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Abstract :

The main objective of the study was to evaluate the feasibility of using TIG
welding process together with self-brazing technique in joining the dissimilar metals
between steel/aluminum alloys. The experiments were divided into two parts: 1) Bead
on the steel plate and on the aluminum alloy plate, and 2) Dissimilar metals joining
between steel plate and aluminum alloy plate. From the experimental results, it
indicated that TIG welding process together with self-brazing technique could produce
the steel/aluminum alloy dissimilar metals joint. Moreover, in the dissimilar metals joints
obtained by using the suitable welding conditions, the strength of bonding zone, which
was the intermetallic reaction layer strength, was higher than the heat affected zone of
aluminum alloy and higher than the yield load of both based metals. Furthermore, the
4 suitable steel/aluminum alloy welding conditions were found from this study such
conditions were 1) Placing steel as the top plate in lap joint welding leads to the
acceptable joint because of easily obtaining the joint 2) The higher the welding speed,
the better strength of intermetallic reaction layer were. 3) The suitable arc length when
using 3.2 mm of diameter of EWTh2 electrode was 2.4 mm 4) The heat input for joining

should be controlled to as low as possible in order to obtain the thin intermetallic



reaction layer. Finally it can be concluded that, TIG welding process together with self-

brazing technique was one of the effective dissimilar metals joining processes.
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Chapter 1
Introduction

1.1 Backgrounds

Both statistical and estimated data have shown that about 60% of the global
petroleum have been consumed by the transportation activity.[1-2] The un-limiting
petroleum consumption has largely emitted unwanted gases, which are the main causes
of environmental problems such as greenhouse effects, acid rain, climate change, and
so on.[1-3] Moreover, the petroleum is one of the exhaustible natural resources.
According to the estimation, there will be net shortage between global demand of
petroleum and the normal supply of petroleum after the year 2020.[4] The problems
have stimulated us to preserve our the world, to save the energy and to develop the
new energy resources for our next generation. In order to reduce the effects of the
problems, the development of eco-vehicles has been carried out in many countries such
as Japan, USA, European country, and also Thailand. The main technological key for
development of eco-vehicles is to produce high fuel consumption efficiency vehicle. In
order to obtain high fuel consumption efficiency of vehicle, reduction of weight of vehicle
has been suggested.[5-6] For the first idea of decreasing vehicle weight, the vehicle
was down-sized with new designs. However, idea of down-size of vehicle was limited by
the size of passenger. The vehicle producer shifted their idea from down-size of vehicle
to applying the lighter materials as found the evident in Fig. 1.1.[7] Although,
application of light-weight materials could reduce weight of vehicle, it is impossible to
replace all steel by lighter materials because unsuitable properties of the materials.
Thus, in the present, hybrid-structure concept, which is concept of making a structural
component from various materials, has been proposed to be the idea to decrease
weight of vehicle. To meet the hybrid-structure concept requirements, the joining of
different materials technology has been essentially needed, especially between steel,

and aluminum combinations.



Fig. 1.1 Materials using in a typical automobile-historical perspective

Currently, many research works concerning with joining between steel/aluminum
alloys have been carried out. [8-17] In those studies, the mainly welding processes that
were applied to join steel and aluminum alloy were the high power intensity welding
process (such as laser welding, and electron beam welding) and solid state welding
(such as friction stir welding, magnetic seam pressure welding, ultrasonic welding and
so on). The reason of using the welding processes is the ability of locally heating of the
welding specimen, which is consequently in suppression of intermetallic reaction phase
formation. However, we believes that conventional welding process, such as TIG, MIG
and so on, is possible to produce the dissimilar metals joint, but we need suitable
techniques.

It has been known that the difficulty of joining the dissimilar metals between
steel and aluminum alloy is formation of the brittle intermetallic reaction phase.[9-11] In
order to suppress the formation of intermetallic reaction phase, the self-brazing
technique as shown in Fig. 1.2 was applied to join the steel sheet and aluminum alloy
sheet. The fundamentals of self-brazing technique is based on the controlling the
molten zone of steel to be a partial penetration in order to prevent the direct mixing of
molten steel and molten aluminum alloy, which results in huge formation of intermetallic
reaction phase. According to self brazing technique, if the welding processes could
control partial penetration in steel sheet, those welding processes is possible to make

the self brazing of aluminum alloy on steel. TIG welding process is one of the useful



welding processes for joining thin sheet. Also, it has been expected to be the welding

process candidate to join dissimilar metals between steel/ aluminum alloy. Moreover,

TIG is one of familiar welding processes in automotive industries. Thus, in the present

study, feasibility of joining of dissimilar metals between steel and aluminum alloy with

TIG welding process has been investigated.

Electrode
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Arc
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a) steel as a top sheet

Electrode
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b) aluminum alloy as top sheet

Fig. 1.2 TIG self-brazing technique

1.2 Objectives of this research work

1. To develop the technique for joining steel sheet and aluminum alloy sheet with

TIG welding process

2. To understand the phenomena occurring during dissimilar metals joining

between steel sheet and aluminum alloy sheet

3. To find the suitable welding conditions for joining dissimilar metals between steel

and aluminum alloy



1.3 Theory

1.3.1 Dissimilar metals joining concepts

The production of the high quality dissimilar metals joint between steel and
aluminum alloy is very difficult. It is due to the formation of Fe/Al intermetallic reaction
phase that is very brittle and poor mechanical properties. In order to develop the new
dissimilar metals welding technique, the concepts to reduce the effects of intermetallic
reaction phase have been required. Based on human knowledge, there are only three

effective concepts, which are discussed as following.

A. Suppression of the formation of intermetallic reaction phase

The principle of this concept is based on the behavior of the intermetallic
reaction phase when it becomes thin layer. The thin intermetallic reaction layer may be
plastically elongated under exerting load. Moreover, under loading, the stress
distribution around the thin intermetallic reaction layer is dominated with base metals
properties such as Young’s modulus and so on. Thus, when this concept will be
applied, the intermetallic reaction layer should be controlled to be as thin as possible.
Due to trusty joining quality, many joining techniques have been developed with
application of this concept such as laser self-brazing technique, direct diffusion welding

and so on.

B. Using joining design

The principle of this concept is based on the high compression strength of
intermetallic reaction phase. Therefore, in the joint design, the intermetallic reaction
phase should be assigned to be formed at the compressive stress zone in order to
avoid the failure of joint at intermetallic reaction phase. Although this concept has been
used widely in application, few publications applied this concept in developing of the

new dissimilar metals joining technology.

C. Modification of joining interface

The principle of this concept is based on miscibility of steel and aluminum alloy
into the third metal. In application of this concept, the third metal that could fully
dissociate to steel and aluminum alloy without formation of intermetallic reaction phase
has to be searched. The third metal will be used to be the insert material in order to
prevent direct mixing between steel and aluminum alloy. This concept has been used

since diffusion bonding of steel/Al alloys as discussed in next section.



1.3.2 Literature survey

Based on our investigations, the joining between steel and aluminum alloy has
been interested since 60 years ago. The first welding process, which was applied to join
steel and aluminum, was diffusion welding.[18] During 1960 to 1980, only solid state
welding processes such as diffusion welding, friction welding and so on were
investigated for joining steel/aluminum alloy. Trutnev and Shorchorov [19] bonded
stainless steel to pure aluminum by using induction heating under vacuum condition.
They found that thickness of intermetallic reaction layer affected on joining strength of
diffusion welding joint. Moreover, they proposed the mechanism of diffusion welding
between steel and aluminum alloy. Due to low strength of the direct diffusion welding
joint, C. J. Crance, et al.[20], and N. Iwamoto, et al.[21], tried to apply the interlayer
made by silver or nickel or copper. They found that using multi-layer of interlayer could
improve the joining quality of the dissimilar metals joint between steel/aluminum alloys.
Although, diffusion welding showed the potential to join steel and aluminum alloys due
to easily controlling the formation of the intermetallic reaction phase during joining, the
diffusion welding was quit costly. Thus the new welding processes have still investigated
such as ultrasonic welding [17, 22], magnetic pulse welding [16], friction stir welding,
brazing [15, 23], resistance spot welding [24-25], and laser welding [8-11]. Furthermore,
the mechanical fastening processes such as self piercing rivet also were studied for
joining dissimilar metals between steel and aluminum alloys.[26]

The huge number of publications concerning with the joining of steel sheet and
aluminum alloys sheet have been written down since the 2001 until now [8-11]. It was
due to the successful of the laser welding process in joining steel sheet/Al sheet with
high welding speed. The key to join steel sheet and aluminum alloys sheet by laser
welding was base on prevention of direct mixing of molten aluminum alloy to molten
steel. The joints were obtained when the molten aluminum alloy was brazed to the solid
steel sheet. This joining technique was called as laser self-brazing technique. In
application of laser welding to joining steel and aluminum alloy, various joining
configurations were used such as the lap joint configuration [10], the edge lap joint
configuration [27] and so on. Currently, many researches also tried to apply the self-
brazing technique with other welding processes, such as MIG welding process [28], and
TIG welding process [27], for joining steel and aluminum alloy. Finally, for the
fundamental of formation of intermetallic reaction phase, M. V. Akdeniz et al.[29], and

Kobayashi et al.[30], carried out the experiment and proposed the theory concerning



with the diffusion of Fe/Al during welding process. Moreover, almost publications
indicated that Fe,Als intermetallic reaction phase was familiar to be formed during self-
brazing. However, other types of Fe/Al intermetallic reaction phase, such as FeAl, FeAl;

and so on, might be found



Chapter 2

Materials, Equipments, Chemical Reagents and

Experimental Procedures

In this chapter, materials, equipments, chemical reagents used in this study were

explained. Also, experimental procedures were given in details.

2.1 Materials

Materials used in the study were low carbon steel and aluminum alloys. The low

carbon steel was the hot roll steel plate with 1 mm of thickness. The aluminum alloys

used were A1100 and A5052. The thickness of A1100 and thickness of A5052 were 0.8

mm and 1 mm, respectively. Their chemical compositions and mechanical properties

are shown in Table 2.1 and Table 2.2, respectively.

Table 2.1 Chemical compositions of materials used

Materials Chemical composition (wt %)
Fe Cc Mn Cu Si Mg Zn Al
1100 Al 0.581 - - 0.073 0.110 <0.001 | 0.018 bal
5052 Al 0.40(max) - 0.10(max) | 0.10(max) | 0.25(max) | 2.2-2.8 | 0.10 bal
Steel bal 0.077 0.277 <0.005 0.016 0.001 - 0.052
Table 2.2 Mechanical properties of materials used
Mechanical properties
Materials
Yield strength (MPa) Tensile strength (MPa) Elongation (%)

1100 Al 105 110 12

5052 Al 195 230 12

Steel 275 380 21




2.2 Equipments

The equipment used in this study could be classified into three groups, welding
equipments group, specimen preparation equipments group, and characterization

equipments group. The details of equipments were given as follow.

2.2.1 Welding equipments group

The equipments in the welding equipments group were consisted of TIG welding

machine, slide, speed controller, specimen holder, and TIG head holder.
a) TIG welding machine

TIG welding machine as shown in Fig 2.1 was used as the heat source for joining
dissimilar metals. Its model name is TIGWAVE 350 AC/DC and its specifications are

shown in Table 2.3.

Table 2.3 Specification of TIG welding Machine used

Details Specifications
Maximum output current 350 A
Output current potential 34V
Maximum duty cycle 40%
Input current potential 380 V
Power supply 17 kKW
Input current frequency 50/60 Hz
Electrical phase Single phase
Gas shield duration before arc start 0.1-5s
Gas shield duration before arc finish 3-50 s
Duration of decreasing current from
0.5-15 s
maximum to zero
Output current DC/AC
spot time 0.25-6 s




Fig. 2.1 TIG welding mechine
b) Slide, speed controller, specimen holder, and TIG head holder

Slide, speed controller, specimen holder, and TIG head holder as shown in Fig.
2.2 was used for holding welding specimen, moving welding specimen at designed
welding speed, and holding TIG head. Slide, speed controller, specimen holder, and
TIG head holder was consisted of bench, moving slide, specimen holder, and TIG head

holder. Their details of equipments were given below.

Fig. 2.2 Slide, speed controller, and specimen holder

- Bench : L bar steel was used for production the frame of bench. It was
cut by saw and assembled by welding. Thick plywood was used to be

welding work top. Bench size is 1.2 x 0.8 x 0.85 ms.



- Moving slide : Moving slide is composed of 3 parts; slide, stepping motor,
and driver. The slide used is 1 m of length. The motor used is the 5 phase
stepping motor, which its model name is EM596-NB. The driver's model
name is Vexta UDX5114. Figure 2.3 shows the moving slide, TIG head

holder, and specimen holder.

- Specimen holder : Specimen holder as shown in Fig. 2.4 was made with

aluminum alloy.

- TIG head holder : TIG head holder as shown in Fig. 2.5 was designed for
highly precision adjustment of the distance between surface of specimen

and tip of electrode. The accuracy of distance adjustment is 0.01 mm.

Specimen holder

/

TIG head holder

\Slide

Fig. 2.3 Slide, TIG head holder, and specimen holder.
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Fig. 2.4 Specimen holder.

Fig. 2.5 TIG head holder.

2.2.2 Specimen preparation equipments group

The equipments in specimen preparation equipments group were composed of the
shear cutter, the wire cutter, and the grinding machine. Their details are discussed as

following.
a) Shear cutter

The shear cutter as shown in Fig. 2.6 was used for cutting the materials to size of

welding specimen.

11



Fig. 2.6 Shear cutter
b) Wire cutter

The wire cutter was used for cutting welded specimens to tensile-shear test
specimens size and microstructural observation specimens size. Ilts model name is

CHARMILLS TECHNOLOGIES ROBOFIL 190.

Fig. 2.7 Wire cutter
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¢) The grinding machine

The grinding machine as shown in Fig. 2.8 was used for manually polishing the

welded specimens from rough surface to mirror surface.

Fig. 2.8 The grinding machine

2.2.3 Characterization equipments group

The equipments in characterization equipments group were used for

characterization welded specimens. Their details are shown below.
a) Optical microscope with image analyzer

Optical microscope with image analyzer as shown in Fig. 2.9 was used for
investigating welding microstructure, especially the intermetallic reaction layer. Its model

name is ZEISS AX10.

13



Fig. 2.9 The Optical microscope with image analyzer

b) Scanning electron microscope

Scanning electron microscope as shown in Fig. 2.10 was used for investigation of

intermetallic reaction layer composition. Its model name is JOEL JSM 6400.

Fig. 2.10 Scanning electron microscope
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¢) Universal testing machine.

Universal testing machine as shown in Fig. 2.11 was used for estimation the

fracture load of welded specimens. Its model name is Instron 5528.

Fig. 2.11 Universal testing machine

2.3 Chemical Reagents

The chemical reagents were used for removing iron oxide on the hot roll steel
plate and for etching the microstructural observation specimen surface. The chemical

reagents used are discussed as following

2.3.1 The chemical reagent for removal oxide layer on steel plate

The chemical reagent for removal oxide layer on steel plate was the hot
hydrochloric acid solution. It was composed of 12 ml of 37% hydrochloric acid and 88

ml of distilled water.

2.3.2 The etching agents

- Steel etching agent

The steel etching agent was the nital agent. The nital used in the study

agent was consisted of 4 ml of 65% nitric acid and 96 ml of 95% ethanol.
- Aluminum alloy etching agent

The aluminum alloy etching agent was the mixed acid. The mixed acid used
in the study was consisted of 60 ml of 37% hydrochloric acid, 30 ml of 65% nitric acid,

5 ml of 40% hydrofluoric acid, and 5 ml of distilled water.
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2.4 Experimental Procedures

The experimental procedure could be divided into three steps.
2.4.1 Welding specimen preparation step

In welding specimen preparation, both alloys, steel and aluminum alloys, were cut
to be 60X85 mm2. After cutting, the steel was immerged into 80 °C of the hot
hydrochloric acid solution in order to remove oxide layer formed during hot rolling
process. After that, both steel and aluminum alloy was polished and cleaned by #180
emery paper and ethanol, respectively. After polishing and cleaning, the welding

specimen was welded immediately in order to prevent re-oxidation of the faying surface.
2.4.2 Welding step

In welding step, two main welding experiments were carried out, bead on the plate

and dissimilar metals welding.
- Bead on the plate of steel and aluminum alloy

The experiment was started by putting and clamping steel plate or aluminum alloy
plate on the jig as shown in Fig. 2.12. After clamping, bead on the plate was conducted

with the welding conditions as shown in Table. 2.4.

~1
|

i) R

el skt

Fig 2.12 Welding configuration of bead on the steel plate



Table 2.4 Bead on the plate conditions

Type of polarity arc length | Welding speed Welding
Item Materials (mm) (m/min) current (A)
1 Steel (1 mm) CCEN 2.4 0.55,0.60,0.65 varied
2 A1100 (0.8 mm) DCEN 2.4 0.66,0.60,0.65 varied
3 A1100 (0.8 mm) AC 2.4 0.65,0.60,0.67 varied

- Dissimilar metals welding

According to welding plan, the investigation of the effects of top plate, type of

polarity, heat input, and arc length on welding quality have to be conducted. However,

in bead on the plate experiments, the effects of type of polarity were already

investigated. Therefore, in current work, the effects of type of polarity was skipped in

order reduce the less importance experimental work.

The dissimilar metals joining experiment was started by putting and clamping

welding specimens on the jig as shown in Fig. 2.13. From Fig. 2.13, steel and aluminum

alloy was clamped as lap joining configuration with 40 mm of lap width. After clamping,

the welding was conducted with welding conditions as shown in Table. 2.5.

Table 2.5 Dissimilar metals welding conditions

Item | Top sheet material | Low sheet material | Type of polarity | arclength | Welding speed Welding
(mm) (m/min) current (A)
1 Steel (1 mm) A1100 (0.8 mm) DCEM 2.4 0.55,0.60,0.65 varied
2 A1100 (0.8 mm) Steel (1 mm) AC 3.4 0.55,0.60,0.66 varied
3 Steel (1 mm) AS052 (1 mm) DCEM 1.6 0.55,0.60,0.66 varied
4 Steel (1 mm) AS052 (1 mm) DCEM 2.4 0.55,0.60,0.67 varied
5 Steel (1 mm) AS052 (1 mm) DCEM 3.2 0.55,0.60,0.68 varied
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TIG torch

Steel 1100 Aluminum alloy
N1

] 2

6061 Aluminum alloy

Y
Steel backing block

a) Aluminum alloy as top plate

b) Steel as top plate

Fig. 2.13 Welding configuration used

2.4.3 Characterization

According to two main welding experiments, the welding specimens obtained in
the bead on the plate experiment and obtained in the dissimilar metals joining
experiment were differently characterized. In bead on the plate experiment, beaded
specimens were characterized the welding pool shape and the bead surface. On
another experiment, in dissimilar metals joining experiments, the dissimilar metals joints
were characterized the welding pool microstructures, the intermetallic compound layer

thickness, and the fracture load.
- Beaded specimen characterization
* Welding pool characterization

The beaded specimens were cut, mounted, polished, and etched in order to

reveal the welding macrostructure. After etching, depth of weld was measured with
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optical microscope. The depth of weld was defined as the maximum of depth of weld

pool as shown in Fig. 2.14.

A
Depth of weld
y

Fig. 2.14 Schematic of definition of depth of weld

* Bead surface observation
It was due to oxide of aluminum formation during bead on the plate of
aluminum alloy, the beaded specimen surface of aluminum alloy was observed under

natural light.
- Dissimilar metals joining specimen characterization

* Microstructural observation
The microstructural specimens were prepared from welded specimens. It was
started with cutting and mounting the welded specimens. After mounting, the
microstructural specimens were polished with emery paper and were etched with the
nital agent as well as mixed acid agent. After etching, the microstructures and chemical
compositions of phases in the weld area of the welded specimens were observed with

optical microscope and scanning electron microscope, respectively.

* Intermetallic reaction layer thickness measurement
The intermetallic reaction layer thickness was measured in the microstructural
specimens after etching. Because, the thickness of intermetallic reaction layer was not
constant for whole the length of intermetallic reaction layer, the thickness of intermetallic
reaction layer in this study was defined as the maximum thickness of intermetallic

reaction layer.

* Tensile-shear test
The fracture load of the welded specimen was realized by tensile-shear test.
The welded specimens were cut to the tensile-shear specimen shape as shown in Fig.
2.15. The tensile-shear test of the welded specimens was conducted with universal
testing machine at 0.5 mm/minute of cross head moving rate. After testing, the facture

mode of welded specimens was also observed.
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Fig. 2.15 Tensile-shear specimen shape
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Chapter 3

Results and Discussions

3.1 Bead on the plate

In order to suppress the brittle intermetallic reaction layer phase formation during
welding of dissimilar metals between steel/aluminum alloy, the prevention of direct mixing
between molten aluminum alloy and steel has to be done. Thus, if the lap joining
configuration is applied and the steel is the top plate during dissimilar metals welding, the
penetration of the steel weld pool should be the partial penetration as shown in Fig. 3.1(a).
On the other hand, if aluminum alloy is applied as the top plate during dissimilar metals
welding, the molten pool of aluminum alloy should be the full penetration and the steel
lower plate should not be melted as shown in Fig. 3.1(b). Therefore, in order to realize
that TIG welding process could provide the basic requirements as discussion above, bead
on the plate of the steel and the aluminum alloy with TIG welding process were
investigated. And, in this section, the results and discussions of the bead on the plate
are explained.

Electrode

Molten metals

Arc
o
Steel \_- : Reaction area

Aluminum Alloy|

a) steel as a top plate

Electrode

Molten metals

Arc /

4

Ao
S

Aluminum Alloy Reaction grea

Steel

b) aluminum alloy as top sheet

Fig. 3.1 TIG self-brazing technique
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- Bead on steel plate

Figure 3.2 shows example of cross-sectional observation of the steel after beading
on the plate. Figure 3.3 shows the depth of weld in case of bead on the steel plate at
various heat inputs. From both figures, it could be seen that the partial penetration weld
of the steel molten metals was easily obtained by TIG welding process. The heat inputs
used for production of partial penetration weld were in range between 4 to 11 kJ. When

increasing heat input, the depth of weld increased.

I Depth of weld

Fig. 3.2 Example of cross-sectional observation of steel after beading on the plate with

45 A of electrical current and 0.65 m/min of welding speed.

7 1200

rs)

1000 4

800 1
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400

200 4

.t
0 T T T T T T
2.00 4.00 6.00 8.00 10.00  12.00 14.00 16.00

Depth of weld (micromete

Apparent heat input for joining (kJ)

Fig. 3.3 Depth of weld in case of bead on the steel plate obtained at various heat inputs.

- Bead on A1100 aluminum alloys

From Fig. 3.4, it was found that the oxide layer was huge formed at the top
surface of A1100 aluminum alloy after beading on the plate when using DCEN mode of
TIG welding. On the other hand, when using AC mode TIG, no oxide layer on the top
surface of A1100 aluminum alloy after beading on the plate was found. Thus,
furthermore work, only AC mode of TIG welding was used for studying bead on the
plate and dissimilar metals joining. Figure 3.5 and Figure 3.6 show cross-sectional
observation of A1100 aluminum alloy after beading on the plate and depth of weld in

case of beading on A1100 aluminum alloy plate at various heat inputs. From Fig. 3.5,
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it could be seen that full penetration weld of aluminum alloy could be easily produced

by AC mode of TIG welding process.

a) DCEN mode b) AC mode

Fig. 3.4 The beaded surface of A1100 aluminum alloy with DCEN mode and with AC

mode

Fig. 3.5 Example of cross-sectional observation of A1100 aluminum alloy after beading

on the plate with 40 A of electrical current , AC mode, and 0.65 m/min of welding speed.

200
800 4
700 -
600
500 -
400 -
300 -
200 +
100 4

Depth of welding(micrometers

0 T bt =l T
4.00 6.00 8.00 10.00 12.00
Apparent heat input for joining (kJ)

Fig. 3.6 Depth of weld in case of bead on the aluminum alloy plate obtained at various

heat inputs used

From both bead on the plate results, it was indicated that TIG welding is

feasible to joint steel/aluminum by using self-brazing technique as shown in Fig. 2.1.
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3.2 Effects of top plate on the dissimilar metals joining

In study the effects of top plate, materials used were hot rolled steel and A1100
aluminum alloy. Thus, the results as shown this section are the results of the dissimilar

metals joining between steel/A1100 aluminum alloy.

- Aluminum alloy top plate

Figure 3.7 shows welding windows in case of aluminum alloy as the top plate in lap
joint welding. From Fig. 3.7, three characteristics of welded specimens after welding were
found; unmelted, unweldable, and blow hole. Their characteristics features are shown in
Fig. 3.8. From Fig. 3.8, it could be realized that the dissimilar metals joint between steel
and aluminum alloy could not be obtained when using aluminum alloy as the top plate in
lap joint welding. After investigating the specimens after welding, it was found that the
oxide layer was formed at the aluminum alloy faying surface. It was believed that the
oxide layer prevented the wetting of aluminum molten on steel plate, which results in
unwelable the steel/aluminum alloy. From these results, it could be concluded that it is
difficult to obtain dissimilar metals joint when aluminum alloy was the top plate in TIG lap

joint welding.

120
A Blow hole
— Unweldable
100 7 + Unmelted
~ 80 1 - - -
N _ _ _
]
5 60 - - - -
g _ -
=
“ 40 -
20 -
0 T T T
0.5 0.55 0.6 0.65 0.7

Welding speed (m/min)

Fig. 3.7 Welding windows in case of aluminum alloy as the top plate in lap joint welding
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Fig. 3.8 Characteristic of welded specimen in case of aluminum alloy as the top plate in

lap joint welding

- Steel top plate

Figure 3.9 shows the weldble conditions in case of the steel as the top plate in
lap joint welding. From Fig. 3.9, it could be found that using steel as the top plate in the
lap-joint welding could join the steel/aluminum alloy. Figure 3.10 shows an example of
half view of the joint between steel and aluminum alloy, which was the evident of the
joint obtained by using TIG welding with steel on the top plate in lap joint welding.
Moreover, from Fig. 3.10, it could be seen that TIG welding could make the dissimilar
joint between steel/aluminum alloys by self-brazing technique. Furthermore, different
zones in joining region were found; steel weld pool, HAZ of steel, steel base metal,
intermettallic reaction layer, aluminum alloy weld pool, heat affected zone (HAZ) of

aluminum alloy, and aluminum alloy base metal.
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Fig. 3.9 Welding windows in case of steel as the top plate in lap joint welding

Fig. 3.10 Overview of the joint.

According to both results, it could realized that type of the top plate material in
the lap joint welding affected in the weldability of the dissimilar metals welding. When
using aluminum alloy as the top plate in the lap joint welding, the dissimilar metals joint
between steel/A1100 could not be obtained. But, when using steel as the top plate, the

dissimilar metals joint between steel/A1100 could be easily obtained.
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3.3 Effects of heat input on the quality of dissimilar metals joining

In this section, both steel/A1100 dissimilar metals joining results and
steel/A5052 dissimilar metals joining results are discussed together in order to clarify
the effects of heat input on the quality of dissimilar metals joining. It is well know that
heat input into welding specimen is one of the importance welding factors affecting the
joining quality. Due to difficulty to assignment of welding heat efficiency, apparent heat
input for joining, which defined as multiplication between electrical powers used for
production the joint and total welding time was introduced. According to the definition,
apparent heat input for joining in this study means the total energy provided by welding
machine for welding. If welding heat input efficiency would not be significantly different
in all welding conditions, we can assumed that increasing apparent heat input for joining

will result in increasing in heat input for welding specimen.

According to previous results, the intermetallic reaction layer was formed at
interface between steel/aluminum alloy as shown in Fig. 3.10. Figure 3.11 and Figure
3.12 show the intermetallic reaction layer formed at interface between steel and A1100
aluminum alloy under various welding speeds at constant electrical current used and
under various electrical currents at a constant welding speed, respectively. From both
figures, it was found that thickness of intermetallic reaction layer was decreased with
increasing welding speed at a constant electrical current and with decreasing electrical
current at a constant welding speed. Also, the variation of thickness of intermetallic
reaction layer with welding speed and electrical current could be found in welding

steel/A5052.

In order to clarify the effects of heat input, the plot between the thickness of
intermetallic reaction layer and the apparent heat input was done. Figure 3.13 and
Figure 3.14 show the thickness of intermetallic reaction layer(IMP) under various
apparent heat inputs for joining of joint between steel/A1100 and between steel/A5052,
respectively. From both figures, it was found that intermetallic reaction layer thickness
was decreased with decreasing apparent heat input for joining. From these results, if
the joint is produced at lower apparent heat input for joining, thinner intermetallic

reaction layer should be found.
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Fig. 3.11 Intermetallic reaction layer obtained at 0.65 m/min of welding speed and (a)

90, (b) 110, (c) 130, (d) 150 A of electrical current used in joint between steel/A1100.

Fig. 3.12 Intermetallic reaction layer obtained at 130 A of electrical current and (a) 0.55
m/min, (b) 0.60 m/min, and (c) 0.65 m/min of welding speed in joint between

steel/A1100.

28



v 50
L]
g
40 ¢ ¢
M
E 30 + g+
o
= * s *
Ezo— 4 + o
w
'y
2104 o o *
< e
H =}
- 0 T T T T
15 20 25 30 35 40

Apparent heat input (kJ)

Fig. 3.13 The relationship between thickness of intermetallic reaction layer and

apparent heat input for joining of joint between steel/A1100
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Fig. 3.14 The relationship between thickness of intermetallic reaction layer and

apparent heat input for joining of joint between steel/A5052.

The bonding zone is the zone where the intermetallic reaction layer formed.
Larger area of bonding zone affected in higher fracture load, if the strength of
intermetallic reaction layer is not significantly changed with its thickness. In this study
the bonding zone was defined as the width of intermetallic reaction layer, which was
called as welding width. Figure 3.15 shows the welding width of joint between
steel/A5052 in various apparent heat input. From Fig. 3.15, it was found that increasing

apparent heat input resulted in increasing welding width.
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Fig. 3.15 The relationship between welding width and apparent heat input for joining of
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the joint between steel/A1100
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joining between steel/A5052 with 2.4 mm of arc length

Figure 3.16 and Figure 3.17 show the fracture load of joints obtained with
various apparent heat inputs for joining steel/A1100 and for joining steel/A5052,
respectively. From Fig. 3.16, it was found that the fracture load of joints was slightly
decreased with increasing apparent heat input in case of joining between steel/A1100.
On the other side, in case of joining between steel/A5052, it was found that the fracture
load of joints was increased with increasing apparent heat input until 20-30 kJ of
apparent heat input. Then, when apparent heat input was higher than 20-30 kJ, the
fracture load of joints was not altered with the apparent heat input. Moreover, from
tensile-shear results, in case of joining between steel/A1100, the fracture path of all
joints was the heat affected zone of A1100 aluminum alloy (HAZ of A1100) as shown in
Fig 3.18. On the other side, in case of joining between steel/A5052, the joints were
broken at the intermetallic reaction layer zone as shown in Fig. 3.19 when apparent
heat input for joining was lower than about 20-30 kJ. When apparent heat input was
higher than 20-30 kJ, the joints were broken at the heat affected zone of A5052
aluminum alloy (HAZ of A5052) as shown in Fig. 3.20.
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Figure 3.18 Fracture path of the joint between steel/A1100 obtained with 0.65 m/min of

welding speed and 165 A of electrical current.

Fig. 3.19 Example of fracture path along intermetallic reaction layer in case of joining

between steel/A5052

Fig. 3.20 Example of fracture path along heat affected zone in case of joining between

steel/A5052
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According to the results, it could be explained that in case of joining between
steel/A1100, decreasing of fracture load with increasing apparent heat input for joining
was due to larger grain of A1100 aluminum alloys at heat affected zone (HAZ). It is
known that aluminum alloy can be strengthened by work hardening and precipitation
hardening. However, 1100 aluminum alloy can be strengthened only by work hardening
due to low content of precipitating alloying element. In this study, the grade of 1100
aluminum alloy used was the work hardened H12 aluminum alloy, grain structure of
which deformed. The deformed microstructure is ready to recrystallize and grow when
temperature is increased. In this study, the heat affected zone of A1100 aluminum alloy
was heated up higher than recrystallization temperature and grain growth temperature.
The deformed microstructure was recrystallized and followed by growth of grain, as
shown in Fig. 3.18. From Fig. 3.18, it was found that microstructures in heat affected
zone of A1100 and A1100 aluminum alloy base metal were different. The microstructure
of heat affected zone of A1100 aluminum alloy was coarser compared to the base
metal. From Fig. 3.21 it was found that the microstructure was slightly coarser when
using higher electrical currents, which corresponded to higher apparent heat input for

joining.

Fig. 3.21 HAZ of A1100 aluminum alloy obtained with 0.65 m/min of welding speed

and (a) 100 A of electrical current and (b) 130 A of electrical current

In case of steel/A5052 joints, which fracture path was along intermetallic
reaction layer, the fracture load of joint was dominated by the fracture load of
intermetallic reaction layer. In lap-joint welding, the fracture load of the intermetallic
reaction layer was relied on welding width and strength of intermetallic reaction layer.
Rattana, et.al, [31] indicated that strength of the intermetallic reaction layer decreased
with increasing its thickness. From Fig. 3.17, the fracture load of joint was increased

with increasing apparent heat input. The positive trend of heat input on the fracture load
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of joint indicated that the fracture load of intermetallic reaction layer was mainly
controlled by welding width, not the strength of intermetallic reaction layer, which
decreasing with increasing apparent heat input. In another case of steel/A5052 joints
that fracture path was along the heat affected zone of A5052, the fracture load of joint
was dominated by the fracture load of heat affected zone. From the previous
discussion, the fracture load of heat affected zone of aluminum alloy was slightly
decreased with increasing apparent heat input for joining. However, in case of joining
steel/A5052, the slightly decreasing of fracture load of heat affected zone was not
observed because the range of the apparent heat input, which was available for
studying the effects of apparent heat input on fracture load was narrower.

In consideration of the transition of fracture path, it could be explained as
following. The fracture load of intermetallic reaction layer was increased with increasing
welding width which was increased with increasing apparent heat input. Thus, when
apparent heat input was increased to appropriated level, the fracture load of
intermetallic reaction layer became higher than that of heat affected zone A5052
aluminum alloy, which consequently in transition of fracture path from along intermetallic
reaction layer to along heat affected zone of A5052.

Finally, from above results, it could be concluded that increase apparent heat
input resulted in increasing intermetallic reaction layer thickness and increasing welding
width. Increasing welding width affected to increase the fracture load of intermetallic
reaction layer. When the fracture load of intermetallic reaction layer was hihger than
that of heat affected zone of aluminum alloy, the broken path became along heat
affected zone of aluminum alloy. The fracture load of heat affected zone was slightly

reduced with increasing apparent heat input.
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3.4 Effects of welding parameters on the quality of dissimilar metals joining
3.4.1 Welding speed & welding current

In previous section, the effects of welding speed and welding current on the joining
quality were discussed in view of constant other welding parameters. In this section, the
combination effects of welding speed and welding current at constant apparent heat input
on the joining quality were discussed. Figure 3.22 shows the relationship between the
intermetallic reaction layer thickness and apparent heat input with various welding speeds.
Figure 3.23 shows the relationship between welding width and apparent heat input with
various welding speeds. Before discussing Fig. 3.22 - 3.23 and Fig.3.17, it should be
clearly understood that, if increasing welding speed at a constant apparent heat input is
increased the electrical current has to increase. From Fig. 3.22 and Fig. 3.23, it was
found that increasing welding speed at a constant apparent heat input was not affected to
thickness of intermetallic reaction layer and welding width. On the other hand, from Fig.
3.17, increasing welding speed at a constant apparent heat input resulted in increasing
the fracture load of intermetallic reaction layer. Due to no effects of variation of welding
speed at a constant apparent heat input on welding width and thickness of intermetallic
reaction layer, the strength of intermetallic reaction layer should be increased with
increasing welding speed at a constant apparent heat input. The increasing in strength of
intermetallic reaction layer might be caused by enrich iron Fe/Al intermetallic reaction
phase (such as FeAl, and Fe; Al) formed at intermetallic reaction layer. However, it was
not found the enrich iron Fe/Al intermetallic reaction phase formed at intermetallic reaction
layer during observation of intermetallic reaction layer by SEM with EDS. It was found
only FeAl, intermetallic reaction phase at intermetallic reaction layer. Thus, the reason of
increasing strength of intermetallic reaction layer was still not clarified. It is needed more
characterization of intermetallic reaction layer by electron probe micro-analyzer or by
transmission electron microscope. From the results, it could be referred that high welding

speed is recommended to use in dissimilar metals joining between steel/aluminum alloy.
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Fig. 3.22 Relationship between the thickness of intermetallic reaction layer and the
apparent heat input with various welding speeds at 2.4 mm of arc length in case of joining

steel/A5052

Fig. 3.23 Relationship between welding width and apparent heat input with various

welding speeds at 2.4 mm of arc length in case of joining steel/A5052
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3.4.2 Arc length

The effects of arc length on the quality of dissimilar metals joining were investigated
in the dissimilar metals joining between steel/A5052. The arc lengths used were 1.6, 2.4,

and 3.2 mm, respectively.
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Fig. 3.24 The weldable condtions in case of joining between steel/A5052 obtained with

using various arc lengths.

Firstly, the effect of arc length on the size of welding windows was explained. In
this study, the size of welding windows could be evaluated with the number of weldable
conditions. Large number of weldable conditions means large size of welding windows.
Figure 3.24(a) - 3.24(c) show the weldable conditions in case of using 1.6, 2.4, and 3.2
mm of arc lengths, respectively. Comparing Fig. 3.24(a) — 3.24(c), it could be clearly seen
that, the number of weldable conditions in case of 1.6 mm and 3.2 mm of arc length were
smaller than in case of 2.4 mm of arc length. During welding, the arc was difficult to start
when using 1.6 and 3.2 mm of arc length compared with using 2.4 mm of arc length.
Moreover, it was found that the maximum electrical current, which was able to join

steel/A5052 without directly mixing of welding, was not correlated with welding speed and
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also was in the arrange of 140-180 A. Figure 3.25 shows the example of joint obtained
with higher electrical current used for production of the joint without direct mixing of both
molten metals. From Fig. 3.25, it was found that the arc blow was found. When the arc
blow was started in joint, the directly mixing of the aluminum molten and the steel molten
was partially found in joint, which led to the unacceptable joining quality. According to the
results, it could be referred that arc length significantly affected to size of welding
windows. Also, the arc blow problem dominantly limited the welding windows of all arc
length used.

Figure 3.14 also shows the effects of arc length on intermetallic reaction layer. It
was found that arc length did not significantly affect to intermetallic reaction layer
formation. On the other hand, the arc length significantly affected to the welding width as
shown in Fig. 3.15. Using 3.2 mm and 1.6 mm of arc length could expand the welding
width when compared with using 2.4 mm of arc length.

Figure 3.26 shows the fracture load of dissimilar metals joints in case of joining
steel/A5052. From Fig. 3.26, when using 2.4 mm of arc length, the fracture load of
intermetallic reaction layer was highest compared with 1.6 mm and 3.2 mm of arc length.
Due to the lowest of welding width in case of using 2.4 mm of arc length, the strength of
intermetallic reaction layer should be highest with using 2.4 mm of arc length. The highest
strength of intermetallic reaction layer in case of using 2.4 mm of arc length still was not
clearly understood. It is needed more characterization of intermetallic reaction layer by
electron probe micro-analyzer or by transmission electron microscope.

According to the results, it could be referred that using different arc length affected
to size of welding windows, welding width, and strength of intermetallic reaction layer.
Based on the results of this study, it could be recommended that 2.4 mm of arc length
was suitable to joint dissimilar metals joining between steel plate and aluminum alloy

plate.
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Fig. 3.25 Arc blow problems found in joint with 170 A of welding current, 0.6 m/min of

welding speed and 3.2 mm of arc length.

3000

2500 s % MLty o *
» c et iy e ;
Z )| by i ' &
E 2000 & o
o * - @ el &
0 1500 — »
3
E 1000 - @ < 1.6 mm of arc length
e * 2.4 mm of arc length

500 —

& 3.2 mm of arc length
0 T T T T
15 20 25 30 35 40

Apparent heat input {kJ}

Fig. 3.26 Fracture load of dissimilar metals joints between steel/A5052 with various arc

lengths used.
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3.5 Dissimilar metals joining mechanism

From half view of microstructure as shown in Fig. 3.10, it could be seen that the
molten penetration condition in steel plate was the partial penetration condition. Also,
there were the evident of melting of aluminum alloy during welding. Furthermore, the
width of intermetallic reaction layer was narrower than width of the top surface of
aluminum alloy weld pool. From all of this, it was confirmed that the dissimilar metals joint
between steel and aluminum alloy was obtained by the brazing of molten aluminum alloy
on solid steel plate. This mechanism of joining by TIG welding process was similar with

our proposed.
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Chapter 4

Conclusions and Recommendations

4.1 Conclusions

According to all experimental results, it can conclude as following.

1. Based on the bead on the plate results, it was indicated that TIG welding
process together with using self-brazing technique was feasible to join steel/aluminum
alloys. Moreover, high fracture load of the steel/aluminum alloys dissimilar metals joints
could be obtained with using TIG welding process together with self brazing technique.
Thus, it could be referred that TIG welding process together with self brazing technique
was one of the effective welding process for joining the dissimilar metals.

2. Placing steel as the top plate in dissimilar metals lap joint could easily
produce the dissimilar metals joint compared with placing aluminum alloy as the top
plate in dissimilar metals lap joint. The reason of difficulty in case of placing aluminum
alloy as the top plate in dissimilar metals lap joint was due to the aluminum oxide layer
formed at faying surface of aluminum alloy.

3. Increasing the apparent heat input resulted in increasing intermetallic reaction
layer thickness and increasing welding width. The fracture load of joint was the fracture
load of intermetallic reaction layer, when the fracture load of intermetallic reaction layer
lower than that of heat affected zone of aluminum alloy. Increasing welding width seems
to increase the fracture load of intermetallic reaction layer. When the fracture load of
intermetallic reaction layer was higher than that of the heat affected zone of aluminum
alloy, the broken path of the joint was at the heat affected zone of aluminum alloy. Also,
the fracture load of heat affected zone was slightly reduced with increasing apparent
heat input.

4. Increasing welding speed at a constant apparent heat input could improve the
strength of intermatallic reaction layer. However, the reason of improve strength of
intermatallic reaction layer with increasing welding speed at a constant heat input was
still not clearly understood.

5. Using 1.6 mm and 3.2 mm of arc length caused unstable of the arc, which
consequently limiting of the weldable conditions. Moreover, using 2.4 mm of arc length
could produce the joints which had the narrowest welding width compared with 1.6 and

3.2 mm of arc length. Furthermore, using 2.4 mm of arc length could improve the
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strength of intermatallic reaction layer compared with 1.6 and 3.2 mm of arc length.
Thus, it was recommended that 2.4 mm of arc length should be used in dissimilar
metals welding between steel/aluminum when using 3.2 mm of diameter of EWTh2

electrode.

4.2 Recommendations

Although, in this study, high fracture load of the dissimilar metals joint of
steel/aluminum alloy can be obtained by using TIG welding process together with using
self-brazing technique, the fatigue properties of dissimilar metals joint was not evaluated
yet. Thus, in the future, the fatigue properties of dissimilar metals joint of steel/aluminum
alloy should be investigated. Moreover, the reason of increasing strength of intermetallic
reaction layer with increasing welding speed at a constant apparent heat input was still
not clarified. Thus, in the future, more preciously characterization of intermetallic
reaction layer by electron probe micro-analyzer or by transmission electron microscope

should be done.
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Abstract

In joining dissimilar metals between steel and aluminum
alloy, the difficulty is caused by formation of intermetallic
reaction layer. There has been no report that indicates
successful dissimilar metal welding by using conventional
welding techniques, such as TIG, MIG welding and so on,
except laser welding. In this research work, TIG welding of
dissimilar metals between steel/A1100 aluminum alloy-H12
was studied in order to investigate the feasibility of
application of TIG welding for joining dissimilar metals. The
results showed that the present TIG welding as a self-brazing
technique could join the dissimilar metal between steel and
aluminum alloy. The load resistance of bonded zone,
intermetallic reaction layer zone, was higher than the load
resistance of A1100 aluminum alloy after welding. The joint
was fractured at HAZ of A1100 aluminum alloy. It was
found that using lower apparent heat input resulted in higher
load resistance of joint due to slow grain growth of A1100
aluminum alloy at HAZ. The Fe/Al intermetallic reaction
layer was decreased with decreasing heat input.

Introduction

Currently, techniques for joining between steel sheet and
aluminum alloy sheet have been interested in order to fulfill
the hybrid structural technology. Many research works
concerning with joining between steel/aluminum alloys have
been recently carried out [1-12]. In those studies, welding
processes used are mainly high intensity welding such as
laser welding, hybrid welding, solid state welding such as
FSW, magnetic seam pressure welding, ultrasonic welding
and so on. The reason of using those processes is the ability
of those processes in localizing heating up the welding
specimen which is consequently in low heat required for
welding and in suppressing of intermetallic reaction layer
formation. However, conventional welding process, such as
TIG, MIG and so on, will be possible to produce the
dissimilar metals joint, but they need some techniques.

It is well known that the difficulty of dissimilar metal
joining between steel and aluminum alloy is formation of the
brittle intermetallic reaction phase.[1-5] In order to suppress
the formation of intermetallic reaction phase, laser welding
process as a self-brazing technique as shown in Fig. 1 was
applied to joining of steel sheet and aluminum alloy sheet [1-

4]. One of fundamentals of self-brazing technique is based
on the controlling the molten zone of steel to be a partial
penetration in order to prevent the direct mixing of molten
steel and molten aluminum alloy, which results in formation
of intermetallic reaction phase. According to the self brazing
technique, if some welding processes could control partial
penetration in steel sheet, those welding processes will be
possible to make a self brazing of aluminum alloy on steel
TIG is one of useful welding processes for joining thin sheet
as referred in Ref.[13]. So that TIG welding may achieve the
partial penetration of steel sheet during welding of steel/
aluminum alloy. Moreover, if conventional welding
processes such as TIG welding could join steel and
aluminum alloys, there is no need to introduce new joining
machines for assembly of automotive parts. Thus, in the
present study, the dissimilar joining between steel and
aluminum alloy by application of TIG welding technique
was carried out in order to investigate the feasibility to steel
and aluminum alloy dissimilar joining by using TIG
welding.

Heat

Steel weld pool

Intermetaljic reaction layer

Steel
Aluminum alloy |E

MAluminum
alloy weld pool

Figure 1: Schematic of the interface during dissimilar metals
welding between steel and aluminum alloy.

Experimental procedures

The 1 mm thick hot roll steel sheet (steel) and 0.8 mm
thick 1100 aluminum alloy-H12 sheet (aluminum alloy)
were used in this study. Their chemical compositions and
mechanical properties are shown in Table 1 and Table 2,
respectively. Both steel and aluminum alloy were cut in size
of 85x65 mm. The TIG lap joint welding configuration with
steel top sheet was used as shown in Fig. 2. The arc distance,
electrode size, and electrode type were 3.2 mm, 3.2 mm in
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diameter, and EWTH-2, respectively. The direct current
electrode negative (DCEN) was applied. Argon gas with 8
I/min was used for shielding the welding specimens.
Welding speeds of 0.55, 0.60, and 0.65 m/min were used. In
this study, welding current was varied in order to obtain the
joint where steel and aluminum alloy were not directly
mixed during welding. After welding the tensile shear test
and microstructure observation were carried out in order to
observe welding structures and load resistance of the joints.

TABLE 1| CHEMICAL COMPOSITIONS OF

MATERIALS
Chemical Composition (wi%) |
Material T = 1
- Fe C Mn | Cu si Mg | Zn Al |
1100 Al alloy | 0581 - - 0.073 0110 0001 | 0018 99.22 |
Steel 99.51 0.077 0.277 0.005 | 0016 0.001 - 0.025 |

TABLE 2 MECHANICAL PROPERTIES OF MATERIALS

Mechanical Properties
Materal Yield Strength Tensile strength Elongation
(MPa) (VPa) (%)
1100 alumi alloy-H12 105 110 12
Steel 275 380 21
TIG torch
1100 Aluminum alloy Steel
\ /;
’.] o "I

6061 Aluminum alloy

A}
Steel backing block

Figure 2: Welding configuration used
Results and Discussion
1. Apparent heat input

Heat input is one of the importance welding factors which
affect the joining quality. Due to difficulty to assignment of
welding heat efficiency, apparent heat input for joining,
which defined as multiplication between electrical powers
used for production the joint and total welding time was
introduced. According to the definition, apparent heat input
for joining in this study means the total energy provided by
welding machine for welding. If welding heat input
efficiency would not be significantly different in all welding
conditions, we can assumed that increasing apparent heat
input for joining will result in increase in heat input to
welding specimen. Figure 3 shows minimum and maximum
value of apparent heat input for joining with various welding
speeds. From Fig. 3, it was found that the minimum
apparent heat input for joining was slightly decreasing with
increasing welding speed. Moreover, the maximum apparent
heat input for joining was significantly decreasing with
increasing welding speed. The possible reason, why the both

apparent heat input for joining became lower when
increasing welding speed, is that higher welding speed
requires higher current for producing the joint. When
required current is increased and we keep the arc distance
constant, power density of arc will be increased and it will
enhance the molten penetration. For the self brazing
technique, the steel molten region should be controlled under
partial penetration. Thus apparent heat input for joining was

decreased with increasing welding speed.
3 40
g i .\i\.
£ 30
& 25
E. 20 1 i *
| hd —
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§ 51
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Figure 3: Apparent heat input for joining with various
welding speeds used

2. Microstructural observations
- Microstructural observation

Figure 4 shows an example of half view of the joint
between steel and aluminum alloy. From Fig. 4, seven
different zones in joining region was found; steel weld pool,
HAZ of steel, steel base metal, intermettallic reaction layer,
aluminum alloy weld pool, heat affected zone (HAZ) of
aluminum alloy, and aluminum alloy base metal. Among of
these zones, two zones; intermetallic reaction layer zone and
HAZ of aluminum alloy which have poor mechanical
properties, will influence the quality of the joint.

Heat input

["’-‘-‘

Intermetallic reaction laver
Figure 4: Overview of the joint.
- Intermetallic reaction layer

Although, in this study, the weakest zone of joint was not
at intermetallic reaction layer zone, several research works
indicated that intermetallic reaction layer zone was always




the weakest zone in dissimilar metals joint between steel and
aluminum alloys [1-5]. Moreover, Rattana et al.[1] indicated
that thinner intermetallic reaction layer resulted in higher
bonding strength between steel/aluminum alloy. Thus,
measurement of intermetallic reaction layer thickness is
importance for understanding the formation of intermetallic
reaction layer during TIG welding, which give an idea how
to improve the strength of intermetallic reaction layer zone.
Figure 5 and Figure 6 show intermetallic reaction layer
formed at interface between steel and aluminum alloy under
various welding speeds at constant electrical current used
and under various electrical currents at a constant welding
speed, respectively. From both figures, it was found that
thickness of intermetallic reaction layer was increased with
increasing welding speed and with decreasing electrical
current. Figure 7 shows the thickness of intermetallic
reaction layer(IMP) under various apparent heat input for
joining. It was found that intermetallic reaction layer
thickness was increasing with decreasing apparent heat input
for joining. From these results, if the joint could be produced
at lower apparent heat input for joining, thinner intermetallic
reaction layer could be formed.

50 um

Figure 5: Intermetallic reaction layer obtained at welding
speed of 0.65 m/min and (a) 90, (b) 110, (¢) 130, (d) 150 A
of electrical current used.

- Heat affected zone(HAZ) in aluminum alloy

In this study, the weakest zone of joint was HAZ of
aluminum alloy. It is known that aluminum alloy can be
strengthened by work hardening and precipitation hardening.
However, 1100 aluminum alloy used in this study can be
strengthened only by work hardening due to low content of
precipitating alloying element such as copper. In this study,
the grade of 1100 aluminum alloy used was the work
hardened H12 aluminum alloy, grain structure of which
deformed. The deformed microstructure is ready to
recrystallize and grow when temperature is increased. In this
study, the HAZ of aluminum alloy was heated up higher than
recrystallization temperature and grain growth temperature.

The deformed microstructure was recrystallized and
followed by growth of grain, as shown in Fig. 4. From Fig.
4, it was found that microstructures in HAZ of aluminum
alloy and aluminum alloy base metal were different. The
microstructure of HAZ of aluminum alloy was coarser
compared to the base metal. Figure 8 shows the
microstructure in HAZ of aluminum alloy under 0.65 m/min
of welding speed and two electrical current used. From Fig.
8 it was found that the microstructure was slightly coarser
when using higher electrical currents, which corresponded to
higher apparent heat input for joining. Thus, it can be
concluded that when using lower apparent heat input for
joining, the finer grain in the HAZ of aluminum alloy is
obtained. The coarser structure results in decrease of strength
of the HAZ of aluminum alloy, which it will be discussed in
the next section.

Figure 6: Intermetallic reaction layer obtained at electrical
current of 130 A and welding speed of (a) 0.55 m/min, (b)
0.60 m/min, and (¢) 0.65 m/min.

3. Mechanical properties of the joints

From tensile-shear tests, the joining strength was
defined in term of the failure load. Figure 9 shows the failure
load of all joints obtained in this study. From that figure, it
was found that failure load of the joints were in the range of
500-800 N, which were lower than that of base metal, about
1090 N. It was also found that the failure load slightly
decreased with increasing apparent heat input for joining.
Figure 10 shows the fracture path of the joint which was
common all the joints. From Fig. 10, it was found that the
fracture path of the specimen was through the HAZ of
aluminum alloy. From these results, it was concluded that
intermetallic reaction layer zone was stronger than the HAZ
of aluminum alloys in this study. Due to the grain growth in
the HAZ of aluminum alloy, the HAZ of aluminum alloy
showed the lowest strength compared to other zones.
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Conclusion

Dissimilar joining between steel and aluminum alloy was
investigated. From the results, it was found that TIG welding
is possible to produce the joint between steel and aluminum
alloy. Moreover, it is found that application of higher heat
during TIG welding results in thicker intermetallic reaction
layer and coarser microstructure in HAZ of aluminum alloy.

The coarser microstructure at HAZ of aluminum alloy was
main reason of lower of load resistance of aluminum alloy at
heat affected zone. Due to the lowest strength of the HAZ of
aluminum alloy compared to other joining zones, the
fractured occurred through the HAZ of A1100 aluminum
alloy.

Steel

Figure 10: Fracture part in joint with 0.65 m/min of
welding speed and 165 A of electrical current used
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Abstract

In joining dissimilar metals between steel and aluminum
alloy, the difficulty is caused by formation of intermetallic
reaction layer. There has been no report that indicates
successful dissimilar metal welding by using conventional
welding techniques, such as TIG, MIG welding and so on,
except laser welding. In this research work, TIG welding of
dissimilar metals between steel/A1100 aluminum alloy-H12
was studied in order to investigate the feasibility of
application of TIG welding for joining dissimilar metals. The
results showed that the present TIG welding as a self-brazing
technique could join the dissimilar metal between steel and
aluminum alloy. The load resistance of bonded zone,
intermetallic reaction layer zone, was higher than the load
resistance of A1100 aluminum alloy after welding. The joint
was fractured at HAZ of A1100 aluminum alloy. It was
found that using lower apparent heat input resulted in higher
load resistance of joint due to slow grain growth of A1100
aluminum alloy at HAZ. The Fe/Al intermetallic reaction
layer was decreased with decreasing heat input.

Introduction

Currently, techniques for joining between steel sheet and
aluminum alloy sheet have been interested in order to fulfill
the hybrid structural technology. Many research works
concerning with joining between steel/aluminum alloys have
been recently carried out [1-12]. In those studies, welding
processes used are mainly high intensity welding such as
laser welding, hybrid welding, solid state welding such as
FSW, magnetic seam pressure welding, ultrasonic welding
and so on. The reason of using those processes is the ability
of those processes in localizing heating up the welding
specimen which is consequently in low heat required for
welding and in suppressing of intermetallic reaction layer
formation. However, conventional welding process, such as
TIG, MIG and so on, will be possible to produce the
dissimilar metals joint, but they need some techniques.

It is well known that the difficulty of dissimilar metal
joining between steel and aluminum alloy is formation of the
brittle intermetallic reaction phase.[1-5] In order to suppress
the formation of intermetallic reaction phase, laser welding
process as a self-brazing technique as shown in Fig. 1 was
applied to joining of steel sheet and aluminum alloy sheet [1-

4]. One of fundamentals of self-brazing technique is based
on the controlling the molten zone of steel to be a partial
penetration in order to prevent the direct mixing of molten
steel and molten aluminum alloy, which results in formation
of intermetallic reaction phase. According to the self brazing
technique, if some welding processes could control partial
penetration in steel sheet, those welding processes will be
possible to make a self brazing of aluminum alloy on steel
TIG is one of useful welding processes for joining thin sheet
as referred in Ref.[13]. So that TIG welding may achieve the
partial penetration of steel sheet during welding of steel/
aluminum alloy. Moreover, if conventional welding
processes such as TIG welding could join steel and
aluminum alloys, there is no need to introduce new joining
machines for assembly of automotive parts. Thus, in the
present study, the dissimilar joining between steel and
aluminum alloy by application of TIG welding technique
was carried out in order to investigate the feasibility to steel
and aluminum alloy dissimilar joining by using TIG
welding.

Heat

Steel weld pool

Intermetaljic reaction layer

Steel
Aluminum alloy |E

MAluminum
alloy weld pool

Figure 1: Schematic of the interface during dissimilar metals
welding between steel and aluminum alloy.

Experimental procedures

The 1 mm thick hot roll steel sheet (steel) and 0.8 mm
thick 1100 aluminum alloy-H12 sheet (aluminum alloy)
were used in this study. Their chemical compositions and
mechanical properties are shown in Table 1 and Table 2,
respectively. Both steel and aluminum alloy were cut in size
of 85x65 mm. The TIG lap joint welding configuration with
steel top sheet was used as shown in Fig. 2. The arc distance,
electrode size, and electrode type were 3.2 mm, 3.2 mm in
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Table B-1 Bead on the plate results

Item No. Materials Welding speed (m/min) Welding mode Welding current (A) | Depth of weld (um)
1 Steel 0.55 DCEN 20 227.2
2 Steel 0.55 DCEN 25 252.8
3 Steel 0.55 DCEN 30 379.2
4 Steel 0.55 DCEN 35 462.8
5 Steel 0.55 DCEN 40 568.2
6 Steel 0.55 DCEN 45 844.8
7 Steel 0.55 DCEN 50 992
8 Steel 0.55 DCEN 55 1000
9 Steel 0.55 DCEN 60 1000
10 Steel 0.55 DCEN 65 975
11 Steel 0.6 DCEN 20 96.44
12 Steel 0.6 DCEN 25 111.4
13 Steel 0.6 DCEN 30 175.7
14 Steel 0.6 DCEN 35 325.7
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Table B-1 Bead on the plate results (continue)

Item No. Materials Welding speed (m/min) Welding mode Welding current (A) | Depth of weld (um)
15 Steel 0.6 DCEN 40 426.5
16 Steel 0.6 DCEN 45 621.4
17 Steel 0.6 DCEN 50 696.7
18 Steel 0.6 DCEN 55 1000.0
19 Steel 0.6 DCEN 60 1000.0
20 Steel 0.6 DCEN 65 1000.0
21 Steel 0.6 DCEN 70 1000.0
22 Steel 0.6 DCEN 75 1000.0
23 Steel 0.65 DCEN 20 77.2
24 Steel 0.65 DCEN 25 175.7
25 Steel 0.65 DCEN 30 203.6
26 Steel 0.65 DCEN 35 3494
27 Steel 0.65 DCEN 40 368.6
28 Steel 0.65 DCEN 45 447.9




Table B-1 Bead on the plate results (continue)

Item No. Materials Welding speed (m/min) Welding mode Welding current (A) | Depth of weld (um)
29 Steel 0.65 DCEN 50 1000.0
30 Steel 0.65 DCEN 55 1000.0
31 Steel 0.65 DCEN 60 1000.0
32 Steel 0.65 DCEN 65 1000.0
33 Steel 0.65 DCEN 70 1000.0
34 Steel 0.65 DCEN 75 1000.0
35 A1100 0.55 AC 25 0.0
36 A1100 0.55 AC 30 0.0
37 A1100 0.55 AC 35 578.5
38 A1100 0.55 AC 40 800.0
39 A1100 0.55 AC 45 800.0
40 A1100 0.6 AC 35 0.0
41 A1100 0.6 AC 40 401.2
42 A1100 0.6 AC 45 800.0
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Table B-1 Bead on the plate results (continue)

Item No. Materials Welding speed (m/min) Welding mode Welding current (A) | Depth of weld (um)
43 A1100 0.6 AC 50 800.0
44 A1100 0.65 AC 25 0.0
45 A1100 0.65 AC 30 0.0
46 A1100 0.65 AC 35 0.0
47 A1100 0.65 AC 40 666.4
48 A1100 0.65 AC 45 800.0
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Table B-2 Dissimilar metals welding results

Item Aluminum | Al Alloy Arc Welding Welding Thickness Fracture Welding Fracture path
No. alloy thickness length speed current (A) of IMP load width (1m)
(mm) (mm) (m/min) (1m) (N)

1 A1100 0.8 24 0.55 80 5.62 655 HAZ of Al Alloy
2 A1100 0.8 24 0.55 90 19.80 756 HAZ of Al Alloy
3 A1100 0.8 24 0.55 100 12.06 469 HAZ of Al Alloy
4 A1100 0.8 24 0.55 110 18.08 504 HAZ of Al Alloy
5 A1100 0.8 24 0.55 120 31.42 713 HAZ of Al Alloy
6 A1100 0.8 24 0.55 130 36.60 653 HAZ of Al Alloy
7 A1100 0.8 24 0.55 140 34.88 752 HAZ of Al Alloy
8 A1100 0.8 24 0.55 150 31.86 608 HAZ of Al Alloy
9 A1100 0.8 24 0.55 160 39.60 610 HAZ of Al Alloy
10 A1100 0.8 24 0.6 90 5.60 699 HAZ of Al Alloy
11 A1100 0.8 24 0.6 100 11.64 600 HAZ of Al Alloy
12 A1100 0.8 24 0.6 110 18.52 728 HAZ of Al Alloy
13 A1100 0.8 24 0.6 120 23.24 573 HAZ of Al Alloy
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Table B-2 Dissimilar metals welding results (continue)

Item Aluminum | Al Alloy Arc Welding Welding Thickness Fracture Welding Fracture path
No. alloy thickness length speed current (A) of IMP load width (1m)
(mm) (mm) (m/min) (1m) (N)

14 A1100 0.8 24 0.6 130 30.56 711 HAZ of Al Alloy
15 A1100 0.8 24 0.6 140 25.40 708 HAZ of Al Alloy
16 A1100 0.8 24 0.6 150 35.74 622 HAZ of Al Alloy
17 A1100 0.8 24 0.6 160 38.90 477 HAZ of Al Alloy
18 A1100 0.8 24 0.65 90 8.62 747 HAZ of Al Alloy
19 A1100 0.8 24 0.65 100 8.18 595 HAZ of Al Alloy
20 A1100 0.8 24 0.65 110 17.66 591 HAZ of Al Alloy
21 A1100 0.8 24 0.65 120 24.54 626 HAZ of Al Alloy
22 A1100 0.8 24 0.65 130 211 590 HAZ of Al Alloy
23 A1100 0.8 24 0.65 140 28.84 605 HAZ of Al Alloy
24 A1100 0.8 24 0.65 150 31.00 655 HAZ of Al Alloy
25 A1100 0.8 24 0.65 160 30.56 649 HAZ of Al Alloy
26 A5052 1 1.6 0.55 110 14.85 1637 5054 IMP
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Table B-2 Dissimilar metals welding results (continue)

Item Aluminum | Al Alloy Arc Welding Welding Thickness Fracture Welding Fracture path
No. alloy thickness length speed current (A) of IMP load width (1m)
(mm) (mm) (m/min) (1m) (N)

27 A5052 1 1.6 0.55 120 15.28 1598 3887 IMP

28 A5052 1 1.6 0.55 130 17.87 1928 4222 IMP

29 A5052 1 1.6 0.55 140 17.00 2150 5953 IMP

30 A5052 1 1.6 0.55 150 18.73 2183 5325 IMP

31 A5052 1 1.6 0.55 160 18.30 2152 5896 IMP

32 A5052 1 1.6 0.55 170 17.44 2314 6279 IMP

33 A5052 1 1.6 0.6 110 9.47 1942 4026 IMP

34 A5052 1 1.6 0.6 120 14.64 1319 4024 IMP

35 A5052 1 1.6 0.6 130 16.14 2006 5390 IMP

36 A5052 1 1.6 0.6 140 17.87 2298 5269 IMP

37 A5052 1 1.6 0.6 150 18.94 2412 5193 IMP

38 A5052 1 1.6 0.6 160 21.09 2440 5408 HAZ of Al Alloy

39 A5052 1 1.6 0.6 170 21.09 2436 6003 HAZ of Al Alloy
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Table B-2 Dissimilar metals welding results (continue)

Item Aluminum | Al Alloy Arc Welding Welding Thickness Fracture Welding Fracture path
No. alloy thickness length speed current (A) of IMP load width (1m)
(mm) (mm) (m/min) (1m) (N)

40 A5052 1 1.6 0.65 110 12.48 1136 4572 IMP

41 A5052 1 1.6 0.65 120 14.85 1747 5403 IMP

42 A5052 1 1.6 0.65 130 15.71 2129 5346 IMP

43 A5052 1 1.6 0.65 140 15.71 2422 5138 IMP

44 A5052 1 1.6 0.65 150 16.14 2437 5193 HAZ of Al Alloy
45 A5052 1 1.6 0.65 160 17.44 2476 6200 HAZ of Al Alloy
46 A5052 1 1.6 0.65 170 19.16 2054 6375 HAZ of Al Alloy
47 A5052 1 24 0.55 90 8.20 1437 2293 IMP

48 A5052 1 24 0.55 100 18.10 1858 2816 IMP

49 A5052 1 24 0.55 110 17.05 2168 2987 IMP

50 A5052 1 24 0.55 120 20.80 2221 3641 IMP

51 A5052 1 24 0.55 130 18.15 2409 4588 IMP

52 A5052 1 24 0.55 140 21.31 2423 4640 IMP
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Table B-2 Dissimilar metals welding results (continue)

Item Aluminum | Al Alloy Arc Welding Welding Thickness Fracture Welding Fracture path
No. alloy thickness length speed current (A) of IMP load width (1m)
(mm) (mm) (m/min) (1m) (N)
53 A5052 1 24 0.55 150 22.38 2436 5121 HAZ of Al Alloy
54 A5052 1 24 0.55 160 31.91 2487 5452 HAZ of Al Alloy
55 A5052 1 24 0.6 90 6.92 1678 1880 IMP
56 A5052 1 24 0.6 100 9.26 2277 2269 IMP
57 A5052 1 24 0.6 110 11.72 2343 2575 IMP
58 A5052 1 24 0.6 120 13.85 2473 3664 IMP
59 A5052 1 24 0.6 130 11.72 2392 3569 IMP
60 A5052 1 24 0.6 140 19.30 2416 3911 HAZ of Al Alloy
61 A5052 1 24 0.6 150 19.21 2491 4692 HAZ of Al Alloy
62 A5052 1 24 0.6 160 23.47 2487 5540 HAZ of Al Alloy
63 A5052 1 24 0.65 90 4.13 1575 3978 IMP
64 A5052 1 24 0.65 100 9.33 2276 2620 IMP
65 A5052 1 24 0.65 110 9.46 2251 4391 IMP
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Table B-2 Dissimilar metals welding results (continue)

Item Aluminum | Al Alloy Arc Welding Welding Thickness Fracture Welding Fracture path
No. alloy thickness length speed current (A) of IMP load width (1m)
(mm) (mm) (m/min) (1m) (N)
66 A5052 1 24 0.65 120 12.72 2459 3258 IMP
67 A5052 1 24 0.65 130 16.32 2267 3311 IMP
68 A5052 1 24 0.65 140 14.73 2435 3350 HAZ of Al Alloy
69 A5052 1 24 0.65 150 17.49 2518 4443 HAZ of Al Alloy
70 A5052 1 24 0.65 160 16.85 2501 5087 HAZ of Al Alloy
71 A5052 1 24 0.65 170 18.33 2525 5448 HAZ of Al Alloy
72 A5052 1 24 0.65 180 17.59 2510 6023 HAZ of Al Alloy
73 A5052 1 3.2 0.55 110 10.76 2029 4845 IMP
74 A5052 1 3.2 0.55 120 12.70 2259 4645 IMP
75 A5052 1 3.2 0.55 130 18.73 2380 5510 HAZ of Al Alloy
76 A5052 1 3.2 0.55 140 20.23 2518 7341 HAZ of Al Alloy
77 A5052 1 3.2 0.55 150 20.45 2473 7525 HAZ of Al Alloy
78 A5052 1 3.2 0.6 120 9.90 2258 4260 IMP




cl-4g

Table B-2 Dissimilar metals welding results (continue)

Item Aluminum | Al Alloy Arc Welding Welding Thickness Fracture Welding Fracture path
No. alloy thickness length speed current (A) of IMP load width (1m)
(mm) (mm) (m/min) (1m) (N)
79 A5052 1 3.2 0.6 130 19.16 2300 4509 HAZ of Al Alloy
80 A5052 1 3.2 0.6 140 19.80 2449 6668 HAZ of Al Alloy
81 A5052 1 3.2 0.65 110 7.32 2128 2378 IMP
82 A5052 1 3.2 0.65 120 12.70 2247 4864 IMP
83 A5052 1 3.2 0.65 130 14.85 2431 4926 HAZ of Al Alloy
84 A5052 1 3.2 0.65 140 14.21 2352 5958 HAZ of Al Alloy
85 A5052 1 3.2 0.65 150 20.23 2397 6458 HAZ of Al Alloy

Remark : IMP = intermetallic reaction layer

HAZ of Al Alloy = heat affected zone of aluminum alloy
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