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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 
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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. 
  
(บทคัดยอ)  
 การวิจัยนี้มุงที่จะศึกษาถึงความเปนไปไดในการนํากระบวนการเชื่อม TIG รวมกับ
เทคนิคการบดักรีแข็งดวยตัวโลหะพื้นเองมาประยุกตใชใน การเชื่อมเหล็กกลาแผนกับอลูมิเนียม
ผสมแผน โดยในขั้นตอนของการศึกษาไดแบงการศึกษาทดลองออกเปนสองชวง กลาวคือ 
ชวงแรกจะทําการศึกษาการเชื่อมบนเหลก็กลาแผนอยางเดียวและอลูมิเนียมผสมแผนอยางเดียว 
สวนชวงที่สองจะทํา การศึกษาการเชื่อมโลหะแผนตางชนิดระหวางเหล็กกลาแผนกับอลูมิเนียม
ผสมแผน จากการศึกษาพบวากระบวนการเชื่อม TIG รวมกับเทคนิคการบัดกรีแข็งดวยตวัโลหะ
พ้ืนเอง สามารถทําการเชือ่มโลหะตางชนิดระหวางเหล็กกลาแผนและอลูมิเนียมผสมแผนไดเปน
อยางดี ยิ่งไปกวานั้นในชิ้นงานเชื่อมโลหะตางชนิดที่ไดจากการใชสภาวะการเชื่อมที่เหมาะสม 
ความแข็งแรงของบริเวณเชือ่มติด หรือที่เรียกวาบริเวณของชั้นสารประกอบเชิงโลหะจะสูงกวา
บริเวณกระทบรอนของอลูมิเนียมผสมแผน และสูงกวาคาความเคน ณ จุดครากของโลหะพื้นทั้ง
สอง นอกจากนี้แลวจากการศึกษายังใหขอมูลที่เปนประโยชนในการกําหนดสภาวะการเชื่อมที่
เหมาะสมตอการเชื่อมโลหะตางชนิด ดังนี้ 1) ควรใชเหล็กกลาเปนโลหะแผนบนในการเชื่อมแบบ
ซอนเกยเพราะสามารถทําการเชื่อมไดงายกกวา  2) ควรใชความเร็วในการเชื่อมสูง ซึ่งจะมีผล
ใหความแข็งแรงของบริเวณของชั้นสารประกอบเชิงโลหะที่กอตวัขึ้นสงูกวา การเชือ่มที่ความเร็ว
ในการเชื่อมต่าํ 3) ระยะอารคที่เหมาะสมตอการเชื่อมโดยการใชอิเลก็โทรด EWth2 ขนาด 3.2 
มิลลิเมตรในการเชื่อมโลหะตางชนิด คือ 2.4 มิลลิเมตร 4) ควรใชความรอนในการเชื่อมใหนอย
ที่สุดเพ่ือใหไดชั้นสารประกอบเชิงโลหะที่บาง สุดทายสามารถสรุปไดวากระบวนการเชื่อม TIG 
รวมกับเทคนคิการบัดกรีแข็งดวยตวัโลหะพ้ืนเอง เปนวิธีการหนึ่งที่สามารถประยุกตใชในการ
เชื่อมโลหะตางชนิดได  
 
Keywords : Dissimilar metals welding, TIG welding, Steel, Aluminum alloy  
(คําหลัก)  : การเชื่อมโลหะตางชนิด การเชื่อมทิก เหล็กกลา อลูมิเนียมผสม 
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บทสรุปผูบริหาร   
(Executive Summary) 

 
ปจจุบันปญหาสภาวะโลกรอนไดทวีความรุนแรงขึ้นเปนลําดับ อันเปนผลมาจากการ

ปลอยกาซเรือนกระจกจากกิจกรรมตางๆของมนุษย หนึ่งในกิจกรรมของมนุษยที่มีการปลอย
กาซเรือนกระจกในปริมาณมากคือ การขนสง และเพื่อเปนการลดการปลอยกาซเรอืนกระจกจาก
การขนสง ผูผลิตรถยนตจึงพยายามผลิตรถยนตที่มีน้าํหนักเบา สาํหรับวิธีการที่ผูผลติรถยนต
เลือกใชในผลติรถยนตที่มีน้าํหนักเบา คือ การเลือกใชวัสดุเบารวมกับเหล็กกลาซึ่งเปนวัสดุหลัก
ด้ังเดิมที่ใชในการผลิตรถยนต โดยโลหะเบาที่นิยมนํามาใชในการผลิตรถยนตมากที่สุด คือ 
อลูมิเนียมผสม แตเม่ือมีการใชวัสดุสองชนิดนี้รวมกันในการผลติรถยนตทําใหเทคโนโลยีการ
เชื่อมโลหะตางชนิดระหวางเหล็กกลากบัอลูมิเนียมผสมจึงเขามามีบทบาทอยางมาก ดวย
เทคโนโลยีการเชื่อมโลหะตางชนิดระหวางเหล็กกลา และอลูมิเนียมผสมยังเปนเทคโนโลยใีหม 
เครื่องมือที่ใชในการเชื่อมทีเ่หมาะสมยังไมนิยมแพรหลายในประเทศ กอปรกับผูวจัิยมีความเชื่อ
วาวธิีการเชื่อมดวยเทคนิคการบัดกรีแข็งดวยตวัโลหะพื้นเองน้ัน สามารถประยุกตใชรวมกับ
กระบวนการเชื่อมอ่ืนๆได โดยเฉพาะอยางยิ่งกระบวนการเชื่อม TIG ดังนั้นการวิจัยนี้จึงได
เกิดขึ้น โดยมีวัตถุประสงคหลักเพื่อประเมินหาความเปนไปไดในการนํากระบวนการเชื่อม TIG 
รวมกับเทคนคิการบัดกรีแข็งดวยตวัโลหะพ้ืนเองมาประยุกตใชใน การเชื่อมเหล็กกลาแผนกับ
อลูมิเนียมผสมแผน โดยในขั้นตอนของการศึกษาไดแบงการศกึษาทดลองออกเปนสองชวง 
กลาวคือ ชวงแรกจะทําการศึกษาการเชื่อมบนเหล็กกลาแผนอยางเดียวและอลูมิเนียมแผนอยาง
เดียว เพ่ือประเมินหาความสามารถของกระบวนการเชือ่ม TIG ตอการควบคุมการซึมลึกในขณะ
ทําการเชื่อมผลการศึกษาพบวากระบวนการเชื่อม TIG สามารถควบคุมการซึมลึกไดดี และ
เหมาะสมตอการนํามาใชรวมกับเทคนิคการบัดกรีแข็งดวยตวัโลหะพื้นเอง สวนชวงที่สองผูวจัิย
ไดทําการศึกษาการเชื่อมโลหะแผนตางชนิดระหวางเหล็กกลาแผนกับอลูมิเนียมผสมแผน จาก
การศึกษาพบวากระบวนการเชื่อม TIG รวมกับเทคนิคการบดักรีแข็งดวยตัวโลหะพื้นเอง 
สามารถทําการเชื่อมโลหะตางชนิดระหวางเหล็กกลาแผน และอลูมิเนียมผสมแผนไดเปนอยางดี 
ยิ่งไปกวานั้นในชิ้นงานเชื่อมโลหะตางชนิดที่ไดจากการใชสภาวะการเชื่อมที่เหมาะสม ความ
แข็งแรงของบริเวณเชื่อมติด หรือที่เรียกวาบริเวณของชัน้สารประกอบเชิงโลหะจะสูงกวาบริเวณ
กระทบรอนของโลหะอลูมิเนียมผสมแผนและสูงกวาคาความเคน ณ จุดครากของโลหะพื้นทั้ง
สองดวย นอกจากนี้จากการศึกษายังใหขอมูลที่เปนประโยชนใน การกําหนดสภาวะการเชื่อมที่
เหมาะสม ดังนี้  

1) ในการเชื่อมโลหะตางชนิดระหวางเหล็กกลากับอลูมิเนียมผสมดวย กระบวนการ
เชื่อม TIG รวมกับเทคนิคการบัดกรีแข็งดวยตวัโลหะพืน้เองน้ัน เม่ือมีการจับชิ้นงานขณะทําการ
เชื่อมในลักษณะซอนเกย การใชโลหะแผนบนเปนเหล็กกลาจะทําใหสามารถเชื่อมโลหะตางชนิด
ระหวางเหล็กกลากับอลูมิเนียมผสมไดผลดีกวาการใชอลูมิเนียมผสมเปนโลหะแผนบน  
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2) ในการเชื่อมโลหะตางชนิดระหวางเหล็กกลากับอลูมิเนียมผสมดวย กระบวนการ
เชื่อม TIG รวมกับเทคนคิการบัดกรีแข็งดวยตวัโลหะพ้ืนเองนั้นควรใชความเร็วในการเชื่อมสูง 
เพ่ือทําใหชั้นสารประกอบเชิงโลหะมีความแข็งแรงมากขึ้น  

3) ในการเชื่อมโลหะตางชนิดระหวางเหล็กกลากับอลูมิเนียมผสมดวย กระบวนการ
เชื่อม TIG รวมกับเทคนคิการบัดกรีแข็งดวยตวัโลหะพ้ืนเองนั้น ระยะอารคที่เหมาะสมตอการ
เชื่อมโดยการใชอิเล็กโทรด EWth2 ขนาด 3.2 มิลลิเมตร คือ 2.4 มิลลิเมตร  

4) ในการเชื่อมโลหะตางชนิดระหวางเหล็กกลากับอลูมิเนียมผสมดวย กระบวนการ
เชื่อม TIG รวมกับเทคนิคการบัดกรีแข็งดวยตวัโลหะพื้นเองน้ัน ควรใชความรอนในการเชื่อมให
นอยที่สุดเพื่อใหไดชั้นสารประกอบเชิงโลหะที่บาง  

สุดทายเราสามารถอางไดวากระบวนการเชื่อม TIG รวมกับเทคนคิการบัดกรีแข็งดวย
ตัวโลหะพื้นเองเปนวิธีการหนึ่งที่สามารถประยุกตใชในการเชื่อมโลหะตางชนิดได อยางไรก็ดีแม
งานวิจัยนี้จะแสดงใหเห็นวากระบวนการเชื่อม TIG รวมกับเทคนคิการบัดกรีแข็งดวยตวัโลหะ
พ้ืนเองสามารถผลิตชิ้นงานเชื่อมที่แข็งแรงทนตอแรงดึงได แตยังไมมีการทดสอบความสามารถ
ของชิ้นงานเชือ่มตอการรับแรงซ้ําๆหรือความลา ดังนั้นในอนาคตการศึกษาควรมุงไปที่การทํา
ความเขาใจในเรื่องความลาของชิ้นงานเชื่อมโลหะตางชนิดระหวางเหล็กกลา กับอลูมิเนียมผสม
ตอไป  
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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.  
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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 
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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. 

 
a) steel as a top sheet 

 

 
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  
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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. 
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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 
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with the diffusion of Fe/Al during welding process.  Moreover, almost publications 
indicated that Fe2Al5 intermetallic reaction phase was familiar to be formed during self-
brazing. However, other types of Fe/Al intermetallic reaction phase, such as FeAl, FeAl3 
and so on, might be found  
 

 



7 

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 

 
 

Table 2.2 Mechanical properties of materials used 
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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 34 V 

Maximum duty cycle 40% 
Input current potential 380 V 

Power supply 17 kW 
Input current frequency 50/60 Hz 

Electrical phase Single phase 
Gas shield duration before arc start 0.1-5 s 
Gas shield duration before arc finish 3-50 s 
Duration of decreasing current from 

maximum to zero 
0.5-15 s 

Output current DC/AC 
spot time 0.25-6 s 
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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 m3.  
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  - 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.  

 

 
 

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

Slide 

Specimen holder 

TIG head 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.  
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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. Its model name is 
CHARMILLS TECHNOLOGIES ROBOFIL 190. 

 
 

Fig. 2.7 Wire cutter 
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  c) 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. 
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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 



15 

c) 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. 

  

 

 

 

 

 

 

Fig 2.12 Welding configuration of bead on the steel plate 
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Table 2.4 Bead on the plate conditions 

 
 

- 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 
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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. 

    

  
 
 

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. 

Depth of weld 
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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. 

 
a) steel as a top plate 

 

 
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.   
 

 

 

 

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. 

  
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,   

Depth of weld 
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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. 
 

 
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. 
 

 
 

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

apparent heat input for joining of joint between steel/A1100 
 

 
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 

joint between steel/A5052 

 

 
Fig. 3.16 The relationship between fracture load and apparent heat input for joining of 

the joint between steel/A1100 
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Fig. 3.17 The relationship between fracture load and apparent heat input in case of 

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 Fe3 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 FeAl2 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.  
 

 
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. 

 

 
 

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

 

Steel 

A5052 
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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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1.1 Rattana Borrisutthekul, Pusit Mitsomwang, Sirirat Rattanachan, and Yoshiharu 

Mutoh, TIG Welding of Dissimilar Metals Between Steel/Aluminum Alloy, 
Welding in the World (special issue) 53, 2009, 585-588. (SJR: 0.037, SNIP: 
0.103, H index: 9)  

1.2 Rattana Borrisutthekul, Pusit Mitsomwang, Sirirat Rattanachan, and Yoshiharu 
Mutoh, Feasibility of Using TIG Welding of Dissimilar Metals between 
Steel/Aluminum Alloy, Energy Research Journal 1(2), 2010, 82-86. (New 
publication)  

 
2) Benefits of Projects 

2.1 Commercial benefits 
 (None) 
2.2 Political benefits 
 (None) 
2.3 Public benefits 
 (None) 
2.4 Academics benefits 

-  1 person of the master degree (Thesis topic: Influences of magnesium and 
thickness of welded sheet on the feature of intermetallic reaction layer in 
steel/aluminum alloy dissimilar weld) 

 
3) Other outputs 

3.1 National Publications 
3.1.1 ภูษิต มิตรสมหวัง และ รัตน บริสุทธิกุล การเชื่อมโลหะแผนระหวางเหล็กกลา

กับอลูมิเนียมเกรด 5052 วารสาร การเชือ่มไทย ฉบับที่ 51 พ.ศ. 2010 หนาที่ 
21-25 

3.1.2 ภูษิต มิตรสมหวัง และ รัตน บริสุทธิกุล อิทธิพลของตวัแปรงานเชื่อมตอ
คุณภาพของรอยเชื่อมโลหะแผนตางชนิดระหวางเหล็กกลากับอลูมิเนียมเกรด 
5052 วารสาร การเชื่อมไทย ฉบับที่ 52 พ.ศ. 2010 หนาที่ 13-18 
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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 (μm) 

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 (μm) 

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 35 349.4 

27 Steel 0.65 DCEN 40 368.6 

28 Steel 0.65 DCEN 45 447.9 
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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 (μm) 

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 (μm) 

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 
No. 

Aluminum 
alloy 

Al Alloy 
thickness 

(mm) 

Arc 
length 
(mm) 

Welding 
speed 

(m/min) 

Welding 
current (A) 

Thickness 
of IMP 
(μm) 

Fracture 
load         
(N) 

Welding 
width (μm) 

Fracture path 

1 A1100 0.8 2.4 0.55 80 5.62 655  HAZ of Al Alloy 

2 A1100 0.8 2.4 0.55 90 19.80 756  HAZ of Al Alloy 

3 A1100 0.8 2.4 0.55 100 12.06 469  HAZ of Al Alloy 

4 A1100 0.8 2.4 0.55 110 18.08 504  HAZ of Al Alloy 

5 A1100 0.8 2.4 0.55 120 31.42 713  HAZ of Al Alloy 

6 A1100 0.8 2.4 0.55 130 36.60 653  HAZ of Al Alloy 

7 A1100 0.8 2.4 0.55 140 34.88 752  HAZ of Al Alloy 

8 A1100 0.8 2.4 0.55 150 31.86 608  HAZ of Al Alloy 

9 A1100 0.8 2.4 0.55 160 39.60 610  HAZ of Al Alloy 

10 A1100 0.8 2.4 0.6 90 5.60 699  HAZ of Al Alloy 

11 A1100 0.8 2.4 0.6 100 11.64 600  HAZ of Al Alloy 

12 A1100 0.8 2.4 0.6 110 18.52 728  HAZ of Al Alloy 

13 A1100 0.8 2.4 0.6 120 23.24 573  HAZ of Al Alloy 
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Table B-2 Dissimilar metals welding results (continue) 
 

Item 
No. 

Aluminum 
alloy 

Al Alloy 
thickness 

(mm) 

Arc 
length 
(mm) 

Welding 
speed 

(m/min) 

Welding 
current (A) 

Thickness 
of IMP 
(μm) 

Fracture 
load         
(N) 

Welding 
width (μm) 

Fracture path 

14 A1100 0.8 2.4 0.6 130 30.56 711  HAZ of Al Alloy 

15 A1100 0.8 2.4 0.6 140 25.40 708  HAZ of Al Alloy 

16 A1100 0.8 2.4 0.6 150 35.74 622  HAZ of Al Alloy 

17 A1100 0.8 2.4 0.6 160 38.90 477  HAZ of Al Alloy 

18 A1100 0.8 2.4 0.65 90 8.62 747  HAZ of Al Alloy 

19 A1100 0.8 2.4 0.65 100 8.18 595  HAZ of Al Alloy 

20 A1100 0.8 2.4 0.65 110 17.66 591  HAZ of Al Alloy 

21 A1100 0.8 2.4 0.65 120 24.54 626  HAZ of Al Alloy 

22 A1100 0.8 2.4 0.65 130 21.1 590  HAZ of Al Alloy 

23 A1100 0.8 2.4 0.65 140 28.84 605  HAZ of Al Alloy 

24 A1100 0.8 2.4 0.65 150 31.00 655  HAZ of Al Alloy 

25 A1100 0.8 2.4 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 
No. 

Aluminum 
alloy 

Al Alloy 
thickness 

(mm) 

Arc 
length 
(mm) 

Welding 
speed 

(m/min) 

Welding 
current (A) 

Thickness 
of IMP 
(μm) 

Fracture 
load         
(N) 

Welding 
width (μm) 

Fracture path 

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 
No. 

Aluminum 
alloy 

Al Alloy 
thickness 

(mm) 

Arc 
length 
(mm) 

Welding 
speed 

(m/min) 

Welding 
current (A) 

Thickness 
of IMP 
(μm) 

Fracture 
load         
(N) 

Welding 
width (μm) 

Fracture path 

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 2.4 0.55 90 8.20 1437 2293 IMP 

48 A5052 1 2.4 0.55 100 18.10 1858 2816 IMP 

49 A5052 1 2.4 0.55 110 17.05 2168 2987 IMP 

50 A5052 1 2.4 0.55 120 20.80 2221 3641 IMP 

51 A5052 1 2.4 0.55 130 18.15 2409 4588 IMP 

52 A5052 1 2.4 0.55 140 21.31 2423 4640 IMP 
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Table B-2 Dissimilar metals welding results (continue) 
 

Item 
No. 

Aluminum 
alloy 

Al Alloy 
thickness 

(mm) 

Arc 
length 
(mm) 

Welding 
speed 

(m/min) 

Welding 
current (A) 

Thickness 
of IMP 
(μm) 

Fracture 
load         
(N) 

Welding 
width (μm) 

Fracture path 

53 A5052 1 2.4 0.55 150 22.38 2436 5121 HAZ of Al Alloy 

54 A5052 1 2.4 0.55 160 31.91 2487 5452 HAZ of Al Alloy 

55 A5052 1 2.4 0.6 90 6.92 1678 1880 IMP 

56 A5052 1 2.4 0.6 100 9.26 2277 2269 IMP 

57 A5052 1 2.4 0.6 110 11.72 2343 2575 IMP 

58 A5052 1 2.4 0.6 120 13.85 2473 3664 IMP 

59 A5052 1 2.4 0.6 130 11.72 2392 3569 IMP 

60 A5052 1 2.4 0.6 140 19.30 2416 3911 HAZ of Al Alloy 

61 A5052 1 2.4 0.6 150 19.21 2491 4692 HAZ of Al Alloy 

62 A5052 1 2.4 0.6 160 23.47 2487 5540 HAZ of Al Alloy 

63 A5052 1 2.4 0.65 90 4.13 1575 3978 IMP 

64 A5052 1 2.4 0.65 100 9.33 2276 2620 IMP 

65 A5052 1 2.4 0.65 110 9.46 2251 4391 IMP 
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Table B-2 Dissimilar metals welding results (continue) 
 

Item 
No. 

Aluminum 
alloy 

Al Alloy 
thickness 

(mm) 

Arc 
length 
(mm) 

Welding 
speed 

(m/min) 

Welding 
current (A) 

Thickness 
of IMP 
(μm) 

Fracture 
load         
(N) 

Welding 
width (μm) 

Fracture path 

66 A5052 1 2.4 0.65 120 12.72 2459 3258 IMP 

67 A5052 1 2.4 0.65 130 16.32 2267 3311 IMP 

68 A5052 1 2.4 0.65 140 14.73 2435 3350 HAZ of Al Alloy 

69 A5052 1 2.4 0.65 150 17.49 2518 4443 HAZ of Al Alloy 

70 A5052 1 2.4 0.65 160 16.85 2501 5087 HAZ of Al Alloy 

71 A5052 1 2.4 0.65 170 18.33 2525 5448 HAZ of Al Alloy 

72 A5052 1 2.4 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 
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Table B-2 Dissimilar metals welding results (continue) 
 

Item 
No. 

Aluminum 
alloy 

Al Alloy 
thickness 

(mm) 

Arc 
length 
(mm) 

Welding 
speed 

(m/min) 

Welding 
current (A) 

Thickness 
of IMP 
(μm) 

Fracture 
load         
(N) 

Welding 
width (μm) 

Fracture path 

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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