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Abstract: Laser—metal inert-gas (MIG) hybrid welding—brazing was applied to the butt joint of 6061-T6 aluminum alloy and 304
stainless steel. The microstructure and mechanical properties of the joint were studied. An excellent joint-section shape was achieved
from good wettability on both sides of the stainless steel. Scanning electron microscopy, energy-dispersive spectroscopy and X-ray
diffractometry indicated an intermetallic compound (IMC) layer at the 6061-T6/304 interface. The IMC thickness was controlled to
be ~2 um, which was attributed to the advantage of the laser—MIG hybrid method. Fe;Al dominated in the IMC layer at the interface
between the stainless steel and the back reinforcement. The IMC layer in the remaining regions consisted mainly of FesAlj;. A
thinner IMC layer and better wettability on both sides of the stainless steel were obtained, because of the optimized energy
distribution from a combination of a laser beam with a MIG arc. The average tensile strength of the joint with reinforcement using
laser—MIG hybrid process was improved to be 174 MPa (60% of the 6061-T6 tensile strength), which was significantly higher than

that of the joint by traditional MIG process.
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1 Introduction

In recent years, lightweight composite structures
have attracted attention because they can reduce
environmental pollution and unnecessary energy
[1-3]. In composite structure design, the
aluminum—steel composite structure has exhibited
excellent advantages and performance, and technology
and a reliable quality of dissimilar aluminum—steel joints
has been obtained [4,5]. However, the physical and the
chemical properties of aluminum and steel, such as their
melting point, thermal conductivity and expansion
coefficient differ from each other. These differences
could lead to a strong residual stress after welding.
Excessive and complex Fe—Al intermetallic compounds
(IMCs) such as FeAl, FeAls, Fe,Al and Fe,Als form [6].
These IMCs reduce joint quality because of their low
toughness and high brittleness.

To avoid or reduce IMC formation, some
researchers have concentrated on achieving dissimilar
aluminum—steel joints by using solid-state welding

waste

methods, such as friction stir welding [7], diffusion
welding [8] and resistance spot welding [9]. However,
the shape and size of such solid-state joints are
restricted [10,11]. Welding—brazing has been studied as
one of the main research directions to obtain dissimilar
aluminum—steel joints. With welding—brazing process,
the steel side with a high melting point is not melted, the
liquid reaction between aluminum and steel can be
inhibited, and thus the IMC layer thickness can be
controlled efficiently.

In general, lap joints have been used to connect
aluminum alloy and steel using welding—brazing. DONG
et al [12] conducted welding experiments on lap joints of
Al/steel by tungsten inert-gas (TIG) arc-welding—brazing
with different-component filler wires, and investigated
the effects of alloying elements on the microstructure of
the weld, and tensile strength of the resultant joint. LI
et al [13] studied the effect of pulse-on-pulse frequency
on the welding process and quality by pulse-on-pulse
metal inert-gas (MIG) welding—brazing. However, joint
overlap increases the mass of the dissimilar structure.
Therefore, ZHANG et al [5] conducted an aluminum and
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steel butt-joint experiment by micro-gap laser-welding—
brazing with a coaxial powder-feeding method. Usually,
the poor rear heated of Al/steel butt joint was one of the
most serious problems, and it is difficult to obtain
Al/steel butt joints of good quality. Therefore, YE
et al [14] conducted MIG-TIG double-sided arc
welding—brazing to join aluminum and stainless steel,
and a sound welding—brazing joint with excellent front
and back formation was achieved. However, MIG-TIG
double- sided arc-welding—brazing was restricted from
welded structures without a rear space.

Laser—MIG hybrid welding is reliable and efficient,
can improve the efficiency of the arc heat source and can
increase welding penetration without excessive heat
input. For the laser—MIG hybrid welding—brazing of an
aluminum-—steel butt joint, rear heating can be improved
by a high-energy laser, and an excellent front formation
can be achieved from the advantages of MIG. However,
Al/steel butt joints have rarely been reported when using
laser—MIG hybrid welding—brazing.

A laser—MIG hybrid welding—brazing process was
developed for a 6061-T6/304 butt joint without a groove
and gap. The wettability of melted aluminum alloy on
the surface of stainless steel by laser—MIG hybrid
process was investigated by measuring the wetting
angles from an optical microscope photo of the joint. The
microstructure, especially the IMC structure at the
interface, was characterized by analyzing components
from scanning electron microscope (SEM) images and
the X-ray diffractometry (XRD) pattern of the fracture
surface. The tensile strength and joint microhardness
were evaluated and the joint-fracture mechanism was
analyzed.

2 Experimental

Plates of 6061-T6 aluminum alloy and 304 stainless
steel (both 2 mm-thick) were cut to 100 mm X 50 mm.
The filler metal was 1.2 mm-in-diameter ER4043
aluminum alloy wire (Al-5Si). Because the gap and
groove were not set up for this experiment, and the flow
of the filler metal toward the bottom of joint may be
difficult, an Al-Si—Mg foil interlayer (110 mm x 2 mm x
0.1 mm) was placed between the butt planes of two base
metals to avoid a shortage of molten metal at the bottom
of the weld, which also contributed to restrain the growth

of the IMC layer at the interface between the stainless
steel and the weld seam by the addition of Si
element [10,12]. The nominal chemical compositions of
aluminum alloy, stainless steel, filler wire and interlayer
are listed in Table 1. Before welding, the test-piece
surfaces were polished by abrasive paper to remove the
oxide film, and they were cleaned using acetone and
dried. Non-corrosive (Nocolok) flux, which is composed
of KAIF,, was used to improve the molten metal
wettability on the steel surface. The flux was dissolved in
acetone and spread homogeneously on the steel surface
to be ~0.3 mm in thickness.

An IPG YSL—4000 fiber laser with a maximum
power output of 4 kW and a KEMPPI kempArc—405
digital welding machine were used. A paraxial
laser—MIG hybrid mode in which a laser guiding arc was
applied and a paraxial welding torch was assembled by
an IRB2600 robot, was used. A schematic of the welding
process is shown in Fig. 1. A laser beam of 1070 nm in
wavelength was focused on the workpiece surface of
310 mm in focal length and its focal spot diameter was
~0.2 mm. To reduce the laser reflection on the aluminum
alloy plate, the laser beam was irradiated on the
aluminum alloy plate surface at 80°, and the angle
between the laser beam and the MIG torch was 15°. The
laser focal point and MIG torch offset were used to avoid
melting the steel, and the offset distance from the joint
center line toward the side of the aluminum was
~0.5 mm. The distance between the laser focal point and
the filler wire was 2—-3 mm. Argon gas (99.999%) was
used as a shielding gas to avoid melt-pool oxidation. The
optimal laser—MIG hybrid and MIG welding—brazing
parameters are listed in Table 2.

Standard samples (12 mm X 12 mm) were cut from
a test piece along the weld cross section, polished, and
etched using Keller reagent. The macro-appearance and
weld microstructure were studied by using a JENOPTIK
stereomicroscope and a SU8010 SEM, respectively, and
the elemental contents of the weld were analyzed by
energy-dispersive spectroscopy (EDS).

Three tensile samples of the same weld were tested
with dimensions as shown in Fig. 2. The tensile test was
measured with a loading speed of 1 mm/min by a
CMT4304 mechanical machine, and the fractured
surfaces of the tensile samples were observed and
analyzed by SEM, EDS and Pro-MPD XRD. A Vickers

Table 1 Chemical compositions of experimental materials (mass fraction, %)

Material Si Cr Ni Mg Mn C Zn Ti Al Fe
304 <0.1 17.0-20.0 8.0-10.5 - <0.2 <0.08 - - - Bal.
6061-T6 0.4-0.8 0.10-0.35 - 1.0 0.15 - 025 0.1 Bal 0.7
ER4043 4.5-6.0 - - <0.05 <0.05 - <0.1 0.1 Bal <0.6
Al-Si—-Mg 16.96 - - 1.31 - - - - 8183 -




1940 Jun-yu XUE, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1938—1946

L -
aser beam ) MIG torch
Welding direction . .
e D/ W/ Weld seam

///
/ SN

Arc

Al-Si-Mg foil

Cu backing plate

Fig. 1 Schematic diagram of laser—MIG hybrid welding—

brazing

Table 2 Welding parameters

Laser Welding Feeding Defocusing Ar gas
flow
Process power/  speed/ speed/ value/
w (mm-s™") (m'min") mm rate/
(L'min"
Laser—
MIG 1000 17 4.5 +4.5 25
MIG - 17 4.5 - 25
R10
Weld \
~ <+
— N
64
100

Fig. 2 Schematic diagram of tensile test sample (unit: mm)

microhardness test was used to measure the
microhardness at different regions of the joint by using
the HXD—1000TM digital microhardness tester with a
300 g load for 15 s. The distance between the two test
points was 250 um.

3 Results and discussion

3.1 Wettability and weld forming

A sound weld appearance with good front and back
formation could avoid stress concentration, and enhance
the joint mechanical properties. Figures 3(a) and (b)
show the surface appearance of the aluminum/steel
dissimilar butt joints using laser—MIG hybrid welding—
brazing. A continuous and smooth front and back
formation without cracks and excessive spatters was
obtained, which implies that the welding process is stable
and reliable. However, massive spatters and unstable rear
forming were found in the joint obtained by the
traditional MIG process, as shown in Figs. 3(d) and 3(e).
Some research has shown that it is difficult for aluminum
droplets to spread and develop metallic bonding for
uncoated steel [15,16], and especially aluminum droplets
are hard to wet and spread on the rear of the steel
because of insufficient heating using a conventional arc
process. In the traditional MIG process, an invalid rear
spreading was found, as shown in Fig. 3(f). The typical
cross-section of the aluminum-— steel dissimilar butt joint
by laser—MIG hybrid process is shown in Fig. 3(c). This
indicates that better wetting and spreading on the upper
and rear side of the stainless steel was achieved, and
that the wetting angles of the upper and the rear side of

Aluminum

Fig. 3 Appearances and typical cross-section morphologies of aluminum—steel dissimilar butt joint: (a—c) Front appearance, rear

appearance and cross-section of joint by laser—MIG hybrid process; (d—f) Front appearance, rear appearance and cross-section of

joint by MIG process
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the stainless steel were 26° and 25°, respectively. In
laser—MIG hybrid process, although uncoated stainless
steel was chosen as base metal, the molten metal spread
well on the front and rear of the stainless steel, and the
wetting and spreading of the joint back was improved
considerably, which is attributed to a reasonable energy
distribution of the laser—MIG hybrid heat source.

1941

3.2 Interface microstructure

The mechanical properties of the joint depend on
the type, morphology and thickness of the IMCs [17,18].
It is necessary to analyze the IMC-layer microstructure
in detail. Figure 4 shows the interface microstructure
of joint by laser—MIG hybrid process in different regions
with A—F marked in Fig. 3(c).
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Fig. 4 Microstructures of interface in different regions in Fig. 3(c): (a) Region 4; (b) Line scanning from a to b; (c) Region B,
(d) Line scanning from c to d; (¢) Region C; (f) Region D; (g) Region E; (h) Region F



1942 Jun-yu XUE, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1938—1946

Figures 4(a) and 4(c) show the interface
microstructure at the upper region of the joint. In region
A, the thickness of interface layer was ~2.5 um. The
interface layer can be divided into two layers (layers 1
and II), as shown in Fig. 4(a). EDS linear scanning along
the line (from a to b) was used to analyze the
compositions of layers I and II. The results show that the
main elements of the interface layers were Al, Fe and Cr.
In layer I, the compositions of Al, Fe and Cr were stable,
but the Al content increased gradually, whereas the Fe
and Cr contents decreased in layer II, as shown in
Fig. 4(b). The content variety of Al, Fe and Cr in layers I
and II indicates that the metallurgical bonding occurred
at the interface between the weld seam and the steel
surface, and the Fe—Al IMCs may exist in the interface
layer. EDS region analysis was performed at locations 1
and 2, with the results listed in Table 3. Fe atoms can be
replaced by Cr and Ni [19] to form Fe(Cr,Ni),Al,, and
thus IMC in layers I and II may both consist of Fe,Al,;.
Compared with layer II, the structure of Fe,Al;3 in layer 1
was more uniform and compact, and the Fe4Al; in layer
II nucleated on layer I and grew toward the weld as a
flocculent structure. Some block structures were found
near layer II, which may be a-AlFeSi. A similar
phenomenon had been reported by LEONARDO
et al [20]. The microstructure of region B is shown in
Fig. 4(c). A thicker (~15 um-thick) interface layer was
caused by excessive heat input. A compact and
continuous structure formed near the steel side, and a
complex and discontinuous structure was piled on the

Table 3 EDS analysis results of locations 1-16 in Fig. 4

Location  x(A/%  x(FetCrNi)/%  x(Si)/%
1 74.10 23.62 1.79
2 81.71 16.97 0.71
3 75.18 22.29 2.16
4 80.22 17.29 1.95
5 75.48 19.54 478
6 77.52 16.85 5.46
7 80.31 15.68 3.42
8 72.36 23.17 4.03
9 80.04 17.66 1.95
10 75.17 23.25 1.59
11 80.11 15.16 2.98
12 71.65 23.24 4.95
13 78.75 16.00 5.15
14 28.15 69.55 0.33
15 37.45 60.56 0.14
16 27.89 70.15 0.20

continuous structure. EDS linear scanning along the line
(from c to  d) indicated that the Fe and Cr contents were
stable, and that fluctuation in Al content was caused by
the a(Al) in the discontinuous structure, as shown in
Fig. 4(d). Massive IMCs existed in this interface layer.
Components at locations 3—7 were analyzed by EDS
region analysis, with the results listed in Table 3, and
the continuous and discontinuous structure may be
Fe,Alys.

Similarly, the interface of the butt plane between the
weld seam and the steel surface consists of Fe—Al IMCs,
which indicates that the metallurgical bonding occurred
at the interface. Figures 4(e—g) show the IMC
microstructures at the butt plane of the joint, which
correspond to regions C—E, respectively. The IMC layer
in regions C—E was ~2 pm-thick, and presented similar
microstructure characteristics to region 4. In contrast
with the IMC layer that is located in region A, the
IMC-layer thickness in regions C—F was thinner. Layer |
dominated the entire IMC layer whereas growth of layer
II was constrained. This behavior is attributed to the
lower heating and faster cooling at the butt plane. EDS
analysis in Table 3 shows that the IMC layer in regions
C—E may consist of Fe;Al3, which is the same as that in
region A.

Figure 4(h) presents the IMC microstructures at the
bottom of the joint, corresponding to region F in
Fig. 3(c). The morphology and structure of the IMCs in
region F differed from the other regions. The IMC layer
thickness was ~1.5 pm. The EDS analysis results are
listed in Table 3, and indicate that the IMC layer may
consist of Fe;Al, which differed from other
reports [14,17,21]. The formation of Fe;Al improves the
joint quality because of its reduced brittleness.

In summary, the IMC layer thickness was controlled
to be ~2 pum, except for region B, which was much
thinner than the critical value in Ref. [22]. The IMC layer
at the bottom of the joint consists of Fe;Al. The
remaining regions consist mainly of Fe4Al,;.

3.3 Microstructure of weld seam

Figure 5 shows the microstructure of the weld seam
of region G in Fig. 3(c) and the EDS analysis results are
given in Table 4. a(Al) dominated in the weld seam. The
Al-Si eutectic phase appeared in the weld seam as
labeled at locations 18 and 19. Fe atoms were mixed
partially into the AI-Si eutectic to form a Fe—Al-Si
ternary compound, which appeared as dendrite-like or
net-like dark structures in Fig. 5 and is labeled as
locations 20—22.

3.4 Mechanical properties
A tensile test was carried out to evaluate the tensile
strength of the 6061-T6/304 butt joint using laser—MIG
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Fig. 5 Microstructure of weld seam by laser—MIG hybrid
process

Table 4 EDS region analysis results of locations 17-22 in

Fig. 5
Location x(AD/% x(Fe)/% x(S1)/%
17 96.41 0.15 1.68
18 83.90 1.78 12.27
19 85.4 2.28 10.60
20 78.57 7.59 11.02
21 79.58 7.37 12.47
22 88.71 4.50 6.51

hybrid welding—brazing. For the joint without
reinforcement, the failure occurred at the IMC layer
between stainless steel and the weld seam. As shown in
Fig. 6, the average tensile strength of the joint without
reinforcement by laser-MIG hybrid method was
154 MPa, which was significantly higher than that of the
joint by traditional MIG process. The addition of the
laser beam improves the energy distribution of joint, and
makes sure that the rear of joint is heated efficiently.
With a fast welding speed, a uniform and thin IMCs
layer was obtained, and thus a better tensile strength of
joint was achieved using laser—MIG hybrid process than
that of the joint by MIG process.
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Fig. 6 Tensile strength of butt joint by two different processes

For the joint with reinforcement, benefited from the
better mechanical strength of IMC layer in laser—MIG
hybrid method, the average tensile strength of the joint
with reinforcement by laser—MIG hybrid method was
improved to be 174 MPa, which was also obviously
superior to that by traditional MIG method. The fracture
location of the joint with reinforcement by laser—-MIG
hybrid process is shown in Fig. 7. During the tensile test,
a crack occurred firstly in the IMC layer of the butt
plane, then propagated to the weld metal at the bottom
and the upper of the joint, and finally, led to the fracture
of the joint. SEM photographs of the fracture surface of
the joint are shown in Fig. 8. The weld metal of the
upper and lower region presents the ductile fracture
mode, as shown in Figs. 8(c) and (d), but the IMC region
presents a typical cleavage fracture mode with a river
pattern, as shown in Fig. 8(b). To confirm the phase on
the crack surface of the IMC region, XRD analysis was
performed before the front and rear crack-surface
reinforcements had been removed. The result is shown in
Fig. 9. Fe4Al}; existed on the IMC region surface, and the
result is consistent with the previous EDS analysis.

2 mm

Fig. 7 Fracture location of joint by laser—MIG hybrid process:
(a) Front appearance; (b) Rear appearance; (c) Cross-section

The Vickers microhardness test was carried out to
measure the microhardness of the joint by laser—MIG
hybrid process in different regions. As shown in Fig. 10,
three microhardness curves exhibited the same change,
and stabilized near HV 100 in the weld seam. This
result indicates that the weld seam was homogeneous
in composition and structure. The microhardness in the
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Fig. 10 Microhardness of joint by laser—MIG hybrid process in
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weld seam was lower than that of the steel side, and was
significantly higher than that of the aluminum alloy side.
Based on SEM and EDS analysis for the weld seam, Fe
atoms were mixed into the weld seam and formed a
Fe—AI-Si ternary structure, which was harder than the
a(Al). The ternary structure was distributed uniformly in
the weld seam, which enhanced the weld seam
microhardness. Because the IMC layer between the steel
side and the weld seam was too thin, the microhardness
of the IMC layer was not obtained.

4 Conclusions

1) Compared with the traditional MIG process, the
laser—MIG hybrid welding—brazing process could
achieve a sound welding—brazing butt joint of
6061-T6/304 with excellent front and rear formation. The
molten metal had a good wettability on the 304 stainless
steel surface and could spread well on the rear of the
joint using the laser—MIG hybrid welding—brazing
method.

2) The thickness and microstructure of the IMC
layer at different regions of the joint varied because of
different heating and cooling conditions. For the IMC
layer of 6061-T6/304 butt joint using laser—MIG hybrid
welding—brazing process, in the upper region, the IMC
layer consisted of compact layer I and flocculent layer II,
which were both Fe;Alj;. At the butt plane, the IMC
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layer showed a similar microstructure to that in the upper
region, but the growth of layer II was restrained and the
IMC layer became thinner. Fe;Al existed at the back of
the joint, which resulted in a thin IMC layer at the back
region. The average thickness of the IMC layer was
controlled to be ~2 um. The weld metal microstructure
consisted of a(Al), Al-Si
Fe—Al-Si ternary compound.
3) Because of the uniform and thin IMCs layer
without any crack, an average tensile strength of the joint

eutectic structure and

with reinforcement using laser—MIG hybrid process was
improved to be 174 MPa (60% of the 6061-T6 tensile
strength), which was obviously better than that by
traditional MIG process. The fracture of joint with
reinforcement using laser—-MIG hybrid process was
initiated in the Fe;Al;; layer of the butt plane in
typical cleavage fracture mode, and propagated to the
weld metal at the front and rear reinforcement of the
joint,

4) Because of the formation of Fe—Al IMCs in the
weld seam by laser—MIG hybrid process, the strength in
this region was enhanced such that the microhardness
was higher than that of the aluminum alloy.
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BIET, 222, IF #, RFH%
VU R ASCE RS MR EREROR A M R SE 0 %, AR 610031

# . XA BEEESAMIG)E SIEEHEII LI 6061-T6 F4 45 304 AR 7 Fl 4 8 X #:8:3k 1
JREE, AR EEER I RSN ) SR . BT RS BIEA RN IR R Rar, 1REESL R Rirm
BmEH. RAPMAE. R X SHERATEMUCRIE 6061-T6/304 F1H K& B IALEMIIMO)E. FREW,
HETHIE-MIG EEREMME, IMC ZRBREEGEEGIE 2 pm 240, AL T ANEFRNFEEL T R S 2 A1 IMC
JEIIHLEEN FesAl, A FHAMIER) IMC EHLEZN FeAljize HTEOEHR S MIG BITAEMSE & fE0%
BRARACIE AT, IEERELE IMC BIEERE, R, Wikd B ERSWRN LA RIFREEHME. 1REW
AR EWEEL PR R RTIA 174 MPa, 2104 6061 B SR 1) 60%, B & T84 8— MIG #WR1ER T ik
IR0
KR IBEE: WOL-MIG E408; sk, B
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