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Abstract The welding of thick high strength aluminum alloy
plate was exceedingly difficult. Traditional arc welding was
prone to softening the welded joints and involves multilayer;
meanwhile, multi-pass welding may cause great residual
welding stress, and deformation resulted in dampening the
wide expansion of the welding structure of thick high strength
aluminum alloy plates. Therefore, it was urgent to develop
advanced materials and welding technologies to enhance the
comprehensive mechanical properties of welded joints. Fiber
laser boasted the advantages such as perfect monochromatic-
ity and high quality light beam. In order to decrease the ther-
mal loss of the welding heat source on the matrix, small power
fiber laser and super narrow gap groove were applied for the
effective welding of the 20-mm thick 7A52 aluminum alloy.
The welding adopted multilayer and single pass welding with
the groove width no wider than 4 mm. The weld was com-
posed of four layers and the size was no wider than 4.5 mm,
which was basically consistent with the widths of the whole.
The parent metal was welded with 5183 alloy and SE06 alloy.
Fiber optical microscope, scanning electron microscope
(SEM), transmission electron microscope (TEM), and tensile
testing machine were employed to investigate the influence of
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1 Introduction

High strength aluminum alloy generally refers to the alumi-
num alloy whose tensile strength is more than 480 MPa, chief-
ly the 7XXX series. Such modern industries as aerospace
aviation, shipbuilding, and military equipment manufacturing
are having increasing demands for aluminum alloy compo-
nents featuring perfect toughness and corrosion resistance.
Therefore, low density and high specific strength thick alumi-
num alloy plates with moderate thickness compose the critical
structural materials of a high usage level and processing tech-
nology in national economy, national defense, and military
industry. For the time being, 70—80 % high strength aluminum
alloy has been applied in civil aircraft and 40-60 % in military
aircraft. Traditionally, the aluminum alloy is riveted, which
could increase the weight of the structure, and welding is the
first choice in solving this problem. Nonetheless, due to the
high oxidizability, thermal conductivity and specific heat ca-
pacity of the aluminum alloy and the massive cracking ten-
dency, easy formation of cavities and slag inclusion of the
welded joints, highly effective new welding technology, and
material systems needs prompt development [1]. Traditional-
ly, the welding of thick aluminum alloy plates applies tech-
nologies such as gas shielded welding technology and sub-
merged arc welding technology, which have the disadvantages
of numerous weld passes, preheating, numerous difficulties in
adjustment after welding, low productivity, and severe
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softening in the heat affected zone (HAZ) due to great heat
input of arc welding in the process of high strength aluminum
alloy welding [2—4]. For this reason, thick and high strength
plate welding technology mainly focuses on enhancing the
welding efficiency, improving the quality of products, and
reducing the cost of production. The welding methods are
selected on the principle of increasing the depth of fusion,
simplifying the welding sequence, adding heat input, and re-
ducing the sectional area of the joints.

Friction stir welding achieves favorable welding results for
the welding of 2XXX and 7XXX aluminum alloy series and
that of different thicknesses, but the disadvantages such as
large upsetting force, high tooling requirements, difficulties
in three-dimensional flexible processing, and low welding
speed have impeded the engineering application of aluminum
alloy [5-9]. With the incomparable superiorities of in single
pass weldable thickness, the electron beam welding may hit a
(EBW) penetration depth of 300 mm. However, it can only be
carried out in the vacuum environment, and as the size of the
vacuum chamber is usually not big enough, this approach
cannot be adopted in the welding of large-sized work pieces,
thus blocking wits application in the industrial areas [10].
Laser welding becomes an approach suitable for aluminum
alloy welding due to the penetration fusion cavities that endow
laser welding with high energy density, rapid heating, and
cooling in addition to the possibility to gain narrow weld.
Laser welding can be used for complicated flexible three-
dimensional processing, and is easy to realize automation
and boasting extensive prospects for commercial application
[11]. With the evolution of high-power high quality fiber laser
and the development of the compound welding technology of
laser arc welding, the thickness of weldable aluminum alloy
can be remarkably increased. When high-power laser welding
is applied on thick plate, the surface of materials must go
through preprocessing and strict restriction of fit-up gap
whose standard is exceedingly hard to control. Besides, when
the heat input volume is increased, the strength and tenacity of
welded joints will be declined. Since no appropriate welding
wire is applied to supplement the burning losses of the
alloying elements such as Mg and Zn, the defects such as
solidification cracks are easy to happen to the welded joints
[12, 13]; thick large power laser welding plates, due to its high
heat source density, forms great temperature gradient in the
weld and the narrow zone nearby, which finally generates
residual stress of great gradient and uneven structural proper-
ties of welded joints, as well as negative impact on their over-
all mechanical properties. On the other hand, thick aluminum
alloy plates welded by compound laser arc boast conspicuous
advantages. However, the combination of two heat sources is
bound to increase heat input volume and inappropriate control
will give rise to the softening of the welded joints. As a result,
it is not the best technology to weld thick and high strength
aluminum alloy plates.
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The present work adopts the small power laser welding
technology with filler wires which can decrease the thermal
losses of the joints in a better measure. Meanwhile, in combi-
nation with the advantage of super narrow gap groove, super
narrow gap welding further diminishes the size of grooves
based on narrow gap welding grooves. The small angle
grooves can reduce the amount of filler wires, which is bene-
ficial for the fusion of side walls. The cooling speed of thick
plates is fairly high. When multilayer and single pass welding
is applied, the weld layer is very thin, so that the original heat
processing of the former layer welded by the latter layer is
more complete. In this case, the grains of the weld metal are
finer, and the sizes of the weld are smaller. The cooling speed
is accelerated and the mechanical properties of welded joints
are heightened [14, 15]. When rare earth elements are added
into the aluminum alloy, the impurities of the alloy can be
purified, the microstructures can be refined and ameliorated,
and the re-crystallization will be inhibited. The function of Sc
in aluminum alloy has captured wide attention of the academic
circles [16-20]. Nonetheless, the high price of Sc stops the
new materials of rare earth aluminum alloy from being applied
outside of the laboratory. Large quantities of researches made
in this year indicate that Er and Zr have similar functions with
Sc in aluminum alloy except for their low costs [21-24].

Superior welding technology can influence the advance of
materials, and perfect weld groove design in addition to
welding material optimization can reinforce the overall me-
chanical properties of welded joints. The objective of this
work was to present laser welding of aluminum alloys using
fiber laser with perfect weld groove design and micro-alloying
Al-Mg-Mn alloy welding wire. This paper selects fiber laser in
combination with super narrow gap groove to weld the 20 mm
7A52 aluminum alloy plates with filler wires. The welding
wire is made of 5183 alloy and Al-Mg-Mn alloy compound
with Er and Zr. The measures of microscopic analysis and
property testing are adopted to make a comparative analysis
of the impact of different welding materials upon the micro-
structures and mechanical properties of the welded joints and
analyze the mechanism of the microstructures and properties
of the joints of thick 7A52 aluminum alloy plates welded by
super narrow gap laser optimized by welding wire of SE06
alloy.

2 Experimental procedures

The parent metal for the experiment is the rolled 7A52 alumi-
num alloy plates with a size of 160 mmx=80 mmx=20 mm;
5183 alloy welding wires and 5E06 alloy welding wires are
employed, whose diameters are both 1.6 mm. The composi-
tion of the parent metal and the two kinds welding wires are
listed in Table 1. The welding experiment applies fiber laser
produced by IPG whose maximum rated power output is
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Table 1 Chemical composition

of 7A52 and 5183 and 5E06 Alloy Zn Mg Cu Mn Cr Ti Zr Er Fe Si Al
(Wt.%)
7AS2 42 2.1 0.08 0.30 0.16 0.08 0.14 - <0.30 <0.25 Bal.
5183 - 4.7 - 0.8 - 0.1 - - - - Bal.
SE06 - 49 - 0.7 - - 0.1 0.3 - - Bal.

4000 W and the wave length is 1.06 um. Two-dimensional
welding machine is used as the motor execution system. The
welded joints are butted, and the schematic diagram of
welding groove is illustrated in Fig. 1, in which single U and
I grooves are adopted together. False boss is left at the bottom
of the weld, which will be removed by machining after
welding.

Clean the parent metal in the welding zone before the
welding with 30 % NaOH solution first and then by 30 %
HNOj; solution. The materials are dried and preserved after
water washing. Scrub the materials with acetone before the
welding. The pre-welding period should not be longer than
8 h. To protect the focus lens from the pollution of reflection
laser, the laser head should be leaned at a 10-degree angle to-
wards the direction of welding, that is, the direction of plate
rolling. Figure 2 is the schematic diagram of the welding pro-
cess. Firstly, pure laser is applied for penetration fusion welding
at the bottom of the groove. For the sake of complete penetra-
tion of false boss, the laser focuses at 1 mm below the plate
surface. Laser welding with filler wire is applied from the sec-
ond pass welding to the cosmetic welding. A pass welding
follows the previous one after the groove is cleaned. Four passes
are wielded altogether with the interlayer temperature uncon-
trolled, and each welding is done after the temperature of the
plate is naturally cooled to the room temperature. The technical
parameters of the welding are given in Table 2. Under the ef-
fects of horizontal constriction during the welding, the groove
width of 4 mm at the ladder will shrink to 3 mm or so. In order
to ensure perfect fusion of side walls and interlayers, the diam-
eter of laser spot is set to 3 mm, which is the equal size of the
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Fig. 1 Groove diagram for welding

groove. Special guide wire nozzle is made to feed the filler wire
to the laser spot with the angle between the welding wire, and
the horizontal plane is maintained at 60°. Thick plates are linked
in the multilayer and single pass manner from the bottom up.
The front of the weld is safeguarded by shielding gas. The
protective gas is mixed by 50 % He+50 % Ar. Pure Ar is
applied in the notch of the clamp to prevent the false boss bath
from excessive penetration, and certain pressure is added to the
back of the bath for compulsive shaping of the weld.

The metallographic specimen of the section of weld vertical to
the weld is cut out for analyzing the microstructure of the joint.
The metallographic specimens go through metallographic
polishing, burnishing, and sampling first and then erosion by
Keller's reagent for about 30 s. Observation and analysis of the
metallographic microstructures are carried out under the PMG3
metallographic microscope, and then Philips Quant 200 scanning
electron microscope is adopted to observe the morphology of
fracture of the welded joints. The hardness of the welded joint
is tested on the HVS-1000 digital microhardness tester. Hardness
test is carried out, for 10 s, respectively, for the surface and
bottom transverse sections of the joint and the vertical weld
welded by two sorts of different welding wires, with the load
of 100 g. Each test is conducted on both sides at an interval of
1 mm in the middle of the transverse section of the weld from its
center, and the value of hardness tested is the average of the three
measurements. The same process can be carried out vertically for
the value of hardness of different welding materials from 2 mm
of the lower surface to the center of the upper surface. The aver-
age value is calculated from the three measurements. WE-100
universal material tester is used for tensile test at a rate of 2 mm/
min to measure the tenacity of welded joints of parent metal and
different welding materials. The specimens for the tensile test go
through stratified sampling so that the width of the whole weld is
covered in the test zone. Three parallel specimens appear in each
processing state, whose average value of measurement is taken
as the test value in the state. The size of tensile specimen is shown
in Fig. 3 where the surface of the specimens is polished.

3 Results and discussion
3.1 Analysis of microstructures of welded joints
Figure 4 shows the process of laser welding. Due to the strong

tendency of thermal expansion of aluminum alloy, rigid fixa-
tion is adopted by the device in the figure to prevent the wire
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Fig. 2 Schematic diagram of the welding process

feeding nozzle from being blocked in the groove since the
weld constriction during the welding may interrupt the
welding. Two diverse aluminum alloy welding wires are used,
where the welded joints are sound shaped. After the welding,
false boss and joints welded by deep laser penetration welding
are removed, only reserving the joints welded by laser with
filler wires, which guarantees the entire homogeneity of the
microstructures and mechanical properties of the welded
joints. Since the parent metal is 7XXX aluminum alloy, the
strength of welding wire should be inferior to that of the parent
metal, which means it is the low matching joint [25]. For the
low matching weld, narrow grooves should be applied as
much as possible, and the horizontal width which is no bigger
than 4 mm could relieve the strain concentration of the weld
effectually. Besides, reducing the width of weld can boost the
plastic flow stress. Single U and I grooves are favorable for the
perfect fusion of the bottom and the side walls, and at the same
time, good penetration ratio and homogeneity of composition
contribute to the overall mechanical properties of welded
joints [26, 27].

Figure 5 shows the local structural morphology of the
transverse section of narrow gap multilayer and single pass
welded joints. The interlayer and side walls are in good fusion
without any failure of the fusion of interlayer and side walls,
or any visible cavities, cracks or slags, etc. D. Dittrich [28]
et al. adopted fiber laser in combination with super narrow gap
grooves for reliable connection of thick aluminum alloy plates
and applied small light spot fiber laser for the scanning and
fusion of welding wires in the circular path. Nevertheless, they
discovered a great number of cavities in the welded joints
which seriously affected the mechanical properties of the
welded joints. The cavities of the joints welded by laser were
formed for complicated reasons [29]. Katayama [30] found
out that the evaporation of metal steam, the introduction of

Table 2 Laser welding parameters

Pass Laser power (kW) V, (m/min) Vg (m/min)
1 2000 0.6 -
2-4 3200 0.6 15
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Fig. 3 Schematic diagram of standard sample

protective gas, and the unstable welding would all trigger
cavities. When welding wires were molten by the small light
spot in the circular path, the metal flow behavior of the bath
became more complex and easier to draw in gas and form
cavities. The experiment made it clear that single U grooves
for circular arc transition at the bottom could better solve the
problem of unsuccessful fusion; defocus light spot laser heat
conductance welding of equal width of gap could develop a
good fusion of side walls, and laser reflection formed by
curved surface of fusion and side walls became the main rea-
son for fusion of side walls; during the welding process, the
relatively fixed position of laser and welding wire enhanced
the stability of the bath, which significantly avoided the for-
mation of cavities and other defects.

Figure 6a indicates the microstructural morphology near
the fusion line of welded joint filled with 5183 alloy welding
wire. Figure 6b is the microstructure near the fusion line of
welded joint filled with SE06 alloy welding wire. The welded
joints of two different welding materials all have the fusion
zone, the HAZ, and the base material. Equiaxial structure
exists in the center of the weld and the weld, zone approaches
the fusion line. Some coarse columnar crystal microstructures
grow in the direction of the temperature gradient. The leading
edge grains extend to the weld center and form epitaxial so-
lidification. The typical features of HAZ are the re-

Fig. 4 Photograph of the welding process
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Fig. 5 Local microstructural
morphology of welded joints

crystallization of most microstructures in the processing state,
and coarse re-crystallization microstructures occur in some
parts. The parent metal is the microstructure without re-
crystallization in the rolling state of fibriform with the grains
elongated to the direction of rolling. A huge number of black
dots which are the second phase precipitates distribute on the
aluminum matrix. The comparison reveals that the weld of the
welded joint of SE06 alloy welding wire is primarily com-
posed of equiaxial structure, fine grains, a few coarse colum-
nar crystal, and equiaxed grains near the fusion line, which is
narrower than the HAZ of the welded joint filled with 5183
alloy welding wire, where re-crystallization is strikingly
inhibited.

Figure 7 indicates the interlayer microstructures of the weld
zone where obvious interfacial transition region exists be-
tween the weld passes. The grains near the fusion line grow
and the coarse grain zone and fine grain zone coexist between
the layers. The reason for this is that the preceding pass will go
through the process of re-fusion and thermal treatment when
the latter pass is welded; the closer they are to the fusion line
under the effects of laser heat the more obviously the grains
grow; the direction where the grains grow in the re-fusion
zone shifts; with heat dissipation of the multilayer weld bath,
the direction of temperature gradient and grain growth also
change. The comparison reveals that the grain zone for SE06
alloy welding wire is narrower than that for 5183 alloy
welding wire. Figure 7c and d presents the results of high
power microscopic observations of the microstructures of in-
terlayer coarse grain zone, where the coarse grain zone filled
with 5183 alloy welding wires is in epitaxial solidification.
However, the coarse columnar equiaxed grain generates the
segregation of both the chemical composition and impurities

Fig. 6 a Microstructure near the
fusion line of welded joint of
5183 alloy welding wire. b
Microstructure near the fusion
line of welded joint of 5E06 alloy
welding wire

2000pm

in the weld center that declines the mechanical properties of
weld metal [31], which remarkably changes the microstruc-
tures of coarse grain zone in the weld filled with rare earth
micro-alloy and significantly hinders the growth of columnar
grains. The reason is, as it is analyzed, that a special nucleus of
heterogeneous nucleation in the welding bath destroys the
pattern of epitaxial solidification. Figure 7e and f shows the
microstructure in the interlayer fine grain zone in the weld
center where a good amount of fine equiaxed grains and co-
lumnar grains take shape. Therefore, there are two reasons for
this phenomenon. On the one hand, super narrow gap fusion
bath is too small and the degree of supercooling of laser
welding is very high while the latter is the critical factor in
deciding the formation of equiaxed grains [32, 33]. The ther-
mal effects of the latter layer upon the preceding layer are
equivalent to short-time thermal treatment in which the pre-
ceding layer goes through twice re-crystallization during the
process of heating and cooling that the grains far away from
the interlayer fusion line are notably refined. For this reason,
this zone has higher overall mechanical properties. On the
other hand, after the welding wires are added, the flow of
fusion bath is accelerated so that the microstructure of weld
becomes finer and more even. H.Y. [34] discovered that fine
Er-rich or Zr-rich second phase particle could stimulate the
formation of equiaxed grains as the nucleus of heterogeneous
nucleation. Compared with the welds of 5183 alloy welding
wires, the sizes of axial dendrite in the fine-grained region
filled with micro-alloyed welding wires are smaller and the
amount of equiaxed grain was bigger locally.

To further identify the features of the fine grain zone, the
backscattered-electron diffraction (EBSD) approach is
adopted to measure the grain size in the zone. Figure 8
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Fig. 7 a Interlayer microstructure in the 5183 alloy weld zone. b
Interlayer microstructure of SE06 alloy weld zone. ¢ Interlayer coarse
grain zone in the 5183 alloy weld zone. d Interlayer coarse zone in the

describes the morphology of grain in the fine grain zone in the
weld zone where the form of organization in the center of the
weld is consistent with what is observed in the metallographic
phase. It is the hybrid organization of equiaxed grain and co-
lumnar crystal while a huge amount of equiaxed grains of good
mechanical properties are formed in the fine grain zone stuffed
with 5E06 alloy welding wire. The measurement tells that the
grain size of weld filled with 5183 alloy welding wire averages
out to be 168 um, and the average grain size of the weld filled
with rare earth micro-alloyed welding wires drastically dimin-
ishes to 30 um. The process of crystallization is represented
chiefly by the growth velocity of crystal nucleus and linear

Fig. 8 EBSD image of grains in
the weld zone. a Morphology of
grains in the center of the 5183
alloy weld zone. b Morphology of
grains in the center of SE06 alloy
weld zone

200 pm
———
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zone. f Interlayer fine grain zone in the SE06 alloy weld zone

velocity of crystal grown from crystal nucleus. The grain size
depends on the relative growth rates of crystal nucleus and
grains, respectively. With the addition of metaphoric element
Zr and rare element Er into the aluminum alloy welding
wire, nanoscale second phase ALEr and Al; (Zr, Er) parti-
cles disperse and distribute inside the original grains of the
welding wires. Because of their coherent interface with the
Al matrix, the degree of lattice mismatching with Al lower
than 5 % and high thermal stability, they can become the
nucleus of heterogeneous nucleation of x(Al) so as to
promote grain nucleation and make the weld grain size
relatively finer.
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Figure 9 further observes the refined structure of the weld
filled with SE06 alloy welding wire by means of TEM. Some
dislocation lines intertwine in the weld zone. Fine second
phase particles appear near the dislocation area occasionally
and distribute around the dislocation line and could restrain
dislocation and grain boundary movement. Figure 10 presents
the high angle annular dark-field imaging of the precipitated
phases. Figure 10 shows the results that are manifested by
EDS precipitated phase; the precipitated phase grains contain
Al, Mg, and Er. To take literature [35] into consideration, it is
judged that they are ALzEr phase particles which have perfect
pinning effects upon the dislocation and sub-grain boundary
and play the functions of precipitation strengthening and re-
crystallization impediment. Meanwhile, the mismatching de-
gree of Al;Er and aluminum matrix is fairly low, which con-
forms to the size and structural conditions of the nucleus of
heterogeneous nucleation [36]. When crystallization occurs,
the Al;Er phase particles and grains of matrix can be perfectly
moistened to reduce the surface tension to contact the crystal
surface, which is beneficial for heterogeneous nucleation to
refine the grains. Figure 10c depicts the observations of an-
other sort of particle of equal size to ALEr. It is judged to be
the Al; (Er, Zr) particle which also has a good coherent rela-
tionship with the matrix. Because of the fairly high thermal
stability of these particles, they can be preserved at the bound-
ary of the bath as the nucleus of the heterogeneous nucleation
to accelerate the formation of equiaxed grain [34, 36].

3.2 Mechanical properties of welded joints
3.2.1 Microscopic hardness testing

Figure 11 describes the distribution of the microhardness of
surface layer and bottom layer of the transverse section of
welded joints filled with different welding materials. A repre-
sents 5183 alloy welding wire and B indicates SE06 alloy
filler wire. During multilayer welding, the weld of each layer
is heated again when the subsequent layer is welded, which

2005 nm
s

Fig. 9 TEM image of the central structure of the SE06 alloy weld zone

exercises pivotal impact on the mechanical properties of
welded joints. The microhardness of welded joints of two
diverse filler wires is, respectively, measured from the weld
center including the weld zone, the HAZ, and the parent metal
zone.

The comprehensive testing results reflect that the micro-
hardness of the weld zone of welded joints filled with two
different sorts of aluminum alloy welding wires is lower than
that of the parent metal. The closer it approaches the weld
center, the lower the hardness is; the closer it is to the fusion
line, the higher the hardness is. This is because the energy of
fiber laser light spot applied is in Gaussian distribution where
the energy of the spot center is most concentrated. In this case,
the element Mg in the aluminum alloy welding wire is easier
to produce burning losses which will lead to shrunken hard-
ness and bring down the mechanical properties in the weld
zone [37]. The hardness value rapidly rises from the weld zone
to the parent metal where it tends to be stable and hits the peak
in the HAZ. The abrupt rise of microhardness in HAZ is pri-
marily because that the optimal aging temperature is obtained
in this region and an aging peak zone is formed under the
effects of weld thermal cycle [38]. The second reason is that
the precipitated phase is re-dissolved to the matrix in the HAZ
and generates the effects of solution strengthening.

The hardness of bottom layer weld zone of the welded
joints filled with 5183 alloy welding wire is higher than that
of the surface layer, close to that of the HAZ of the surface
layer weld. This is because the bottom layer weld is influenced
by the effects of thermal treatment of latter pass weld and
different microstructures are formed due to grain refinement.
The microhardness of welded joints filled with SE06 alloy
welding wires displays distinctive features. The microhard-
ness of each region of the welded joints is obviously higher
than that of those filled with 5183 alloy welding wires. In the
weld zone, the microhardness value changes a little almost as
a constant. Since Er and Zr have noteworthy functions of grain
refining [34, 36], the microhardness value of welded joints
filled with SE06 alloy welding wires is higher, especially in
the weld center where the microhardness is heightened by
roughly 20HV.

Figure 12 exhibits the vertical microhardness values of the
weld center of welded joints filled with two different welding
materials. The comparison reveals that the microhardness of
the weld zone of the two sorts of welded joints change only a
little, the discrepancy of hardness in the weld center filled with
5183 alloy welding wire is within 20 HV and the difference of
hardness in weld center filled with SE06 alloy welding wires
is less than 10 HV for the reason that uniform welding param-
eters are applied to stabilize the welding process to the utmost,
which guarantees the relative homogeneity of the weld micro-
structure and properties. The hardness value of the weld zone
filled with SE06 alloy welding wires is higher than that filled
with 5183 alloy welding wires. For SE06 alloys, the grain
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Fig. 10 HAADF STEM image
and energy spectrum analysis of
the precipitated phase of weld. a
Morphology of AI3Er. b EDS
energy spectrum. ¢ Morphology
of AI3(Er, Zr). d EDS energy
spectrum

L Z00nm '

refining effects of Er and Zr tremendously cut down the grain
size of weld zone of the joints and the amount of grain bound-
ary correspondingly increases, which will bring more imped-
iments for dislocation transfer, magnifying the resistance to
plastic deformation macroscopically displayed in the rise of
microhardness and verifying the function of Zr and Er in alu-
minum alloy in fine grain strengthening [35].
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3.2.2 Tensile strength testing

Tensile strength testing for parent metal and welded joints is
carried out, respectively. The specimens of welded joints are
selected from the conjunctions of welded joints of different
passes. Compared with other regions, the microstructures in
these conjunctions experience twice thermal cycle where the
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Fig. 12 Vertical distribution of microhardness values of weld center
filled with different welding materials
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Table 3 Tensile properties of
7A52 base material and welded Specimen Ultimate tensile Yield strength Elongation (%)
joints strength (Mpa) (Mpa)

7A52 468 370 12.5

5183 alloy (between the 1st and the 2nd pass) 290 218 54

5183 alloy (between the 2nd and the 3rd pass) 316 225 6.8

5183 alloy (between the 3rd and the 4th pass) 304 210 74

SE06 alloy (between the 1st and the 2nd pass) 338 254 8.3

SE06 alloy (between the 2nd and the 3rd pass) 340 265 8.8

SE06 alloy (between the 3rd and the 4th pass) 346 278 9.1

Italic characters are average values

regional organizations change in a more complex manner and
the taps become weak easily, better reflecting the mechanical
properties of the welded joints in the entirety. In the tensile test,
three specimens of welded joints filled with parent metal and
different welding materials are taken, respectively. The aver-
age values of the joint specimens in the test are given in Table 3,
which shows that the strength and tenacity of the welded joints
filled with two sorts of welding materials are lower than those
of the parent metal. On the one hand, during the welding pro-
cess, welded joints become as-cast microstructure, and the de-
formation strengthening effects of aluminum alloy disappear.
Meanwhile, some strengthening elements of low boiling points
unavoidably evaporate during laser welding, which causes the
decline of the mechanical properties of welded joints; on the
other hand, the overall mechanical properties applying
welding materials are lower than those of parent metal. Debroy
T. [39] et al., applying Langmuir theories, explained the mech-
anism of evaporation loss of the alloying elements and worked
out the changes of the element content of 5182 aluminum alloy
weld. The parent weld metal and welding wires contain
strengthening alloying elements such as Mg and Zn. The fu-
sion point of Mg is similar to that of aluminum, but the boiling
point of Mg is lower than that of aluminum. The ER5183 alloy
welding wires contain a lot of Mg which plays the role of
solution strengthening. The strength of different aluminum
rises when the amount of Mg is increased. For this reason,

Fig. 13 a Morphology of fracture
of welded joints filled with 5183
alloy welding wires. b
Morphology of fracture of welded
joints filled with SE06 alloy
welding wires

—
20.0kV SEI

the huge evaporation loss of Mg in the welding process results
in the further decline in strength [40].

The fracture of all the welded joints filled with 5183 alloy
welding wire occurs to the weld while that of welded joints
filled with SE06 alloy welding wire transits from the fusion
zone to HAZ. The mechanical property testing bears witness
that welded joints of Zr and Er micro-alloying welding ma-
terials boast superior overall mechanical properties, with cor-
responding tensile strength and yield strength higher than
that of 5183 alloy welding wire by 38 and 48 MPa or so,
respectively. This is because as Er and Zr are added in Al-
Mg-Mn, a large amount of fine AI;Er and Al; (Er, Zr) par-
ticles in dispersed distribution are precipitated in the matrix.
Such particles are coherent with the matrix and have rela-
tively high thermal stability. On the one hand, AL;Er and Al
(Er, Zr) particles exert intense pinning effects upon the
movement of grain boundary, which can impede the move-
ment of grain boundary so as to hinder the growth of grains.
Grain refinement can significantly enhance the yield strength
of metal. On the other hand, ALEr and Al; (Er, Zr) particles
produce forceful pinning effects upon the mismatching
movement so as to increase the strength of the alloy. It can
thus be seen that the intensity of the welded joints is im-
proved by grain refinement and strengthening resulting from
the addition of Er and Zr as well as the precipitation
strengthening of AL;Er and Al; (Er, Zr) particles [35, 36].

10pm JEOL
SEM WD 21.2mm|
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Figure 13 indicates the typical morphology of the fracture
of the welded joints of two distinctive welding materials. The
fracture of the welded joints filled with 5183 alloy welding
wire displays the features of hybrid cracking with a glide plane
of'45°. Comparatively, the dimple of the tensile fracture of the
welded joints filled with SE06 alloy welding wire is finer in
size, shallower in depth and in mesh distribution, correspond-
ing to higher strength, lower plasticity and huge quantities of
tearing ridges, and a small number of second phase particles
on the surface. The primary reason is that the tensile cracking
expands in the weld zone, and first, take the second phase of a
greater size at the grain boundary or within the grain as the
nucleus to form micro-cavern, then after the micro-cavern
extends to a certain size, the features of fracture of small dim-
ples around big dimples come into being.

4 Conclusions

This paper studies the 20-mm thick 7A52 aluminum alloy
plates reliably welded by means of fiber laser in combination
with super narrow gap grooves and compares the microstruc-
ture and mechanical properties of the welded joints filled with
5183 alloy welding wires and 5E06 alloy welding wires. In
accordance with the experimental results and discussion, the
following conclusions are drawn:

(1) By applying pure laser backing weld combined with the
technique of laser welding with filler wire, the welding of
large and thick aluminum alloy plates by KW laser is
realized. The adoption of single U and I grooves is ben-
eficial for the ideal fusion of the base and the side walls.
The gap of super narrow groove is no more than 4 mm,
which cuts down the weld metal deposition and contrib-
ute to the good microstructure and mechanical properties
of the welded joints.

(2) Welded joints filled with two diverse welding materials,
without macroscopic cavities, inclusion or cracks, can be
obtained through the optimized processing parameters.
There are two types of HAZs in the super narrow gap
welded joints. The first sort is the HAZ near the fusion
line while the other is the coarse grain zone generated in
the interlayer transition region. In the latter zone, multi-
layer and single pass welding process is applied, the weld
layer is rather thin, the subsequent pass has the effects of
thermal treatment upon the preceding pass in stimulation
of grain refinement, and the transition region of the in-
terlayer HAZ is extremely narrow.

(3) By applying Al-Mg compound micro-alloying welding
wires to weld 7A52 aluminum alloy, the tensile strength,
yield strength, and elongation of the welded joints are
improved. The observations of the weld zone notice
plenty of equiaxed grains of good mechanical properties

@ Springer

whose mechanisms include grain refining of Zr and Er
compound particles and precipitation strengthening of
themselves.
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