioned in the bend 
fixture with the thermocouple at the 

fixed end and clamped. Testing was 
begun in all cases when the tempera
ture reached 700° F and the bend in 
all cases was taken to 180 deg if no 
failure occurred. The temperature 
profile of the complete test was re
corded; the temperature at the finish of 

bending being approximately 500° F 
in all cases. The die was heated in the 
furnace prior to bending but the back
ing plate and wiper block were only 
heated by conduction from the test 
pieces. No appreciable variation in the 
final temperature of the specimens 
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Fig. 8 — Plate-D welded 
specimen after a 1.30-T 
radius bend 
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Fig. 9 — Plate-E welded 
specimen after a 1.30-T 
radius bend 
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was noted as the tooling temperature 
increased. 

The minimum bend radius used was 
s / 4 in. and any welds which did not 
fail at this radius were examined and 
rated on the basis of appearance of 
the deformation and its uniformity. 
The inferior welds showed necking at 
the tensile surface and marked strain 
concentration within the weld metal. 
The welds were given a number 
ranking of: 1—no necking and small 
strain variation; 2—some necking and 
localized strain variation; 3—excessive 
necking and large localized strains. 

In addition to the quantitative ex
amination, a grid system was applied 
to the specimen to measure the local 
strain on the tension surface of the 
bend. The requirements for this grid 
were that it should withstand up to 
I000D F temperatures and cause no 
stress concentration. A scribed grid 
would cause stress concentrations and 
an etched grid was found to be diffi
cult to measure. A plated copper grid 
using an electroless copper deposition 
was used. The grid was photograph
ically applied to the specimen using a 
photoresist coating sprayed onto the 
surface. Immersion in the copper plat
ing solution produced a grid pattern as 
shown in Fig. 1. The grid covered the 
full width of the specimen and 5 in. of 
the length spanning the weld. The 
strained specimen (shown in Fig. 2) 
and an unstrained specimen were pho
tographed at a magnification of X6 
and measurements were made of cir
cumferential and transverse strains in 
the bent specimens. The original grid 
consisted of a pattern 0.05 in. square. 

Results 
Table 3 shows the tensile data and 

weld efficiency for the welded plates. 
Figure 3 shows the results of the bend 
tests as evaluated qualitatively; the 
bends in these cases were examined 
and rated as good with no surface 
necking, good with some surface 
necking, good with appreciable sur
face necking, failed. These show that 
the welds with the best performance 
were the B and E plates (see Table 
2) while the A and D plates had 
inferior properties. 

This qualitative ranking was 
confirmed by the strain measurements 
made on the specimens having the 
plated grids. The strains measured 
showed the expected plane strain con
dition existing in the center of the 
tensile surface of the bend. Figure 4* 
shows the distribution of longitudinal 
and transverse strain in the base metal 

specimen. The longitudinal strains are 
close to the theoretical strain com
puted using the simple formula: 

longitudinal strain 
2R 

where t = thickness of the specimen: 
R = radius of the bend. 

This does not make any correction 
for shifts of the neutral axis or thin
ning of the plate. More accurate the
oretical strain computations are avail
able but were considered unnecessary 
for the scope of this investigation. The 
transverse strains at all positions 
showed Poisson strains only at the 
edges of the bent plate and dropped to 
zero beyond 0.2 in. of each edge. The 
strain distribution in this case rapidly 
became plane strain and so failures 
could always be expected in the center 
of the tensile surface. The longitudinal 
strains in this test piece are close to 
the computed theoretical strains in all 
cases with little variation. This distri
bution agrees with theoretical and ex
perimental work reported by others.1-

Figures 5 to 9f show the strain 
distribution in the w;lded samples. 
Comparison of these figures with the 
qualitative rating of the welds in Ta
ble 2 shows that the higher rated 
welds, E and B (Figs. 6 and 9) show 
the lowest variation of longitudinal 
strain with distance along the bend. 
The lowest rated weld, D, shows the 
most variation in longitudinal strain— 
Fig. 8. Also in Fig. 8, the other low 
rated weld, C, also shows a large 
longitudinal strain variation. The 
transverse strain shows no variation 
and seems unaffected by the variabili
ty of the longitudinal strain. 

Conclusions 
The tests on the five welded plates 

investigated showed wide differences 
in their ability to undergo large plastic 
strains without failure. In these tests 
down to a 1.3/ bend radius, few fail
ures were recorded but the capacity of 
the welds to deform uniformly and 
similar to the base metal could be 
accurately determined. This capacity 
for homogeneous deformation in 
welded plate is important in oper
ations requiring large plastic strains. 

* Figures 4-9 represent circumferential 
and transverse strains across the weld in 
the bend sample. Strain measurements 
were taken on alternate grid squares 
across the weld. Each figure represents 
0.72 in. of the test piece. 

t Ibid. 

The tests reported here give a quanti
tative method of measuring the uni
formity of the deformation in the 
welded material at any bend radius. 

The tests also showed that the filler 
metal and the weld configuration are 
important variables for good weld 
performance in bending at elevated 
temperature. The 5356 filler metal 
double vee weld being the highest 
rated and the 5183 filler metal double 
vee lowest rated of the conventional 
welds. 

The dcsp gas tungsten-arc weld per
formed more uniformly and with less 
surface roughening than any of the 
conventional welds but was only 
slightly better than the 5356 filler 
metal double vee. 

It would appear, therefore, that for 
applications requiring welded plate of 
5083 alloy to undergo large plastic 
strains at elevated temperature, the 
dcsp gas tungsten-arc weld would be 
the most suitable. However, if conven
tional filler metal welds are used then 
the double vee with 5356 filler metal 
is recommended. 

The strain measurement technique 
also suggests a method of assessing the 
properties of welded plate in a bend 
test. Under conventional testing a 
series of bends to successively sharper 
radii would have to be made in order 
to make a comparison of different 
weld methods. Using a grid applied to 
the specimens it would be possible 
from one intermediate radius bend to 
rate the different methods for their 
bend characteristics. The weld method 
which gives the least variation in local 
longitudinal strain would be the most 
likely to bend to the smaller radius. 

There are no plans at present to 
extend this technique beyond this 
study but the same grid patterns, on 
the edge of ingots, have been used to 
study deformation during hot rolling. 
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