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Abstract

Tungsten inert gas weld brazing with twin hot wire technique was employed to create sound joints between aluminum alloy
and stainless steel using ER1100 and ER2319 filler, respectively. The interfacial intermetallic compound (IMC) consisted of
0-(Fe,Cu),Al,; and minor Cr, ;Fe, ;Al,, and the precipitate phase in the weld was Al,Cu with ER2319 filler. The interfacial
IMC was mainly 6-Fe,Al, 5, and the precipitate phase was FeAl; with ER1100 filler. The results of mechanical tests suggested
that the joint with ER2319 had a higher tensile strength of 283 MPa but more brittle, while the joint with ER1100 exhibited
better comprehensive mechanical properties. The joint properties are determined by both interfacial IMCs and precipitate
phases in the welded seams. Different ways of controlling the IMCs should be adopted to inhibit the IMC growth by declining
the heat input with ER2319 filler and promote the IMC dissolution by adjusting the welding procedures with ER1100 filler.
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Introduction

Arc weld brazing is an adaptable, convenient, and economi-
cal method for joining aluminum/steel dissimilar metals.
Nevertheless, it is a challenge to wet the steel surface by
molten aluminum, and subsequently difficult to have a stable
and uniform appearance. Although some coatings, such as
aluminizing, galvanizing [1], and flux [2], and other tech-
niques including the tandem or dual spot laser beam method
[3, 4] and hot wire technique [5] can be used to address the
wetting difficulty, there are still some issues to be worked
out to realize a perfect joint formation of the two dissimilar
metals.

Another critical issue to weld brazing of aluminum to
steel is the formation of brittle intermetallic compounds
(IMCs) at brazing interface due to both chemical reactions
and interdiffusion [6], such as orthorhombic #-AlsFe, and
monoclinic 8-Al,;Fe,/FeAl; phases [7]. The presence of the
IMCs ensures metallurgical bonding between the aluminum
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and steel, but on the other hand, too many brittle IMCs can
be detrimental to the properties of joints. Therefore, it is
critical to keep the thickness of IMCs in the range of few
micrometers to avoid a brittle and easy-to-crack interface.

A variety of solid-state joining methods such as diffu-
sion bonding [8, 9], friction welding [10-12], friction stir
welding [13, 14], and friction stir brazing [15] were applied
to couple steel with aluminum. Certain solid-state joining
processes can minimize or even overcome the problem of
IMCs. The joints always have very thin IMCs and satisfac-
tory joint properties due to the low heat input of the solid-
state bonding techniques.

However, it is more difficult to suppress the IMCs in elec-
tron beam [16], laser [17] and especially the arc weld braz-
ing process [18-21] comparing with the solid-state joining,
because the liquid—solid interaction at a high temperature up
to 1000 °C generally results in thick IMC layers at the joint
interface. Alloying elements, transition layers, and adjust-
ments of heat input have been employed in many studies to
limit the formation of brittle IMCs. Aluminum-based fillers
or modified brazing fluxes containing alloying elements such
as Zn, Si, Mn, Cu, and Ni have been approved to be effec-
tive in controlling the thickness and/or structure of IMCs
[22-26]. Moreover, transition or insert metals including Zn,
Ni, and Cu were also used to inhibit the formation of IMCs
[27-29]. In addition, the cold metal transfer (CMT) process
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[20, 30], a backing block with higher thermal conductivity
[31] and a combination of laser welding and roll pressure
[32] were developed and applied to suppress the thickness
of IMCs. However, no systematic research about the IMC
control considering both the brazing fillers and heat input
adjustment was reported.

In this work, high-frequency induction heating technique
was employed in tungsten inert gas (TIG) weld brazing of
aluminum-stainless steel dissimilar metals to preheat twin
aluminum fillers and adjust the heat input. The weld appear-
ance, microstructure, and mechanical properties of the joints
were analyzed and discussed.

Materials and Methods

The parent materials employed are 3.0-mm-thick SA06 alu-
minum alloy and SUS321 stainless steel sheets. The brazing
fillers are ER1100 and ER2319 aluminum welding wires
with diameters of 1.2 and 1.6 mm. The chemical compo-
sitions of the base and filler metals are listed in Table 1.
A modified flux (KAIF,+ Al powder) is employed in the
experiments. The main ingredients of the modified flux are
10-70 wt.% aluminum powder (with purity of 99.99% and
particle size less than 75 pm), non-corrosive flux KAIF,,
and 1 wt.% binder potassium sodium tartrate. Employing
the modified flux can significantly improve the arc stability
and wettability of aluminum brazing fillers [33].

The size of specimen is 100 X 50 mm, with a 45° single-V
groove in both steel and aluminum side. The plate surfaces
were cleaned by abrasive papers or a scraper and acetone
at first, and then, a flux layer, approximately 0.2—-0.5 mm
thick, was coated on the groove and on both front and back
surfaces of the steel in 10 mm width. Butt TIG weld brazing
experiments of aluminum to steel were carried out using
a standard welding source. The welding parameters were:
AC square wave of 100 Hz, 4:1 AC balance, arc length of
3.0-4.0 mm, welding speed of 150 mm™™", and argon gas
flow rate of 8—10 L=™in,

The twin hot wire equipment based on the high-frequency
induction technique in this research consists of induction
heating coil, ceramic tube, fixture, and wire guide. The
shielding gas is also necessary during the heating process

to protect the wire from oxidation. The schematic of twin
wire weld brazing process is illustrated in Fig. 1.

After welding, the joint macrostructure, microstructure,
and IMC composition at the interface were examined using
an optical microscope, a scanning electron microscope
(SEM) and an electron probe micro analyzer (EPMA). Ten-
sile tests were conducted using a INSTRON-5569 testing
machine, with a loading speed of 0.5 mm™™", All tests were
repeated in triplicate.

Results and Discussion
Heating Effect and Wire Feeding Process

The induction heating hot wire equipment can heat alu-
minum wire to any expected temperature below 400 °C by
adjusting the induction current, when the feeding rate is
1 m™™" as shown in Fig. 2. In this study, the temperatures
of the fillers were heated to 350 °C.

High-frequency induction hot wire technique was first
proposed by Fan et al. to heat metals with low resistance rate
such as aluminum and copper fillers by induction heating
instead of the resistance heat in ordinary hot wire methods
[34]. Induction heating relies on electrical currents that are
induced internally in the materials to be heated. The flow of

Fig.1 Schematic of TIG weld brazing process with twin wire

Table 1 Chemical compositions

Elements C Mn Mg Al Si Cu Zn Ti Ni Cr Fe
of base and filler metals (wt.%)

SUS321 012 2 1 .. 02 8-10 17-19 Bal.

5A06 0.5-0.8 5.8-6.8 Bal. 04 0.1 02 0.1 0.4

ER1100 0.05 Bal. (a) 0.05-02 0.1 ... i

ER2319 0.2-04 0.02 Bal. 02 58-638 0.1 0.1-02 ... 0.3

4Si plus Fe 0.95
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Fig.2 Heating effect of the twin hot wire system

Fig.3 Feeding process with twin hot wire

AC current through the coil generates an alternating mag-
netic field which cuts through the workpiece. The alternating
magnetic field induces the eddy which can dissipate energy
and bring about heating. To heat welding wires, the AC fre-
quency, through its effect on reference depth and efficiency,
is one of the important design parameters in induction heat-
ing [35]. The AC frequency should high enough for heating
a thin wire to an expected temperature.

Based on the hot wire system, the twin hot wire with
different diameters was employed to obtain a good forma-
tion in the weld brazing process. On the steel side, a filler
wire with a 1.6 mm diameter at a relatively higher position
can provide sufficient liquid metal for spreading on the face
of the weld. On the aluminum side, a wire with a 1.2 mm
diameter can easily be melted and fused well together with
the base aluminum, as shown in Fig. 3.

The flow of the weld brazing pool is asymmetrical
because the two sides of the butt joint have different met-
als in different states. One side is a solid steel with a layer
of flux on its surface, the other side is liquid aluminum
melted by the arc. Therefore, when using a single wire, if
any fluctuation during wire feeding occurs, the pool always

Fig.4 Appearances of the aluminum-steel butt joint (a) face appear-
ance and (b) back appearance

Table 2 Optimal welding parameters with the two fillers

Peak cur- Pulseon  Basic cur- Average Fre-
rent (A)  time (%) rent (A) current (A) quency
(Hz)
ER2319 130 40 52 83.2 4
ER1100 150 50 70 110 52

flows to one side and leads to a very poor appearance.
Twin wire can address this problem and obtain a perfect
formation both on the face and the back side, as shown in
Fig. 4. Similar application of the twin wire method can be
found in variable polarity plasma arc (VPPA) welding and
cladding [36, 37].

Welding Procedures

Based on an appropriate experimental design and the fol-
lowing results, considering both the weld appearance and
joint strength, the optimal welding parameters with the two
different fillers were obtained. As illustrated in Table 2, the
average welding current with employing ER2319 filler was
83.2 A, which was the minimum welding current to ensure
a satisfactory face and back formation, while the average
welding current with using ER1100 filler was up to 110 A,
a relatively high value. It needs to be emphasized, if the
average welding current is lower than 83 A or higher than
120 A, welding defects such as lack of fusion, incomplete
penetration, undercutting, and burn through will occur.
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Microstructure Analysis

The SEM images and EPMA results of the interfaces with
the different fillers are shown in Fig. 5 and Table 3, respec-
tively. Although the thicknesses of the IMCs are similar to
the two kinds of fillers, there are some differences of element
composition in the IMCs. With the ER1100 filler, the IMC
is Fe,Al,; with solid solution elements of Cr and Ni, and
a significant difference using the ER2319 compared with
ER1100 is the existence of Cu in the IMC. Besides, there is
another phase in the vicinity of the IMC around the inter-
face, as shown in Fig. 5d. The phase with the homogeneity
range 86.3-87.6 at.% Al has a composition closer to Cr,Al, 5,
CrAlg, or CrAl, [38]. In the presence of a third metal (Fe,
Mn, etc.), the CrAl phase is known to give rise to another
phase with fivefold symmetry whose composition corre-
sponds to the chemical formula Cr, ;Fe, ;Al¢ [39]. Similar
phases were observed by the interaction of iron—chromium
alloys with liquid aluminum [40].

Moreover, the microstructures in the welded seams are
distinct from each other. The phases in the welded seams
with employing ER1100 and ER2319 are Al;Fe and
Al,Cu, respectively, according to the previous studies [22,
26]. The phase FeAlg has an orthorhombic unit cell with
a=0.646 nm, b=0.744 nm, ¢=0.878 nm [41, 42]. The
metastable compound FeAlg has also been found in rapidly
chilled alloys, aged aluminum alloys, and interface formed

(d)

Table 3 EPMA analysis results of IMCs in interfaces, at.%

Al Fe Cr Ni Cu
ER1100 76.09 19.71 3.03 1.17
ER2319 75.81 17.41 3.49 1.28 2.01
87.05 4.09 6.93 0.45 1.79

by interaction of iron—chromium alloy and liquid aluminum
[40, 43]. The phase Al,Cu shows a I4/mcm structure with
a=0.607 nm and ¢=0.487 nm [44].

Mechanical Property and Fracture Behavior

As can be seen in Fig. 6, the tensile strengths of the joints
with employing ER2319 and ER1100 are 283 MPa and
234 MPa, respectively, which are much more superior
than the 175 MPa with ER2319 [45] and the 170 MPa
with ER1100 filler [33] in the previous studies. The over-
all strength is greater than that of the filler material, partly
because the joints have reinforcements. In addition, the
diffused elements from the steel to aluminum also can
strengthen the joints.

The fracture positions of the joints with the two kinds
of fillers were different. With employing the ER1100
filler, it mainly fractured at the brazing side and the crack
was derived from steel-IMC or IMC—seam interface, as

Fig. 5 SEM images of the joints (a—c) with ER1100 filler and (d—f) with ER2319 filler
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Fig.6 Stress—strain plots of aluminum-steel butt joints with different
fillers

shown in Fig. 7a and c. While with the ER2319, fracture
occurred at the welded seam in the aluminum fusion side
and the crack developed along the Al,Cu phase, as shown
in Fig. 7b and d. The joint filled by ER2319 was much
more brittle than ER1100.

Relationship Between Welding Procedure,
Microstructures, and Mechanical Behaviors

Compared with using the wire of room temperature, the
application of the hot wire at 350 °C to join aluminum and
steel can decrease the machine welding current setting from
100 to 83 A and furthermore lower the heat input of welding
arc to the brazing interface. It is critical to reduce the IMC
thickness by lowering the heat input with ER2319 filler. In
addition, if the welding current is fixed, employing the hot
wire can improve the pool temperature, which is effective in
affecting the IMC and joint properties with ER1100 filler.
The thickness of an IMC is governed by specific alloy-
ing elements, reaction time, and temperature. Both of these
factors are different for the two joints with different fillers
(composition and process parameters). The mechanisms of
the interface reactions with the two fillers are different. The
processes of growth of a compound layer at the solid—liquid
interface and its dissolution into the liquid phase take place
simultaneously. By increasing the rate of dissolution, it is
possible to significantly reduce the thickness of the IMC
layer [46]. For the joint with ER2319 filler, the IMC is

Fig. 7 Fracture modes of the joints (a, ¢) with ER1100 filler and (b, d) with ER2319 filler
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Fe,Al;; and the microstructure in the welded seam is Al,Cu.
The formation of Al,Cu cannot consume the Fe atom and
promote the dissolution of IMC. Therefore, controlling the
IMC growth by decreasing the heat input is the only effec-
tive way to reduce the IMC thickness. Considering the joint
with ER1100 filler, the IMC is Fe,Al,; and the phase in the
welded seam is AlgFe. The formation of the FeAlg can con-
sume the Fe atom and then promote the dissolution of the
Fe,Al,; into the liquid aluminum. Thus, if the dissolution
rate exceeds the growth rate of IMC under certain welding
conditions, the IMC thickness will be suppressed.

The joint properties are affected by both IMC and micro-
structure in the welded seam. The thickness of IMC is always
an important factor that influences the mechanical proper-
ties. It has been described that joint strength increases with
reaction layer thickness decreasing [47]. However, there is
no significant difference on IMC thickness between the two
interfaces with the two different fillers; therefore, the IMC
thickness is not a key factor that influences the properties
in this study. Alloying element also affects the properties
of IMCs and then the joints. Some contents of Cu atoms
replacing Fe in Al,;Fe, can reduce its hardness significantly
[22], which contributes to the improvement in the interface
strength. Besides, the effect of the Al-Cr—Fe phase near the
IMC on the joint property with ER2319 is not very clear.
The information only can be obtained is the Vickers hard-
ness of the Al-Cr phase is 510-714 HV, while the hardness
of FeAl, is 816-1020 HV [48].

Strength phases in the welded seams mentioned above
also determine the joint strength. With the ER2319 welding
wire, a lot of copper was available for precipitation reac-
tion and the Al,Cu phase can be abundantly formed, causing
higher tensile strength compared with the ER1100 welding
wire. Although the Al,Cu can strengthen the seam effec-
tively, it decreases the toughness of the joint as well [48].
With employing ER1100 filler, the thickness of IMC is also
small enough and the welded seam has adequate strength
and toughness because of the existence of Al¢Fe. Hence,
the joint has the best comprehensive mechanical properties.

Conclusions

High-frequency induction twin hot wire technique was suc-
cessfully developed in TIG weld brazing of aluminum-—stain-
less steel dissimilar metals with ER2319 and ER1100 fillers,
respectively.

With ER2319 filler, the interfacial IMC consisted of
0-(Fe,Cu),Al ;5 chiefly and minor Cr ;Fe, ;Alq, of which the
phase in the weld was identified as Al,Cu. With ER1100
filler, the main ingredient of interfacial IMC was 6-Fe,Al,,,
and the microstructure in the weld was identified as FeAl.

@ Springer

The tensile strengths of the joints with using ER2319 and
ER1100 fillers are 283 and 234 MPa, respectively. The joint
with ER2319 is much more brittle than ER1100. The joint
properties are affected by both IMC and microstructure in
the welded seam.

The growth of a compound layer at the solid-liquid
interface and its dissolution into the liquid phase take place
simultaneously. For the joint with ER2319 filler, controlling
the IMC growth by decreasing the heat input is effective, as
there is neither chemical reaction to promote the dissolution
of IMCs nor decomposition reaction from IMCs to Al,Cu.
With ER1100 filler, the formation of the FeAl; can promote
the dissolution of the Fe,Al,; into the liquid aluminum and
then reduce the IMC thickness.
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