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This research discusses the various effects of alloying elements specially Cu and Mg
contents on the weldability of Al-Zn-Mg-Cu-based alloy (7xxx series). Five series having
different chemical compositions have been adopted. Both similar and dissimilar fusion
welded joints have been made through various combinations of such alloys. Examination of
mechanical properties of the welded joints; tensile strength and hardness values were
carried out coupled with microstructure examination for the alloys before and after welding.
This research could explain the effects of alloying additions; Cu and Mg, on the weldability
of Al-Zn-Mg-Cu- based alloys. Increasing Cu content to about 2.83 wt% with almost zero Mg
showed the best tensile strength either in similar or dissimilar welded joints. Same results
could be obtained with maximum content of Mg: 2.42 wt% and almost zero Cu. Increasing
both Cu and Mg contents to 2.42 wt% and 2.53 wt%, respectively in the same time
deteriorated the tensile strength for similar and dissimilar welded joints. Welding of Al-Zn-
Mg-Cu alloy has an inverse relation with combined increase of Cu and Mg content while it
has a direct relation with single increase of either Cu or Mg alloying addition.
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1. Introduction

The heat-treatable aluminum alloys pro-
vide good strength and toughness in engineer-
ing applications while maintaining the low
density and high corrosion resistance of
aluminum. These attributes allow the heat-
treatable alloys to be used in a wide variety of
applications [1-10], which include the aero-
space, aircraft construction, transportation,
truck trailers, railcars, armor plate, shipbuild-
ing, tankage, piping, and appliance industries.
The majority of these alloys are easily welded
by the conventional arc welding processes
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(GMAW and GTAW), resistance spot and seam
welding processes, as well as the high-energy
processes (laser-beam and electron-beam
welding), but there are a fair number of them
that are not, including 7xxx series alloys
which exhibit a wide range of crack sensitivity
during welding. In addition, the weldable 7xxx
series alloys produce greater sensitivity to
corrosion after welding [11-16].

1.1. Weld cracking

Weld cracking in aluminum alloys may be
classified into two primary categories based on
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the mechanism responsible for cracking and
the crack location; solidification cracking and
liquation cracking. Solidification cracking
takes place within the weld fusion zone and
typically appears along the center of the weld
or at termination craters. Liquation cracks
occur adjacent to the fusion zone and may or
may not be readily apparent.

1.2. Solidification cracking or hot tearing

Solidification cracking or hot tearing oc-
curs when high levels of thermal stress and
solidification shrinkage are present while the
weld pool is undergoing various degrees of
solidification. The hot tearing sensitivity of any
given aluminum alloy is influenced by a
combination of mechanical, thermal, and
metallurgical factors [17-20]. High heat inputs,
such as high currents and slow welding
speeds, are believed to contribute to weld
solidification cracking [21].

1.3. Liquation cracking

An important element of the HAZ for
precipitation-hardenable alloys is the thin
boundary layer adjacent to the fusion zone
that is referred to as the partially melted re-
gion. This region is produced when eutectic
phases or constituents that have low melting
points (melting points below the melting
points of the bulk material) liquate, or melt, at
grain boundaries during welding [22-24]. It
occurs in precipitation-hardenable alloys be-
cause of the relatively large amount of alloying
additions available to form eutectic phases.
During welding, these phases liquate and, if
sufficient stress is present, may be accompa-
nied by tears. Under extreme conditions, con-
tinuous crack may form along the fusion zone
interface.

1.4. Porosity during welding

The high solubility of hydrogen in molten
aluminum can result in gas porosity when hy-
drogen gas is entrapped during solidification
[25-29] unless proper precautions are heeded.
Hydrogen has an appreciable solubility in mol-
ten aluminum and a low solubility in the solid.
Hydrogen is absorbed into the molten pool

during welding because of its high solubility,
and it forms gas pores upon solidification due
to the decrease in solubility. It is this differ-
ence in solubility that is the driving force for
porosity formation [30]. The sources of hydro-
gen present in the welding system depend on
the particular welding process. In arc welding
these sources are hydrogen from the base
metal, hydrogen from the filler metal, and
hydrogen within the shielding gas [31]. During
GTAW, ac with sufficient electrode-positive
polarity provides excellent arc cleaning action
to remove surface oxides.

1.5. Alloying additions

High strength in the 7xxx alloys is
achieved by alloying additions of zinc, magne-
sium, and often copper, combined with con-
trolled thermal and mechanical processing.
Copper, in combination with zinc and magne-
sium in the 7xxx series alloys, increases
strength but hampers weldability due to in-
creased susceptibility to weld cracking. Alloy
7075, containing nominally 5.6% Zn, 2.5% Mg,
and 1.6% Cu, is a commonly used alloy of this
system, but it has a propensity for weld
cracking.

1.6. Dissimilar welding

The introduction of aluminum alloys into
wide variety of applications-as mentioned
above-such as aerospace, aircraft and auto-
mobile productions has spurred intention in
new alloys and the fabrication issues associ-
ated with these alloys. For example, various
parts in automobile such as inner body panels,
heat shields, structural parts, and body
components are made from different alumi-
num alloys and series. Accordingly, dissimilar
welds will be required between different
aluminum alloys in a number of applications.
The information in the literature that ad-
dresses the issues of dissimilar aluminum
joining or provides guidelines on weldability is
little [11, 32-36].

1.7. This research

This research discusses the various effects
of alloying elements specially Cu and Mg con-
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tents on welding of Al-Zn-Mg-Cu alloy (7xxx
series) in both conditions of similar and
dissimilar joining. Five series having different
chemical compositions have been adopted to
investigate welding of such alloys. Both simi-
lar and dissimilar welded joints have been
made through various combinations of such
alloys. Examination of mechanical properties
of the welded joints; tensile strength and
hardness values, were carried out coupled
with microstructure examination for the alloys
before and after welding. This research could
explain the effects of alloying additions; Cu
and Mg, on welding of such Al-Zn-Mg-Cu-
based alloys.

2. Experimental work
2.1. Casting

Al-Zn-Mg-Cu- based 7xxx-series alloy has
been produced using resistance-furnace for
melting and then cast in a metallic mould.
Different compositions for such alloy were pro-
duced based mainly on changing the weight
percentage of Mg and Cu in the range of O to
3 % each, producing S series of Al-Zn-Mg-Cu
alloy. Table 1 shows the chemical composition
of these five alloys. The as cast aluminum
alloys were first homogenized at 400°C for
about 4 hours followed by furnace cooling in a
Muffle furnace.

2.2. Welding

2.2.1. Similar welding

The five different compositions of Al-Zn-
Mg-Cu alloys have been welded using TIG
(GTAW) welding process forming five joints of
similar combinations: 1-1, 2-2, 3-3, 4-4 and
5-5. Joint design has been chosen according
to AWS recommendation for aluminum
components. Typical representation for joint
design is shown in fig. 1-a. Welding passes
have been laid down in the sequence shown in
fig. 2-a. Welding conditions for all welded
joints are summarized in table 2. Filler wire
was adopted for such type of aluminum alloy,
to be AWS 5356 with chemical composition
listed in table 3.

Joints 1-1, 2-2, 3-3 and 5-5 were success-
fully welded with four passes each as shown
in fig. 3, but joint 4-4 showed dramatic behav-
ior where complete separation had occurred in
the welded joint at weld center line after
performing the second pass as a result of
solidification cracking as shown in fig. 4.

2.2.2. Dissimilar welding

Dissimilar joints were performed using the
alloy series having the chemical composition
shown in table 1. Joints have been designed in
order to study various effects of the main
alloying elements characterizing this alumi-
num alloy which are Mg and/or Cu. Zinc was
not considered as it was kept nearly constant
through all the five specimens. Joint combina-
tions are listed in table 4 which shows the
welding conditions for each joint.

Joint design has slightly been changed
through increasing the included angle of the
V-groove to be 90° instead of 60° as shown in
fig. 1-b. This is because the dissimilar joint
needs more caution in joining different metals,
wider groove helps in keeping the different two
metals away from melting together and keeps
the joining occurs through filler wire combina-
tion with each side of the joint. As a result, the
number of passes has increased from 4 to 6
passes as clearly shown in fig. 2-b. Filler wire
was chosen to be similar to that one employed
in similar welding, namely AWS 5356. The
seven joints were successfully welded.

2.3. Mechanical testing of cast material and
welded joints

2.3.1. Tension test

Specimen with configuration shown in
fig. 5 [37] was employed in tension test using
Shimadzu-type testing machine with 10 Ton
capacity. Tensile test specimens for base metal
in as cast state, similar and dissimilar welded
joints were designed according to AWS stan-
dard as depicted in fig. 5. These specimens
were machined by milling and shaping. Joint
3-3 was damaged during machining because
of its great brittleness. Therefore, tensile test-
ing was performed to joints 1-1, 2-2 and 5-5
only.

Alexandria Engineering Journal, Vol. 44, No. 5, September 2005 717



Table 1

M. El-Shennawy et al. / Welding aluminum alloys

Chemical composition of cast materials

Specimen Si Fe Cu Mn Mg Cr Ni Zn \Y% Pb Ti Al
No
1 0.0433 0.127 2.83 0.00036 0.00631 0.00010 0.00040 6.47 0.00087 0.00294 0.00013 rem
2 0.0389 0.114 2.43 0.00228 1.27 0.00010 0.00040 5.4 0.00237 0.00238 0.00010 rem
3 0.0383 0.107 2.42 0.00370 2.35 0.00010 0.00040 5.68 0.00375 0.00175 0.00016 rem
4 0.0323 0.0932 1.17 0.00371 2.36 0.00010 0.00040 5.34 0.00379 0.00078 0.00010 rem
5 0.0254 0.100 0.0419 0.00355 2.40 0.00010 0.00040 5.48 0.00361 0.00060 0.00082 rem
Table 2
Welding conditions for similar joints
Joint 1-1 Joint 2-2 Joint 3-3
A \Y T S H.L A \Y% T S H.L A vV T S H.L
Pass1 140 134 80 0.6 3127 140 16 36 1.333 1680 121 15 50 0.96 1891
Pass2 140 134 18 2.667 703.5 140 16 16 3 746.7 121 15 33 1.455 1248
Pass3 114 14.1 23 2.087 770.2 110 15 20 24 687.5 110 15 25 1.92 859.4
Pass4 114 14.1 25 1.92 837.2 110 15 24 2 825 110 15 40 1.2 1375
Total 4 Passes 5438 4 Passes 3939 4 Passes 5373
Joint 4-4 Joint 5-5 A Amperage
A v T S H.L A \% T S H.I \% Voltage
Pass1 111 16 60 0.8 2220 111 16 63 0.762 2331 T Time (sec)
Pass2 111 16 45 1.067 1665 111 16 43 1.116 1591 S Speed (mm/sec)
Pass 3 - - - --- --- 105 18 33 1.455 1299 H.I. Heat input Joule/mm
Pass 4 --- .- - --- --- 105 18 53 0.906 2087 L Weld length (48 mm)
Total 2 Passes - Failure : 3885 4 Passes 7308
Center line crack
\( o N
Y
1.6-2.4mm
A A
44 L— Joint Spacing 44 L— Joint Spacing

()

(b)

Fig. 1. Typical joint geometry used for GTAW of aluminum components. Source: American Welding Society.
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(b)

Fig. 2. Welding sequence followed in (a) similar welding and (b) dissimilar welding.
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Table 3

Chemical composition for filler wire used with TIG process

Element Si Cu Mn Mg Cr Ti Al

5356 0.12 5.0 0.12 0.13 rem
Table 4
Welding conditions for dissimilar joints

Joint 1-3 Joint 1-4 Joint 2-3
A \ T S H.IL A \ T S H.L A \% T S H.L

Pass 1 173 12 43 1.233 1684 148 11 41 1.293 1259 173 11.5 35 1.514 1314
Pass 2 148 13 19 2.789 689.7 148 11 25 2.12 767.9 173 11.5 18 2.944 675.7
Pass 3 144 14 20 2.65 760.8 133 11.8 40 1.325 1184 119 11.2 25 2.12 6287
Pass 4 94 13 69 0.768 1591 99 11.1 43 1.233 891.6 119 11.3 22 2.409 558.2
Pass 5 94 12 33 1.606 702.3 59 11.5 87 0.609 1114 92 11.1 45 1.178 867.1
Pass 6 94 12 32 1.656 681.1 59 11.2 58 0.914 723.1 92 11.2 20 2.65 388.8
Total 6 Passes 6109 6 Passes 5940 6 Passes 4432

Joint 2-4 Joint 3-4 Joint 3-5

A \ T S H.I A \ T S H.IL A \ T S H.I

Pass1 160 11.1 40 1.325 1340 152 11 42 1.262 1325 165 11.6 42 1.262 1517
Pass2 186 12 17 3.118 715.9 174 12.5 15 3.533 615.6 189 11.5 18 2.944 738.2
Pass 3 95 11 45 1.178 887.3 136 11 29 1.828 818.6 155 11 11 4.818 353.9
Pass 4 95 11 40 1.325 788.7 109 11 30 1.767 678.7 107 11 35 1.514 777.3
Pass 5 95 11 40 1.325 788.7 91 10.8 35 1.514 649 71 11 60 0.883 884.2
Pass 6 79 11 38 1.395 623.1 76 11 48 1.104 757.1 71 11 35 1.514 515.8
Total 6 Passes 5144 6 Passes 4844 6 Passes 4786

Joint 4-5 A Amperage

A \ T S H.I. \% Voltage
Pass1 189 11 37 1.432 1451 T Time (sec)
Pass 2 189 11 14 3.786 549.2 S Speed (mm/sec)
Pass 3 167 11 22 2.409 762.5 H.I Heat input Joule/mm
Pass 4 107 11 28 1.893 621.8 L Weld length (53 mm)
Pass 5 71 10 52 1.019 696.6
Pass6 71 10 42 1.262 562.6
Total 6 Passes 4644
Fig. 3. Successfully similar welded joints.
Alexandria Engineering Journal, Vol. 44, No. 5, September 2005 719
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Fig. 4. Failed specimen no. 4 which fractured after
second pass.

2.3.2. Microhardness test

Microhardness was measured for all series
adopted in this study for base metal and
welded joints using Shimadzu microhardness
tester. For welded specimens the microhard-
ness was measured at various positions taking
into consideration the base metal (BM), heat
affected zone (HAZ), fusion zone (FZ), and weld
metal (WM).

3. Results and discussion

3.1. Microstructure of as cast alloys and
welded joints

3.1.1. As cast alloys

The microstructure has been investigated
through optical Zeis-Model microscope.
Microstructures for specimens before welding

(as cast) are shown in fig. 6. It is obvious from
the figure that dendritic structure is prevailing
for all specimens. Fig. 6-a shows high precipi-
tates at grain boundaries of specimen 1 while
specimens 2, 3 and 4 show precipitates on
grain boundaries and on areas almost near
them as shown in fig. 6-a, b and c. Specimen
S does not show any precipitates on grain
boundaries but on the grain itself with higher
density compared to other specimens.

3.1.2. Welded joints

For similar welded joints microstructures
are shown for different combinations in figs. 7
through 11. For joint 1-1 depicted in fig. 7, the
structure of pass 1 is much finer than pass 3,
as the heating during pass 3 causes a grain
coarsening.

Figure 8 compares the microstructures of
both base metals before and after welding for
joint 2-2. Structure of the base metal became
coarser after welding. This probably occurred
due to the relatively small size welded speci-
mens. Increasing the precipitation density on
grain boundaries and inside the grains can be
easily noticed in fig. 9. In this figure precipi-
tates inside WM became very dense over the
grains, while it decreases along grain bounda-
ries over WM region, in addition, precipitates
at HAZ takes large shape. Generally, the size
of precipitates decreases from HAZ towards
WM.

l— O —>
5 —f

r |- EDGE OF WIDEST
THIS SECTION MACHINED EASE ORWEED

PREFERABLY BY MILLING

L >

F — Widest face of weld F=15 mm F 015.00
A — Length of reduced section A =F + 12.7 mm A 027.50
L — Overall length L=110 mm L 110.00
W — Width of reduced section W = 19.05 mm :
C — Width of grip section C=W+12.7mm W 018.50
t — Specimen thickness t=17 mm c 031.00
r — radius of fillet r=6.25mm t 017.00

r 006.25

DIM IN MM.

Fig. 5. Reduced-section tension specimen [37].
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Fig. 6. Microstructure for as cast material.

Fig. 10 shows pass 2 for joint 2-2 which
indicates the increase in precipitates beside
grain boundaries due to heat treatment occur-
ring as a result of subsequent passes. Fig. 11
shows the microstructure difference at the

locations WM-pass 1, HAZ and BM of joint 3-3.

Columnar-shape grains are representing the

HAZ region while pass 1 keeps its equiaxed
shape. Heat inputs of subsequent passes heat
treated the first pass and its nearby areas of
HAZ and BM. It is also noticed that the
precipitates are denser at the HAZ region than
the WM.
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Pass 1

Specimen 1

Pass 4

Fig. 7 Similar

joint 1-1.

Specimen 2

Pass 3

Specimen 1

Pass 2

Pass 3

Specimen 2
Pass 1

Pass 2 BM

Pass 4

Specimen 2

As Cast Material

Fig. 8. Microstructure before and after welding of specimen 2.
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Pass 3

Pass 1

Specimen 2 Specimen 2

Pass 2

Pass 4

Fig. 9. Microstructure of similar joint 2-2.

Fig. 11. Microstructure of similar joint 3-3.

3.2. Fracture surface of dissimilar joints

Fracture surface/appearance for selected
samples from similar and dissimilar joints
subjected to tension was examined. In dis-
similar welded joints fracture occurred either
in the side of material 3 or material 4 in all
joints as shown in fig. 12 for example. In case
of joints 1-4 and 2-4, fracture occurred at FZ

between WM and Material 4. While fracture
occurred in FZ between WM and Material 3 in
joint 1-3 and in BM of material 3 in joint 2-3.
Meanwhile, the fracture appearance is
brittle in both materials 3 and 4 with different
morphologies as shown in fig. 13. It is clear
from the figure that columnar structure is
dominant at outside surfaces of the specimens
while the core is mainly equiaxed structure.
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Depth of the columnar structure in observed
fracture surface of specimen 4 is deeper than
that in case of specimen 3. In addition, the
equiaxed structure of specimen 4 showed
coarser grains than that for specimen 3.

3.3. Mechanical properties for as cast material
and welded joints

3.3.1. Microhardness test results

For as cast material, the microhardness
measurements were done at mainly two differ-
ent locations; namely the areas with high
precipitates and areas with low precipitates.
Averages of readings of such specimens are
summarized in table 5.

As shown in figs. 6-11, precipitates are
distributed in very different manner for differ-
ent chemical composition range of the 5

srrrRNy
T R R

RNy

' by -
§ e e

CrERLrye

specimens. The results related to the first cast
were of a special importance because of the
dramatic behavior of some specimens either
during welding or machining. For welded
joints, results for microhardness measure-
ments are schematically shown in fig. 14.

3.3.2. Stress-strain relations

Fig. 15 demonstrates the stress-strain
diagrams for as cast materials, similar and
dissimilar joints. From the figure, it is clear
that the as cast materials exhibit the higher
values of tensile strength and strain in general
compared with welded joints. In the same time,
specimens 3 and 4 recorded the lower tensile
strength values with very low ductility, while
specimens 5 and 1 recorded the higher tensile
strength values with much better ductility.

Fig. 13. Fractography for tensile-tested dissimilar-welded joints 3-1 and 4-2.

Table 5

Microhardness measurements for raw material

Specimen 1 2 3 4 5
Precipitates L.P. H.P. L.P. H.P. L.P. H.P. L.P. H.P. L.P. H.P.
gj}cr(’hardness’ 55 45 68 55 75 61 67 54 70 60

Load 100 gm for 10 sec. L.P: Low precipitates, H.P. High precipitates.
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N.P.: No precipitates
H.P.: High precipitates

Fig. 14. Microhardness for similar welded joints (load 200 gm).

Concerning similar welded joints, it is
worth mentioning that welding had dramati-
cally deteriorated the mechanical properties of
all specimens from 1 to 5. In comparison
between the tensile strength values for raw
materials and similar joints of the same mate-
rial, it is clear that there is an inverse
relationship. For example, specimen 5 showed
only 50% of its tensile strength value before
welding and in the other hand, specimen 2
lost about 76% of its original tensile value be-
fore welding as depicted in details in table 6.

Stress and strain values for dissimilar
welded joints are in a good agreement with the

previously concluded remarks for the raw
material and similar welded joints. This can be
explained by the great decrease in tensile
strength and strain values of all joints having
either specimen 3 or 4. As shown in table 6,
these specimens showed the lowest tensile
strength values before welding. Therefore, it is
expected that specimens 3 and 4 will show
only 10 to 15% of its original tensile strength
values before welding. From fig. 16 the value
of tensile strength recorded for joint 3-4 was
obviously the minimum.

Table 6

Reduction % in tensile strength due to similar welding

Raw and similar joint or Raw material, MPa ot , Similar joint, MPa Reduction % in
tensile strength

1 and 1-1 203 62 69.45812

2 and 2-2 163 40 75.46012

3 and 3-3 102

4 and 4-4 153

5 and 5-5 221 111 49.77375
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Fig. 17 summarizes the relationship be-
tween ultimate tensile strength of as cast
material and all welded joints. Chemical com-
position of the used material has been added
to the figure for studying the effect of alloying
elements on mechanical behavior of the
material.

Specimen S5 with almost 0%Cu, 2.4% Mg,
and 5.48% Zn, showed maximum tensile
strength, on the other hand specimen 1 with
2.83% Cu, almost 0% Mg, and 6.47% Zn
revealed the second highest value among other
specimens. Combination of higher values for
Cu and Mg to reach 3% each in specimen 3
leads to remarkable decrease in tensile
strength of the specimen. This is attributed to
both existences of Cu and Mg with high
percentage which leads to high sensitivity to
cracking when arc welded which generally
discourages the use of arc welding application
of Al-Zn-Mg-Cu alloy 7xxx. Decreasing Cu
content and/or Mg content is expected to
improve the welding results of such alloy.
Because Zn content was kept constant in all
five tested specimens, its effect on mechanical
properties can be neglected. Welding highly
decreased the tensile strength of all specimens
as shown in fig. 17.

Wiight percent Sor Mg, Cu, snd Zn condent:
i e ch spe dimen

4. Conclusions

This research investigated the effect of Cu
and Mg contents on the weldability of Al-Zn-
Mg-Cu- based 7xxx series alloy in both cases
of similar and dissimilar welding. The research
could draw the following concluding remarks:
e Welding highly decreased the mechanical
properties, namely tensile strength, of the
investigated material either in case of similar
or dissimilar welded joints.

e Increasing Cu content to about 2.83 wt%
with almost zero Mg showed the best tensile
strength either in similar or dissimilar welded
joints. Same results could be obtained with
maximum content of Mg 2.4 wt% and almost
zero Cu.

e Increasing both Cu and Mg contents to
2.42 wt% and 2.53 wt%, respectively in the
same time deteriorated the tensile strength for
similar and dissimilar welded joints.

e Properties obtained after welding of Al-Zn-
Mg-Cu alloy has an inverse relation with com-
bined increase of Cu and Mg content while it
has a direct relation with single increase of ei-
ther Cu or Mg alloying addition.
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Fig. 17. Tensile strength for dissimilar welded joints with different chemical compositions compared with original tensile
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e The microstructure of all cast series of
7xxx alloys showed dendritic structure but
with different distribution for precipitates.
High precipitates at the grain boundaries of
specimen with maximum Cu content -in this
study-; 2.83 wt% and minimum Mg content
about 0 wt%. Alloy with Minimum Cu content;
about 0 wt% and maximum Mg content —in
this study-; 2.4 wt% does not show any
precipitates at the grain boundaries but inside
the grain itself with higher density than other
alloys. Alloys with moderate Cu and Mg con-
tents ranging from 1.27 to 2.36 wt% for Mg
and from 1.17 to 2.43 wt% for Cu showed
precipitates at the grain boundaries and at
areas almost near them.
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