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ABSTRACT:- Different metals tungsten idle gas butt welding—brazing between 5A06 aluminum compound and
SUS321 stainless steel might have been conveyed crazy utilizing Al-Cu6 filler metal Furthermore non-corrosive
flux. A thin inter-metallic compound layer need structured done welded seam/steel interface and the Average
thickness of the entirety layer will be 3-5 pm, which will be under the limit of 10 um. The inter-metallic
compound layer comprises for Fe,Alys period What's more in the base Sn stores in the liquid flux layer and
diffuses under steel grid to structure the grain limit filter layer, which is the feeble zone of the butt joint. Those
Normal micro hardness of the layer is 644. 7 HV, compared for 104. 5 HV done welded crease Also 200 HV
over steel grid. Those rigidity for butt joint achieves 172. 5 MPa and the split initiates starting with the IMC
layer at the base of the joint Also infers under welded crease In those upper and only those joint. Those display
joint in this investigation need larger amount over the individuals for covered layer.
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I.  Introduction:-

Against the background of the required weight reduction in transportation through

lightweight construction, the application of hybrid structures between aluminum alloy and
steel has a high technical and economical potential [1,2]. However, joining of alu- minum alloy
and steel has great difficulty by fusion welding since large number of brittle intermetallic
compounds (IMCs) are formed in the joint. Although solid-state welding can be used to join
the dissimilar metals by controlling the IMC layer’s formation within a few micrometers [3—
5], the joint’s shape and size are extremely restricted by the welding equipment’s capacity.
Nowadays, tung- sten inert gas (TIG) welding—brazing offers a great potential for aluminum
alloy and steel joining. In this process, the sheets and fil- ler metal are heated or melted by TIG
arc heat, and the joint has a dual characteristics: in aluminum alloy side it is a welding joint,
while in steel side it is a brazing joint [6-8].
However, in the dynamic heating process, the heating tempera- ture changes very quickly and
the reaction time between the liquid filler metal and solid steel is rather short so that it is more
difficult to control the IMC layer’s growth, predominantly in its thickness and
microstructures. Most of past reports about laser brazing and arc brazing of aluminum alloy
and steel [9-11] indicated that coated layer on the steel surface, such as Zn or Al layer,
could improve the filler metal’s wetting and inhibit the IMC layer’s growth. And it was
recognized that Si additions in the filler metals effectively control the growth of the Al-Fe IMC
layer by replacing Al-Fe binary phases with Al-Fe-Si ternary phases [10-12]. But in our
previous study [13], it was found that Si addition in the filler metal had a limited effect on
improving the IMC layer’s crack resistance because Al-Fe-Si phase also presented a high
brittle- ness. By now, there is no report about the effect of some other special additions,
such as Cu or Mn elements on IMC layer’s property in aluminum—steel joint.

In this study, dissimilar aluminum alloy—steel butt joint was made successfully by TIG
welding—brazing using a modified non- corrosive flux and Al-Cu filler metal. The structures
of the butt joint, especially the IMC layer, were characterized; the mechanical properties of
the joint were evaluated and the cracking mechanics of the joint were discussed.

. Materials And Methods:-
Materials used are 5A06 aluminum alloy and SUS321 austenite stainless steel plates in 3.0
mmthickness. The filler metal used is 2319 Al-Cu6 welding wire, with a diameter of 2.5 mm. TheChemical

National Conference On "Innovative Approaches In Mechanical Engineering" 30 | Page
ST.Martin's Engineering College, Secunderabad


https://www.researchgate.net/publication/232389581_Effect_of_interfacial_reaction_layer_continuity_on_the_tensile_strength_of_resistance_spot_welded_joints_between_aluminum_alloy_and_steels?el=1_x_8&enrichId=rgreq-548db1781cf6685e552dab4cc2b352b4-XXX&enrichSource=Y292ZXJQYWdlOzIyOTMwMTAwMDtBUzozNzk1NzcwODQ5ODk0NDBAMTQ2NzUwOTYzNzc4Nw==
https://www.researchgate.net/publication/240384956_An_investigation_of_mechanical_and_metallurgical_properties_of_explosive_welded_aluminum-dual_phase_steel?el=1_x_8&enrichId=rgreq-548db1781cf6685e552dab4cc2b352b4-XXX&enrichSource=Y292ZXJQYWdlOzIyOTMwMTAwMDtBUzozNzk1NzcwODQ5ODk0NDBAMTQ2NzUwOTYzNzc4Nw==
https://www.researchgate.net/publication/240384956_An_investigation_of_mechanical_and_metallurgical_properties_of_explosive_welded_aluminum-dual_phase_steel?el=1_x_8&enrichId=rgreq-548db1781cf6685e552dab4cc2b352b4-XXX&enrichSource=Y292ZXJQYWdlOzIyOTMwMTAwMDtBUzozNzk1NzcwODQ5ODk0NDBAMTQ2NzUwOTYzNzc4Nw==
https://www.researchgate.net/publication/279585946_METALLURGICAL_AND_MECHANICAL_INVESTIGATIONS_OF_ALUMINIUM-STEEL_FUSION_WELDS_I?el=1_x_8&enrichId=rgreq-548db1781cf6685e552dab4cc2b352b4-XXX&enrichSource=Y292ZXJQYWdlOzIyOTMwMTAwMDtBUzozNzk1NzcwODQ5ODk0NDBAMTQ2NzUwOTYzNzc4Nw==
https://www.researchgate.net/publication/223749202_Dissimilar_welding_of_carbon_steel_to_5754_aluminum_alloy_by_Nd_YAG_pulsed_laser?el=1_x_8&enrichId=rgreq-548db1781cf6685e552dab4cc2b352b4-XXX&enrichSource=Y292ZXJQYWdlOzIyOTMwMTAwMDtBUzozNzk1NzcwODQ5ODk0NDBAMTQ2NzUwOTYzNzc4Nw==
https://www.researchgate.net/publication/232401473_Laser_brazing_of_a_steelaluminium_assembly_with_hot_filler_wire_88_Al_12_Si?el=1_x_8&enrichId=rgreq-548db1781cf6685e552dab4cc2b352b4-XXX&enrichSource=Y292ZXJQYWdlOzIyOTMwMTAwMDtBUzozNzk1NzcwODQ5ODk0NDBAMTQ2NzUwOTYzNzc4Nw==
https://www.researchgate.net/publication/232403355_Effects_of_Si_additions_on_intermetallic_compound_layer_of_aluminum-steel_TIG_welding-brazing_joint?el=1_x_8&enrichId=rgreq-548db1781cf6685e552dab4cc2b352b4-XXX&enrichSource=Y292ZXJQYWdlOzIyOTMwMTAwMDtBUzozNzk1NzcwODQ5ODk0NDBAMTQ2NzUwOTYzNzc4Nw==

Joining processes of Aluminium Alloy and Stainless Steel material using tungsten inert gas welding and

compositions of base material and filler metal are shown in Tables 1-3. And the maincompositions of modified
non-corrosive flux are Nocolok flux (KAIF4 and K3AIF6 eutectic), Zn and Sn metal powders, K2SiF6, etc.

All plates were cut into the size of 100 mm x 50 mm,and the surface was cleaned by abrasive paper and
acetone before experiment. A single-V groovewas opened in the plates, with a bevel angle of 40 in steel side and
30 in aluminum alloy side.The flux suspension (flux powder dissolved in acetone) was  smeared
homogenously ina 0.2-0.5 mm thickness on the groove and on both front and back surfaces of the steel in10
mm width. Aluminum-steel butt TIG welding—brazing was carried out using CLOOS AC-TIG welding source.
The schematic of the joining process is shown in Fig. 1. After welding,a typicalcross-section of the joint was
cut and mounted in self-setting epoxy resin in an as-clamped condition.Then the samples were polished to a
mirror-like surface aspect and etched with Keller’sreagentfor 3-5 s. Macrostructure of the joint was observed
by optical metalloscope and microstructuresand compositions of IMCs were measured by scanning electron
microscopy (SEM) andenergy dispersive spectrometer (EDS). The IMC layers were examined by micro X-ray
diffraction(M-XRD) with Cu Ka radiation. And the mechanical properties of IMC layer weremeasuredby
dynamic ultra-micro hardness tester and SEM in situ tensile tester.

Table 1:-
Chemical composition of 5A06

Mn Mg 3 Fa Cu Zn Bes Ti Al
0508 5868 04 04 01 02 0000005 0.02+4 Bal

Table 2:-Chemical composition of SUS321 stainless steel (wt.%).

C Ni Cr M Si S P Ti Fe
0.1 8 17— 2.0 1.0 0.0 0.03 0.1- Bal.

homogenously in a 0.2-0.5 mm thickness on the groove and on both front and back
surfaces of the steel in 10 mm width. Aluminum-—steel butt TIG welding—brazing was carried
out using CLOOS AC-TIG welding source. The schematic of the joining process is shown in Fig.
1. After welding, a typical cross-section of the joint was cut and mounted in self-setting epoxy
resin in an as-clamped condition. Then the samples were polished to a mirror-like surface
aspect and etched with Keller’s reagent for 3-5 s. Macrostructure of the joint was observed
by optical metalloscope and microstructures and compositions of IMCs were measured by
scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS). The IMC
layers were examined by micro X-ray diffraction (M-XRD) with Cu Ka radiation. And the
mechanical properties of IMC layer were measured by dynamic ultra-micro hardness tester
and SEM in situ tensile tester.

3. Results and discussion

3.1. Appearance and macrostructure

Fig. 2 shows the appearance of aluminum-—steel butt joint made by TIG welding—brazing. The
joint has a good front and back formation and no crack appears on the welded seam/steel interface
and no undercut or incomplete fusion presents in aluminum alloy side. The flux slag carpets on
the half surface of welded seam in steel side due to its low gravity and the residual flux
deposits on the steel surface near the welded seam. Slag and residual flux on the surface can be
removed easily by sanding the joint using the steel brush.Fig. 3 shows the typical cross-section
of aluminum—steel butt joint. With the help of wetting action of the special flux layer, the
Al-Cu filler metal spread fully on steel surface to form a sound joint. The joint has a typical
welding—brazing dual characteristics: in aluminum alloy side, the base metal with low melting
temperature is a welding joint, which mixes with the molten filler metal to form fusion area,
while in steel side, the steel surface with a high melting point is a brazing joint, which reacts
with the molten filler metal to form the brazing interface layer.

3.2. Microstructures and intermetallics
SEM images in different positions of the joint, plotted by dotted- line squares in Fig. 3,
are shown in Fig. 4. A thin IMC layer has formed in welded seam/steel interface during the
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welding process, as shown in Fig. 4a—d. The whole IMC layer presents different pat- terns at the
different positions of the groove: at the top, the IMC

Injecting nozzle\

Tungsten electrode

Argon shield

Electric arc Al-Cu welding wire

Smeared layer Shaped groove
/ Al alloy
a—
Copper backing plate

Fig. 1. Schematic of aluminum—steel butt TIG welding—brazing.

-
I Flux slag i Steel'

Fig. 2. Appearances of the aluminum-—steel butt joint: (a) front formation and (b)
back formation.

Al alloy

2mm

Fig. 3. Typical cross-section of the aluminum-—steel butt joint with Al-Cu filler
metal.
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Table 3:- Chemical composition of 2319 filler metal (wt.%).

Cu Mn Mg S F Zr Z Ti \% A
5.8— 02- 02- O 0 0.1- O 0.1- 0.05 B

layer presents whisker shape oriented toward the welded seam; at the centre part, the IMC
layer becomes compact lath-shaped structure; contrastively, at the bottom, the IMC layer
presents loose lath-shaped and a grain boundary filter layer appears in steel side. According to
the SEM features, in this layer, Sn and Zn elements from the molten flux diffuse into the steel
grain boundary to form Fe-Sn and Fe-Zn filter layer. And the average thickness of the
whole IMC layer is 3-5 um, which is less than the limited value of 10 pum [14].

The welded seam, as shown in Fig. 4e, mainly consists of a-Al matrix and (a-Al + Al2Cu eutectic) in
the grain boundary. Due to the high cooling rate, a-Al in (a-Al + Al2Cu eutectic) grows with a-
Al matrix and only AlI2Cu remains in the grain boundary, which is called as the divorced
eutectic. Fig. 3f shows the microstructure of the fusion area in aluminum alloy side. In the
welding process, the o-Al matrix of Al-Mg base material is not melted, while the grain
boundary is melted due toits low melting temperature. Hence the molten AlI-Cu filler
metal enters and reacts with AlI-Mg molten metal to form network (a-Al + Al2Cu + Al2CuMg
eutectic) structure. And some block high-temperature phases in the base materials remains in
the fusion area.

Table 4:-EDS analysis results of ntermetallic hases in the joint (wt.%).

Poin Al Cu Fe Cr Ni Mn M Zn Sn
A 5. 25 28. 56 28 13 - — —
B — 08 59. 15. 25 16 — 3.2 175
C 58. 38. 14 04 09 05 — — —
D 63. 25. 06 04 08 04 86 — —
E 73. 0.7 11. 04 05 12. 1.1 — —
12000
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Fig. 5. Micro X-ray diffraction profile of the IMC layer
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Fig. 4. SEM images in different positions of the aluminum-—steel joint in Fig. 3: (a—d) IMC
layer in A-D zone, (e) welded seam in E zone, (f) fusion area in F zone.

The EDS analysis compositions of IMCs in the joint, pointed by circles in Fig. 4, are shown in Table 4.
The IMC layer has been analyzed to give a composition of 28.3 wt.% Fe and balance Al. At the same
time, the layer also contains some contents of Cr, Ni and Cu elements toreplace Fe atoms, which
enhances the IMC layer’s property [15]. Compared the measured composition with the theoretical
one of Al-Fe phase [16—18], it is consistent with the composition of FeAl3 or Fe4Al13 phase.
At the bottom, the grain boundary filter layer contains about 17.5 wt% Sn and 3.2 wt.% Zn. In
this process, Zn in the flux evaporated due to its low boiling point, while Sn deposited in the molten
flux layer due to its high gravity and diffused into the grain boundary of steel matrix.

In welded seam, the composition of the bright phase in grain boundary is 38.5 wt.% Cu and
balance Al, which is consistent with the composition of the Al2Cu phase. The M-XRD profiles of
the IMC layer is shown in Fig. 5. The IMC layer is identified as the Fe4qAl13 phase and the
phase in grain boundary of the welded seam is Al2Cu. The M-XRD identified results of the IMC
layer agree with quantitative onedetermined by EDS. In fusion area, the network structure in
grain boundary is determined to be (a-Al + Al2Cu + Al2- CuMg) eutectic phases and the
composition of the grey block phase corresponds with Alg(Mn,Fe).

3.3. Mechanical properties:-

Vicker’s hardness of the welded seam and base materials is measured using macro-hardness
tester with 10 N loading force and 10 s holding time, and the IMC layer’s hardness is
measured using dynamic ultra-micro hardness tester with 100 mN loading force and 10 s
holding time. The hardness wvalues are shown in Fig. 6. The original hardness of aluminum
alloy is 87.4 HV, while in the heat effect zone the average hardness has reduced to 81.4
HV slightly. The softened heat effect zone is weakened due to the lower heat input, which has
benefits to the joint property. And in welded seam the average hardness increases to 104.5 HV,
due to the strengthening effect of Al2Cu phase in grain boundary. In the IMC layer, the
average hardness increase quickly to 644.7 HV, while it is less than the hardness value 890
HV of standard Fe4Al13 phase. Some contents of Cr, Ni and Cu atoms replacing Fe in Fe4Al13 can
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reduce its hardness, which can reduce its brittleness to enhance the IMC layer joining between
welded seam and steel.
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Fig. 6. Hardness distribution of the aluminum-—steel joint.

Al alloy

Fig. 7. Macrofracture profile of the aluminum-—steel joint.

The tensile strength of the aluminum-—steel butt joint using Al— Cu filler metal reaches 172.5
MPa, which is higher than the joint using Al-Si filler metal (about 120 MPa) [6-8]. The macro-
fracture profiles of the butt joint is shown in Fig. 7. The crack initiates from the IMC-ayer at the
bottom of the joint and derives into the welded seam at the upper part of the joint, which
confirms the IMC layer at the bottom is the weak zone of the joint. The shapes and micro-
structures of the IMC layer determine the joint’s property. At the bottom, there are some
brazing defects between the IMC layer and the grain boundary filter layer, as shown in
Fig.5d, which prone to crack at the high load. It has been reported [6] the maximum tensile
strength of those butt joint with coated layers was 127.5 MPa and that the fracture occurred
at the interface. Hence the present joint using modified non-corrosive flux and Al-Cu filler
metal has higher level than those with coated layer.

SEM in situ tensile test was carried out in order to observe the crack growth of the joint during
the tensile process. The in situ test results at the different positions of the joint, plotted
by dotted-line squares in Fig. 7, are shown in Fig. 8. At the bottom in A zone, the fracture
occurs between the IMC layer and steel matrix due to the brazing defects between IMC layer
and steel, as shown in Fig. 4d. Upward along the groove, the crack grows between the IMC
layer and welded seam and some block IMCs also crack along the front edge of IMC layer in
welded seam. Then, at the upper part of the groove, the crack grows in the grain boundary of
welded seam duoto Al2Cu phase in grain boundary. The SEM in situ tensile test results agree
with the macro-fracture positions in Fig. 7.

1. Conclusions:-
1. Dissimilar metals between 5A06 aluminum alloy and SUS321 stainless steel were butt
joined successfully by TIG welding—brazing with Al-Cu filler metal and modified non-
corrosive flux.
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2. A thin IMC layer has formed in welded seam/steel interface and the average thickness of the
whole IMC layer is 3-5 um, which is less than the limited value of 10um. The IMC layer
consists of Fe4Al13 phase and at the bottom Sn diffuses into steel matrix to form the grain
boundary filter layer.

3. The tensile strength of butt- joint reaches 172.5 Mpa and the crack initiates from the IMC layer at the bottom
of the joint and derives into the welded seam at the upper part of the joint. The present joint in this study has
higher level than those with coated layer.
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