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1. Introduction and Scope

The combination of distinct materials provides intriguing opportunities in modern industry
applications, whereas the driving concept is to design parts with the right material in the right place.
Consequently, a great deal of attention has been directed towards dissimilar welding and joining
technologies. In the automotive sector, for instance, the concept of “tailored blanks”, introduced in
the last decade, has further highlighted the necessity to combine dissimilar materials. As far as the
aeronautic field is concerned, most structures are built combining very different materials and alloys in
order to match lightweight and structural performance requirements.

In this framework, the application of fusion welding techniques, namely tungsten inert gas or laser
welding, is quite challenging due to the difference in physical properties, in particular the difference
in melting points between adjoining materials. On the other hand, solid state welding methods,
for example, friction stir welding and linear friction welding processes, have already proved to be
capable of manufacturing sound Al-Cu [1], Al-Ti [2], Al-Mg [3,4] joints. Recently, promising results
have also been obtained using hybrid methods. The main focus of this special issue is to discuss some
recent advances in the field of dissimilar metal joining. Selected applications of major welding and
joining processes have been highlighted. Special attention has been given to mechanisms behind the
joining of dissimilar metals for special purpose applications, investigating the adoption of traditional
experimental approaches in addition to computational modelling, for deeper information gathering.
In the following section an overview of the selected articles is provided.

2. Contributions

This special issue of Metals covers sixteen articles [5-20] focused on dissimilar metal joining
techniques. Some of the published reports have confirmed the increasing interest in solid state welding
processes, in particular friction based welding [6-10] and electromagnetic pulse welding [11,12], due to
benefits related to the properties and achievable microstructure, and to energy and environmental
considerations. Other papers dealt with fusion welding techniques, mainly laser based [13-16],
among others [5,17], and brazing processes [18,19]. Most of the applications are related to the
automotive and aerospace sector, nevertheless dissimilar joints, characterized by improved fracture
resistance, were indicated as an indispensable part of nuclear power plants for connecting the safe end
(austenitic stainless steel 316L) to the pipe-nozzle (ferrite low-alloy steel A508) [20].

More specifically, a thorough review article proposed by Patel et al., has shed light on the potential
of friction stir welding (FSW) in dissimilar welding of distinct aluminium alloys [6], commenting on
microstructure, mechanical properties, corrosion and fatigue behaviour. The authors discussed in
detail, aspects related to the processing parameters and setup, in terms of placement of the adjoining
materials and tool offsets. Furthermore, pros and cons given by the application of bobbin and
stationary shoulder tools were evidenced as well. Li et al. demonstrated the capabilities of FSW to
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mitigate some limiting factors associated with Al/steel fusion welding, attributable to the formation of
brittle Al/Fe intermetallic compounds (i.e., AlFe3, AlFe, Al2Fe, Al3Fe, Al5Fe2, and Al6Fe), welding
distortion, cavities, and cracks, providing some intriguing opportunities for the automotive industry [7].
In particular the effect of revolutionary pitch on interface microstructure and mechanical behaviour of
friction stir lap welds of AA6082-T6 to galvanized DP800 dual-phase steel sheets was investigated.
The experimental results were commented on, taking into account numerical calculations provided by
an iso-strain-based linear mixture law of the stir zone [7]. The automotive sector has witnessed the
emerging trend of incorporating Cu-based materials in electrical components. The solid state joining
of dissimilar Cu alloys, and of Cu alloys with Al alloys, is the focus of articles [8,9], respectively. In the
former, Sun et al. successfully welded dissimilar CuNiCrSi and CuCrZr in a butt joint configuration
using FSW. The microstructure and mechanical properties were investigated, highlighting the absence
of the typical heat affected zone [8]. The transformation of coarse grains in the base metal (BM) into
fine equiaxed grains in the nugget zone (NZ) was observed. In the latter, Eslami et al. pointed out that
an adjustment of the cross-section is required to realise electrical conductors free of resistive losses [9].
In [10], Zhou et al. carried out friction stir spot welding-brazing of aluminium alloy and a hot-dip
aluminized titanium alloy, using a Zn interlayer to extend the extremely narrow joining area, generally
addressed as the main drawback of FSSW process. The formation of the brazing zone between the Al
alloy and Al coating on Ti6Al4V alloy was successfully introduced by the addition of a Zn interlayer.
A dramatic enhancement of the fracture load was proved using this hybrid technique.

Magnetic pulse welding (MPW) is an eminent impact welding process which utilizes the high-speed
collision between two metallic surfaces in order to promote the creation of metallurgical connections.
Bellmann et al. [11] discussed the influence of temperature in dissimilar MPW, assuming aluminium
alloy EN AW-6060 for the outer tube and C45 steel for the inner rod [11]. Their experiments showed that
jetting in a strong material flow was not mandatory for a successful MPW process. A cloud of particles
ejected during the impact, with lower velocities, can in turn enable welding. Faes et al. investigated
electromagnetic pulse welding process to join copper to steel tubular elements, comprehensively
discussing the role of stand-off distance and discharge energy [12].

As far as dissimilar fusion welding processes are concerned, relevant efforts have been directed
toward laser based methods [13-16]. Dual-beam laser welding has been investigated for dissimilar
welding of steel/Al [13]. Cui et al. studied the effect of the major process parameters, including the
dual-beam power ratio and dual-beam distance on steel/Al joint features, in terms of weld shape,
interface microstructure, tensile resistance and fracture behaviour. Intermetallic compound (IMC) layer
formation (needle-like 0-Fe4Al13 phases) was also highlighted [13]. The article by Pereira et al. [14]
deals with dissimilar metal laser welding between DP1000 Steel and AA1050, by employing a pulsed
Nd: YAG laser. Welding parameters such as laser beam power, laser beam diameter, pulse duration and
welding speed were optimized for the obtainment of a better set of weld joints, even for highly dissimilar
materials. On the similar note, Xue et al. [15] investigated the interfacial features of a dissimilar
Ti6 Al4V/AA6060 lap joint produced by pulsed Nd:YAG laser beam welding. The potential phases,
TiAl, TiAl2, and TiAl3, were observed near the Ti/Al interface. The phase change was situated mainly
in the Al-rich melted zone. By using an orthogonal experimental design method, the sensitivity order
of the selected key process parameters on peak shear strength were: overlap, duration, laser beam
diameter and power. Jarwitz et al. also focused on laser beam welding of different set of materials,
in order to clarify the influence of the oscillation parameters on the weld seam geometry, and the
implications on the electrical resistance of the joints [16].

Xue et al. [18] inspected the microstructure and properties of a Cu/304 stainless steel dissimilar
metal joint brazed with a low silver Agl6.5CuZnSn-xGa-yCe braze filler after aging treatment.
The addition of Ce reduced the intergranular penetration depth of the filler metal into the stainless steel
during the aging process by 48.8%. The Agl16.5CuZnSn-2Ga-0.15Ce brazed joint showed optimum
performance compared to the other joints. Yu et al. proposed the method of welding/brazing to realise
a high quality welding of dissimilar metals, using 5A06 aluminium and galvanized steel welding using
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laser beam as the main heat source, and a trailing arc in an assisting role [19]. Under suitable welding
parameters, a sound welding seam was obtained. The highest tensile strength was observed to be
163 MPa, which was nearly 74% 5A06 aluminium alloy when the fracture occurred at the weld seam.
Near the aluminium welding brazing seam, two different IMC formations appeared [19].

3. Conclusions and Outlook

A varying range of dissimilar welding processes and configurations have been discussed. Evidently,
the major focus in these investigations was to overcome the challenges posed by dissimilar metal
joining and to achieve sound joints with mechanical and metallurgical property changes. The usage of
solid state and hybrid/mixed techniques have yielded interesting results in terms of joint performance.
Nevertheless, there are still many challenges to address, related to both material and processing aspects.

Acknowledgments: Editors would like to extend their sincere thanks to all reviewers for their invaluable efforts
in the improvement of the quality of this special issue.
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References

1. Carlone, P; Astarita, A.; Palazzo, G.S.; Paradiso, V.; Squillace, A. Microstructural aspects in Al-Cu dissimilar
joining by FSW. Int. |. Adv. Manuf. Technol. 2015, 79, 1109-1116. [CrossRef]

2. Jeong-Won, C.; Huihong, L.; Hidetoshi, F. Dissimilar friction stir welding of pure Ti and pure Al. Mater. Sci.
Eng. A 2018, 730, 168-176.

3. Boccarusso, L.; Astarita, A.; Carlone, P.; Scherillo, F.; Rubino, F.; Squillace, A. Dissimilar friction stir lap
welding of AA 6082-Mg AZ31: Force analysis and microstructure evolution. ]. Manuf. Processes 2019, 44,
376-388. [CrossRef]

4. Mehta, K.P; Carlone, P.; Astarita, A.; Scherillo, E; Rubino, E; Vora, P. Conventional and cooling assisted
friction stir welding of AA6061 and AZ31B alloys. Mater. Sci. Eng. A 2019, 759, 252-261. [CrossRef]

5. Shin, S.; Park, D.-J.; Yu, J.; Rhee, S. Resistance Spot Welding of Aluminum Alloy and Carbon Steel with
Spooling Process Tapes. Metals 2019, 9, 410. [CrossRef]

6.  Patel, V;Li, W.,; Wang, G.; Wang, E;; Vairis, A.; Niu, P. Review—Friction Stir Welding of Dissimilar Aluminum
Alloy Combinations: State-of-the-Art. Metals 2019, 9, 270. [CrossRef]

7. Li,S.; Chen, Y;; Kang, ].; Amirkhiz, B.S.; Nadeau, F. Effect of Revolutionary Pitch on Interface Microstructure
and Mechanical Behavior of Friction Stir Lap Welds of AA6082-T6 to Galvanized DP800. Metals 2018, 8, 925.
[CrossRef]

8. Sun, Y., He, D.; Xue, E; Lai, R.; He, G. Microstructure and Mechanical Characterization of a Dissimilar
Friction-Stir-Welded CuCrZr/CuNiCrSi Butt Joint. Metals 2018, 8, 325. [CrossRef]

9. Eslami, N.; Harms, A ; Deringer, J.; Fricke, A.; Bohm, S. Dissimilar Friction Stir Butt Welding of Aluminum and
Copper with Cross-Section Adjustment for Current-Carrying Components. Metals 2018, 8, 661. [CrossRef]

10.  Zhou, X,; Chen, Y;; Li, S.; Huang, Y.; Hao, K.; Peng, P. Friction Stir Spot Welding-Brazing of Al and Hot-Dip
Aluminized Ti Alloy with Zn Interlayer. Metals 2018, 8, 922. [CrossRef]

11. Bellmann, J.; Lueg-Althoff, J.; Schulze, S.; Hahn, M.; Gies, S.; Beyer, E.; Tekkaya, A.E. Thermal Effects in
Dissimilar Magnetic Pulse Welding. Metals 2019, 9, 348. [CrossRef]

12.  Faes, K.; Kwee, I; de Waele, W. Electromagnetic Pulse Welding of Tubular Products: Influence of Process
Parameters and Workpiece Geometry on the Joint Characteristics and Investigation of Suitable Support
Systems for the Target Tube. Metals 2019, 9, 514. [CrossRef]

13. Cui, L.; Chen, H.; Chen, B.; He, D. Welding of Dissimilar Steel/Al Joints Using Dual-Beam Lasers with
Side-by-Side Configuration. Metals 2018, 8, 1017. [CrossRef]

14. Pereira, A.B.; Cabrinha, A.; Rocha, F.; Marques, P.; Fernandes, F.A.; Alves de Sousa, R.J. Dissimilar Metals
Laser Welding between DP1000 Steel and Aluminum Alloy 1050. Metals 2019, 9, 102. [CrossRef]

15.  Xue, X.; Pereira, A.; Vincze, G.; Wu, X; Liao, J. Interfacial Characteristics of Dissimilar Ti6 Al4V/AA6060 Lap
Joint by Pulsed Nd:YAG Laser Welding. Metals 2019, 9, 71. [CrossRef]

16. Jarwitz, M.; Fetzer, F.; Weber, R.; Graf, T. Weld Seam Geometry and Electrical Resistance of Laser-Welded,
Aluminum-Copper Dissimilar Joints Produced with Spatial Beam Oscillation. Metals 2018, 8, 510. [CrossRef]



Metals 2019, 9, 1206

17. Dokme, F,; Kulekci, M.K.; Esme, U. Microstructural and Mechanical Characterization of Dissimilar Metal
Welding of Inconel 625 and AISI 316L. Metals 2018, 8, 797. [CrossRef]

18. Xue, P; Zou, Y.; He, P; Pei, Y.; Sun, H.; Ma, C.; Luo, J. Development of Low Silver AgCuZnSn Filler Metal for
Cuy/Steel Dissimilar Metal Joining. Metals 2019, 9, 198. [CrossRef]

19. Yu, X, Fan, D.; Huang, J.; Li, C.; Kang, Y. Arc-Assisted Laser Welding Brazing of Aluminum to Steel. Metals
2019, 9, 397. [CrossRef]

20. Yang, J.; Wang, L. Optimizing the Local Strength Mismatch of a Dissimilar Metal Welded Joint in a Nuclear
Power Plant. Metals 2018, 8, 494. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



metals ﬁw\n\py

Review

Friction Stir Welding of Dissimilar Aluminum Alloy
Combinations: State-of-the-Art

Vivek Patel -2, Wenya Li 1*, Guoqing Wang 3, Feifan Wang 3, Achilles Vairis 1** and
Pengliang Niu !

1 State Key Laboratory of Solidification Processing, Shaanxi Key Laboratory of Friction Welding Technologies,

School of Materials Science and Engineering, Northwestern Polytechnical University, Xi’an 710072, China;
profvvp@yahoo.com or vivek.patel@sot.pdpu.ac.in (V.P.); vairis@staff.teicrete.gr (A.V.);
penglniu@126.com (P.N.)

Department of Mechanical Engineering, School of Technology, Pandit Deendayal Petroleum University,
Gandhinagar 382007, India

China Academy of Launch Vehicle Technology, Beijing Institute of Astronautical Systems Engineering,
Beijing 100076, China; vivsforyou@gmail.com (G.W.); wangifw@hotmail.com (FW.)

Mechanical Engineering Department, TEI of Crete, Heraklion 71004, Greece

*  Correspondence: liwy@nwpu.edu.cn; Tel.: +86-29-8849-5226; Fax: +86-29-8849-2642

4

Received: 17 January 2019; Accepted: 11 February 2019; Published: 26 February 2019

Abstract: Friction stir welding (FSW) has enjoyed great success in joining aluminum alloys.
As lightweight structures are designed in higher numbers, it is only natural that FSW is being explored
to join dissimilar aluminum alloys. The use of different aluminum alloy combinations in applications
offers the combined benefit of cost and performance in the same component. This review focuses on
the application of FSW in dissimilar aluminum alloy combinations in order to disseminate research
this topic. The review details published works on FSWed dissimilar aluminum alloys. The detailed
summary of literature lists welding parameters for the different aluminum alloy combinations.
Furthermore, auxiliary welding parameters such as positioning of the alloy, tool rotation speed,
welding speed and tool geometry are discussed. Microstructural features together with joint
mechanical properties, like hardness and tensile strength measurements, are presented. At the
end, new directions for the joining of dissimilar aluminum alloy combinations should guide further
research to extend as well as to improve the process, which is expected to raise further interest on
the topic.

Keywords: aluminum; dissimilar; friction stir welding; FSW; hardness; microstructure; tensile

1. Introduction

Friction stir welding (FSW) is a solid state welding process which was invented at The Welding
Institute (TWI) in UK in 1991 [1]. FSW is regarded as an environmentally friendly and energy efficient
joining technique providing one of the best alternatives to fusion welding in order to produce a good
combination of microstructure and properties in the joints. FSW has already proved its superiority in
joining aluminum (Al) alloys as well as magnesium (Mg) alloys over fusion welding processes because
of its solid-state nature. FSW uses a non-consumable rotating tool which has a shoulder and a pin
(or more formally probe) at its end which plunges into the base material (BM) and advances in the
welding direction [2], as shown in Figure 1. During the process, the shoulder touches the top surface
of the BM and the pin moves yielded material around it. As a result of this action, heat is generated
by frictional and plastic deformation of the BM by advancing the rotating tool. The shoulder of the
tool has a forging action as it restricts the expulsion of plasticized material from the BM, while the pin
extrudes material and produces a material flow between the advancing side (AS) and the retreating

Metals 2019, 9, 270; d0i:10.3390/ met9030270 5 www.mdpi.com/journal/metals
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side (RS) of the joint. FSW has shown great potential in welding Al alloys for structural applications.
More recently, Ma et al. [3] published a critical review paper on recent developments in FSW of Al
alloys. Al alloys have remained the prime selection for structural material in aerospace, shipbuilding
and automotive industries for their excellent strength to weight ratio. In order to improve performance
while controlling the cost of Al alloys in these industries, there is an increasing demand to weld
dissimilar Al joints with FSW. Because of the different physical and chemical properties in dissimilar
Al alloy combinations, challenges such as solidification cracking, porosity, formation of intermetallic
and so forth, are present. Therefore, the FSW of dissimilar Al alloy combinations has gained attention
over the recent years, demonstrating the potential of the process to join these. The present review aims
to discuss and analyze the available literature on FSWed dissimilar Al alloy combinations so far.

Welded Region
Trailing Edge
Leading Edge

Shoulder
Probe

Welding
Direction

Figure 1. Schematic of friction stir welding, reproduced from [4], with permission from Elsevier, 2014.
2. General Progress in FSW of Dissimilar Al-Al Combinations

There are review papers available on FSW of same Al alloy joints, which discuss various aspects
of the process such as tool design, process parameters, heat generation, microstructure and mechanical
properties [4-11]. The number of research papers on FSW of dissimilar Al alloy joints published
to date is shown in Figure 2 (search on 15 December 2017 found 68 papers from Web of Science).
The vast majority of the publications has been in the past 5 years, reaching a peak on 2018. In addition,
Magalhaes et al. [12] studied research and the extent of industrial application of FSW of similar and
dissimilar material joints as shown in Figure 3. The similar material joints of Al alloys are being studied
to a far larger extent compared to other alloys and the same trend is observed in the dissimilar material
combinations. This trend observed literature clearly identifies the interest on the FSW of dissimilar Al
alloy joints, which is expected to increase over the coming years.
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Figure 2. Journal papers published on FSW of dissimilar Al alloy joints.
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Figure 3. Papers on FSW: (a) same material joints and (b) dissimilar materials joints, reproduced
from [12], with permission from Taylor & Francis, 2017.

All papers from the top 10 ranked journals published on FSW, classified as Q1 by Scimago Journal
& Country Rank.

Summary of Published Works

In order to identify the key findings on various aspects a summary of existing literature follows
(Table 1). For the FSW of dissimilar Al alloy combinations there are the preliminary welding parameters
such as the BM placement, the tool rotational speed and welding speed. The placement of the BM
affects material flow, while rotational and welding speeds control heat input on both sides of the joint
during welding. All of these parameters have been investigated for the different material combinations
(see Table 1). In addition, the effects of welding parameters on the mechanical properties that is,
the hardness and the joint strength have been investigated. As it can be seen a number of studies have
been performed on the effect of the placement of BM (i.e., whether a particular material is placed on the
AS or the RS side) on the material flow and the resulting microstructure in the SZ and the mechanical
properties of the weld. Other papers have focused on the effect of tool geometry that is, shoulder
diameter to pin diameter ratio and pin profile (cylindrical, conical, polygonal) on the microstructure
and mechanical properties of the weld.
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3. Welding Parameters

3.1. Positioning of Alloy

The placement of the alloy affects material flow as it strongly influences material stirring and
mixing. This can be crucial in the final joint microstructure when the BM combination selected have
significant differences in mechanical properties [69,70]. As the material flow during FSW is quite
complex on its own, the placement of materials becomes an important parameter in welding, similar
to the importance of the rotation and the welding speeds (see Table 1). For example Yan et al. [38]
showed this for the Al-Zn-Mg and the Al-Mg-Si combination. There is an interesting material flow
resistance behavior at the RS due to the difference in mechanical properties. When the Al-Zn-Mg
alloy is placed at the AS, there was limited movement of the Al-Mg-Si alloy material to the AS side
because of its stronger ability to flow as shown in Figure 4a. When the Al-Mg-Si was placed at the
RS, there was no RS material (Al-Zn-Mg) flow to AS due to the strong resistance to flow by this high
strength material as shown in Figure 4b. As it can be seen from Figure 4, the zig-zag line bonding
interface formed due to excellent material mixing. The bonding interface may have vortex type in case
of poor combination of rotational speed and welding speed and it becomes more prominent for BMs
with significant difference in the properties. Niu et al. [71] investigated an AA2024-AA7075 joint and
found that the top section of the SZ was composed of the BM of RS, whereas the middle and bottom
sections by the BM of AS as shown in Figure 5. Kim et al. [65] also showed that by placing the high
strength Al alloy on the AS generates excessive agglomerations and defects due to limited material
flow. In essence, the high strength Al should be placed at the RS to minimize the effect of the resistance
to material flow.

Figure 4. Cross sectional photos of the joints: (a) AS: Al-Zn-Mg and (b) AS: Al-Mg-Si, reproduced
from [38], with permission from Elsevier, 2016.

In the case of the lap joint, the BM placement affects the material flow and leads to the generation
of the ubiquitous hook defect. Now the material movement is in an upward direction that is, from the
bottom sheet to the top sheet, creating hook defects of various sizes. As expected, in addition to the
rotation and welding speed, the placement of the BM affects the hook size as well [53,72-74]. As it
can be seen from Figure 6, the hook height is larger at the RS when the AA2024 is placed at the top,
while it decreases when the AA7075 is placed as a top plate.
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Figure 5. Cross-sectional SEM macrostructure of the AA2024-AA77075 joints: (a) AS: AA2024 and (b)
AS: AA7075, reproduced from [71], with permission from Elsevier, 2019.

welding speed | RS 2024/7075 AS

RS 7075/2024  AS
E B - — B = =

50
mm/min

150
mm/min

225
mm/min

300
mm/min

Figure 6. Cross sections of lap joints produced at various welding speeds: AA2024 as top plate
(a) 50, (b) 150, (c) 225, (d) 300 mm/min; AA7075 as top plate (e) 50, (f) 150, (g) 225, (h) 300 mm /min,
reproduced from [53], with permission from Elsevier, 2014.

3.2. Tool Rotation and Welding Speeds

Tool rotation and welding speeds control heat generation or heat input as they relate to the
material plastic flow during FSW. The tool rotation speed affects the intensity of plastic deformation
and through this affects material mixing. Kalemba-Rec et al. [16] showed a proportional relationship
between material mixing and tool rotation speed for a dissimilar AA7075-AA5083 joint. However,
very large rotation speeds lead to numerous imperfections such as poor surface (flash), voids, porosity,
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tunneling or formation of wormholes because of the excessive heat input [75-77], as shown in Figure 7.
Low welding speeds increase heat input and are associated with defects like tunneling [55,58,75,78,79].
It is therefore necessary to select the appropriate combination of tool rotation and welding speed for a
defect free joint with a good metallurgical bond and mechanical properties. As it can be seen in Table 1,
quite a lot of papers have focused on the optimization of these parameters for different combinations
of Al alloys [23,29,32,33,35,36,41,42,50,54,55,58,64,80].

Weld cross-section Weld surface Weld cross-section Weld surface

Figure 7. Cross sectional and top surface photos of an (a) AS 7075-RS 5083 weld and (b) an AS
5083-RS 7075 weld (AS—advancing side, RS—retreating side), whereas marked areas indicate further
microstructural analysis; Triflute pin employed [16], with permission from the authors.

3.3. Tool Geometry

The geometry of the shoulder and the pin profile govern heat generation and material flow during
welding [81]. The shoulder contributes to a large extent to heat input due to its size. The common
shoulder profiles employed are the flat, the concave and the convex. Additional features on the pin
such as a spiral or a groove improve frictional behavior as well as material flow. Palanivel et al. [18]
reported on the effect of shoulder profiles on the AA5083-AA6351 combination by using three different
shoulder features, the partial impeller (PI), the full impeller (FI) and the flat grove (FS) as shown
in Figure 8. The full impeller shoulder tool produced the optimum mechanical strength due to the
enhanced material flow it produced. The pin profile greatly affects material stirring and mixing.
Cylindrical or conical pin profiles which may have features like threads or threads with flats have
been used for dissimilar Al alloy combinations as shown in Figure 8. When used without threads
a smaller surface is provided to the material, while the threaded and flat features on it increase the
contact area while threads guide material flow around the pin in a rotational as well as a translation
direction [14,16,47,82]. The polygonal pin profiles produce pulses in the flow during material stirring
and mixing, leading to material adhering to the pin [83-86]. This pulsating effect hinders material
flow significantly in the case of dissimilar Al alloy combinations. It is therefore recommended to use
a cylindrical or a conical pin profile with various features in the dissimilar Al alloy joints for good
material flow to produce sound joints.
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Tool probe

(b) (©

(@) ©

Figure 8. Tools of different geometries used in different Al alloy combinations. (a) AA2024-AA7075,
reproduced from [14], with permission from Springer, 2018; (b) AA5083-AA7075, reproduced from [16],
with permission from Springer, 2018; (c) AA5083-AA6351, reproduced from [18], with permission from
SAGE, 2018; (d) AA5083-AA6082 [34], with permission from the authors; (e) AA5083-AA6351 [57],
with permission from Springer, 2013.

4. Microstructure Evolution

The typical microstructure of a FSW joint consists of three distinct zones that is, HAZ, TMAZ
and SZ [87,88]. These zones form depending on the thermal and mechanical deformation that
the tool induces during welding. The SZ undergoes extensive grain refinement, producing fine
grain microstructures, while the TMAZ has an elongated grain structure [89,90]. The microstructure
evolution depends on the welding parameters (as discussed in the previous section), as the material
movement or flow plays a more important role in the case of dissimilar material combinations
compared to same material joints. The appropriate selection of all process parameters results
in excellent material mixing on the both sides (AS and RS) of the joint and produces a sound
weld. Recently, a comprehensive EBSD investigation for the AA5083-AA2024 joint was reported by
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Niu et al. [91], as shown in Figure 9. As it can be seen from the EBSD orientation maps (Figure 9a—d),
tilted and elongated grains in the TMAZ and fine grains d in the SZ developed due to dynamic
recrystallization. Grain boundary orientations also varied in all three zones as shown in Figure 9(e-h).
A higher fraction of large (>10°) angular grain boundaries was present in the SZ, while more of low
(2-10°) angular grain boundaries were present in HAZ. Also, a more intense texture in the SZ was
formed compared to other zones.

5083 TMAZ {100} 5083 SZ.

1 1

3 g 4 =
Grain boundary legend WD
1~2° TD

2
ﬁg
10

—_— 2,._400

— 10 ©

001 101 ND

Figure 9. EBSD orientation maps and grain boundaries of the dissimilar AA5083-AA2024 aluminum
alloy joint on the AA5083 side: (a,e) BM, (b,f) HAZ, (c,g) TMAZSZ interface and (d,h) SZ, reproduced
from [91], with permission from Elsevier, 2019.

5. Mechanical Properties

5.1. Hardness

The hardness of the FSW joint is related to the joint strength and its deformation behavior,
especially in the case of dissimilar material combinations. The hardness distributions of various
different Al alloy combinations are shown in Figure 10. The common highly asymmetrical hardness
distribution along the cross-section of dissimilar material joints is due to the different microstructural
zones (SZ, TMAZ, HAZ) which develop due to the thermo-mechanical history during welding.
Since the maximum temperature is reached at the SZ, precipitates or strengthening particles dissolve
partially or completely decreasing hardness in SZ. Whereas the lowest hardness values are found in
the HAZ due to the coarsening of precipitates or over aging. Therefore, the HAZ always remains the
most common zone or site where failure occurs during tensile deformation. It is also worth noting
that SZ has higher hardness values compared to the BM (which may be of low strength) because
of the combined effect of grain refinement and the effect of both of the BMs in the SZ. However,
it is not always true due to different initial conditions of heat-treatable alloy combinations. Recently,
Niu et al. [13] reported an interesting hardness behavior of joints prior to and following fracture,
by quantifying hardening with the ratio of HV¢/HV,,, where HV; and HV,, are the microhardness
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of the fractured and the as-welded joints, respectively. This ratio was over one in the SZ, TMAZ and
HAZ, which confirmed the strain hardened behavior of the joints as shown in Figure 11. In summary,
hardness distribution in the dissimilar material joints is closely associated with mechanical behavior
such as strain hardening and the fracture origin.
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Figure 10. Hardness distribution along the cross section of the dissimilar Al combination joints.
(a) AA6061-AA1050 [42]; with permission from the authors. (b) AA2024-AA6061, reproduced from [22],
with permission from Elsevier, 2108; (c) AA2024-AA5083 reproduced from [91], with permission
from Elsevier, 2019; (d) AA2219-AA5083 reproduced from [60], with permission from Elsevier, 2012;
(e) AA6061-AA7075 reproduced from [46], with permission from Elsevier, 2015; (f) AA6061-AA7075
T6], reproduced from [51], with permission from Springer, 2014.
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Figure 11. Cross-sectional macrostructures and hardness distributions of the FSWed dissimilar joints:
(a) 25-joint before fracture, (b) 25-joint after fracture, (c) 72-joint before fracture, (d) 72-joint after
fracture; hardening level across the FSWed joints: (e) 25-joint and (f) 72-joint, reproduced from [13],
with permission from Elsevier, 2018. Note: 25-joint means AA2024-AA5083 and 72-joint means
AA7075-AA2024 joint.

5.2. Tensile Strength

The number of published papers investigating welding the 5xxx-6xxx series alloys to identify the
effect of process parameters (especially the tool rotation speed and welding speed) on the joint strength
is shown in detail in Table 1. The joint strength increases with the rotation speed due to the enhanced
material mixing effect [18,54,57,62]. The tool rotation speed intensifies plastic deformation and welding
speed controls the thermal cycle, residual stresses and rate of production. So, it is essential to select
the appropriate combination of these speeds for weld quality or joint strength. Bijanrostami et al. [33]
investigated the AA6061-AA7075 joint to identify that maximum joint strength is achieved with a
combination of moderate rotation and low welding speed. When high heat input conditions are used
(i.e., high rotation and low welding speeds) large grains and lower dislocation densities develop in
the SZ. On other side when low heat input condition are selected (i.e., low rotation and high welding
speeds) defects are generated. So, grain size strengthening and low dislocation densities are necessary
for joint strength. However, the maximum joint strength of an A356-AA6061 joint was achieved with
low rotation and welding speed by Ghosh et al. [58,64]. Evidence of fine grain size, fine distribution
of Si particles and reduced residual stresses in the SZ were found for low rotation and welding
speeds. Together with rotation and welding speeds, the effect of tool geometry like the pin profile
or features [14,18,47,48,62], pin shapes [34,57] and shoulder diameter to pin diameter ratio [37,60] on
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joint strength have been investigated. The pin profile or feature controls material flow and in effect
material mixing at the joint interface, the pin shape affects SZ size as well as material movement and
the shoulder to pin diameter ratio controls frictional heat generation between the tool and the BM.
The conical threaded pin was identified as the best possible configuration for the AA 6061-AA5086
joint due to the production of a uniformly distributed precipitates and the distinct generation of
the onion rings as material was mixed appropriately in the SZ, as reported by Ilangovan et al. [47].
In summary, the tensile strength of the dissimilar FSWed Al joints relies on the microstructure evolution
during FSW, which in turn depends on the heat input as governed by the welding parameters (as
discussed in Section 4).

6. Summary and Outlook

With regards to the research published and the appropriate future work to be performed in the
FSW of dissimilar Al alloy combinations, the following comments can be proposed:

6.1. Al Alloy Combinations

Almost all of the investigations conducted concerned BM in the as-rolled condition that is,
2XXX-5XXX, 2XXX-6XXX, 2XXX-7XXX, 5XXX-6xxX, 5xxx-7xxX Al series. It would be interesting to explore
dissimilar Al alloy combinations in as-cast conditions and as a combination between as-cast and
as-rolled conditions, depending on the application.

6.2. Base Metal Placement

Limited number of papers on the effect of placement is available and still remains inconclusive.
Base material placement becomes an issue in the cases where there are significant differences in
mechanical properties of the BMs as in the 6xxx-7xxx and the 5xxx-7xxx combinations.

6.3. Tool Offset

There is a very limited number of welding parameters optimization studies to study tool offset.
It needs further comprehensive evaluation using microstructure characterization to understand the
material flow in the SZ.

6.4. Bobbing Tool and Stationary shoulder Tool

The bobbin tool [92] and the stationary shoulder tool are considered as a strategic variant of FSW,
which have distinct benefits over the conventional FSW tool. Stationary shoulder tool offers low heat
input during welding and processing [93-95] and would benefit Al alloy dissimilar joints [96].

6.5. Corrosion and Fatigue Behavior

Finally, corrosion and fatigue behavior studies of various combinations of dissimilar Al alloy
joints would be beneficial to expand its industrial use.
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Abstract: In this experimental research, copper to steel tubular joints were produced by electromagnetic
pulse welding. In a first phase, non-supported target tubes were used in order to investigate the
influence of the workpiece geometry on the weld formation and joint characteristics. For this
purpose, different joint configurations were used, more specific the tube-to-rod and the tube-to-tube
configurations, with target workpieces with different diameters and wall thicknesses. Also, some
preliminary investigations were performed to examine a support method for the target tubes. In a
second phase, suitable support systems for the target tubes were identified. The resulting welds were
evaluated in terms of their leak tightness, weld length and deformation of the target tube. It can be
concluded that polyurethane (PU), polymethylmethacrylaat (PMMA), polyamide (PA6.6) and steel
rods can be considered as valuable internal supports leading to high-quality welds and a sufficient
cross-sectional area after welding. Welds with a steel bar support exhibit the highest cross-sectional
area after welding, but at the same time the obtained weld quality is lower compared to welds with
a PA6.6 or PMMA support. In contrast, welds with a PA6.6 or PU support show the highest weld
quality, but also have a lower cross-sectional area after welding compared to steel internal supports.

Keywords: electromagnetic pulse welding; tubular joints; internal supports

1. Introduction

Electromagnetic pulse welding is an innovative solid-state welding technology that belongs to
the group of pressure welding processes; it uses electromagnetic forces for deformation and joining
of materials. The process can be used to join tubular [1] and sheet metals [2], placed in the overlap
configuration. If the workpieces are impacted with high velocity and under a certain angle, a jet is
created along the materials’ surfaces. This jet removes surface contaminants, such as oxide films, which
eliminates the need for pre-process cleaning. In general, no pre-weld cleaning is required.

A wavy or a flat bond interface is formed like in explosion welding. An intermetallic layer
can be created as a result of mechanical mixing, intensive plastic deformation and local heating.
The temperature increase occurs due to Joule effects and the collision itself. Since the process takes
place in a very short lapse of time, heating is not sufficient to generate a temperature increase in a wide
area, so there is no significant heat affected zone.

Compared to thermal welding processes, electromagnetic pulse welding offers important
advantages since pressure instead of heat is employed to realize the metallic bond. Electromagnetic
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pulse welding is possible for similar and dissimilar material combinations, including those which are
difficult or impossible to join using conventional processes [3-5].

Dissimilar copper (hereafter Cu) to steel (hereafter St) tubular joints are of particular interest
for cooling applications in the machine and equipment construction industry. A specific example is
a Cu-St tubular joint as part of a refrigeration circuit of a compressed air-dryer, which is currently
produced by brazing [6].

Only very few articles discuss electromagnetic pulse welding of copper to steel [7-10]. These
publications do not go into much detail however. A more comprehensive description of joining of
copper to steel was provided in [11-13].

In Ref. [11], copper flyer tubes (Cu-DHP R290; O.D.: 25 mm) were used in combination with
S235]R steel target rods, using different outer diameters to investigate the influence of the standoff
distance. It was proven that high-quality welds could be created. The best results were obtained with
an overlap distance of 12 mm, a low standoff distance of 1 or 1.5 mm and a high energy level. The field
shaper cut resulted in a local decrease of the weld length. The interface was wavy and the wavelength
and amplitude increased with increasing energy and standoff distance, as also described in literature
about explosion welding.

In Ref. [12], the interface morphology of electromagnetic pulse welding between copper and carbon
steel was explored. The interface morphology, diffusion of elements and the hardness distribution
were investigated. Wavy and straight bonding areas were found, with weld lengths up to 5 mm. In the
wavy bonding area, the wavelength and amplitude are approximately 60 and 20 pm, respectively. The
width of mutual diffusion region of Cu and Fe elements was 2 pum in straight weld interfaces and
increased up to 6 pum in wavy weld interfaces. The highest hardness appeared in the steel material,
near the interface, while the interfacial hardness was in between the values of the 2 base materials.

In Ref. [13], joining of two tubes of pure copper and low carbon steel by electromagnetic pulse
welding was described. Satisfactory welds were obtained with an optimal set of parameters. The welded
interface revealed a wavy morphology with pockets of intermixed metal vortices. High resolution
electron microscopy and microanalysis showed the formation of nano-grains along the interface
and evidence of short distance interatomic diffusion across the weld joint respectively. The strain
hardening effect due to high energy impact led to significantly higher microhardness on the steel side
of the interface.

Joining of tubular parts frequently requires a support of the inner tube in order to avoid undesired
deformation or fracture of the joint. Specifically, tubes with a small wall thickness need to be supported,
because they can hardly resist radial forces [14]. Joining of tubular parts, for which the inner tube is
not supported, has been investigated mainly for aluminum as flyer tube and steel as target (or inner)
tube. Applications for aluminum to steel tubular joints are, amongst others, found in the fabrication of
tubular space frame structures for automotive vehicles and pipe fittings [15].

In order to avoid deformation of the target tube, several studies have been performed regarding
the critical wall thickness of the target tube and the flyer tube [14,16,17]. This critical thickness was
defined as the thickness of the tube at which no plastic deformation of the target tube occurred.
In addition, it was also shown that the feasibility of joining tubular products was determined by the
discharge frequency [14] and the critical discharge voltage (which defines the impact velocity of the
flyer tube) [15].

In this experimental research, copper to steel tubular joints were produced by electromagnetic pulse
welding. In a first phase, non-supported target tubes were used, in order to investigate the influence of
the workpiece geometry on the weld formation and joint characteristics. For this purpose, different joint
configurations were used, more specifically the tube-to-rod and the tube-to-tube configurations, with
target workpieces with different diameters and wall thicknesses. Also, some preliminary investigations
were performed in order to examine a support method for the target tubes.

In a second phase, suitable support systems for the target tubes were investigated. The resulting
welds were evaluated in terms of their leak tightness, weld length and deformation of the steel tube.
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2. Materials and Methods

2.1. Working Principle of Electromagnetic Pulse Welding

In the electromagnetic welding process, a power supply is used to charge a capacitor bank. When
the required amount of energy is stored in the capacitors, it is instantaneously released into a coil,
during a very short period of time. The discharge current induces a strong transient magnetic field in
the coil, which generates a magnetic pressure, that accelerates a conductive workpiece, named the
flyer workpiece, up to a sufficiently high velocity. The flyer workpiece collides with a fixed workpiece
(termed target workpiece) and if the conditions of the collision velocity and impact angle are favorable
(collision velocity and impact angle), a weld will be created between the two parts. For a sufficiently
high velocity and a non-parallel collision, jetting will occur. This phenomenon cleans the surfaces of
both materials and removes oxides and other contaminants. After collision, the acting Lorentz force
combined with the inertia effect press the atomically clean surfaces of the flyer and target together to
form the weld. Bonding between the two materials occurs when the distance between their atoms
becomes smaller than the range of their mutual attractive forces [18-21].

The charging of the capacitors typically takes around 5-20 s depending on the installation and
required energy level, whereas the actual pulse discharge, acceleration and collision of the flyer only
last around 10-20 ps. A schematic illustration of the electromagnetic pulse welding system is shown in

Figure 1.

High Current Quter Workpiece
witcl

Charger M
= ©
=
3
e Magnetic ®
g Field
2 Bank of .
Q Capacitors s

Inner Workpiece
Figure 1. Schematic illustration of the electromagnetic pulse welding process.

2.2. Set-Up of the Electromagnetic Pulse Welding System

Electromagnetic pulse welding of Cu to St tubular joints was performed using a Pulsar model
50/25 system (Bmax, Toulouse, France) with a maximum charging energy of 50 k] (corresponding with
a maximum capacitor charging voltage of 25 kV). The total capacitance of the capacitor banks equals
160 uF. The weldability of copper to steel tubes was investigated using two different coil systems,
namely a single turn coil combined with a field shaper and a transformer (ratio 3:1), and a multi-turn
coil with 5 turns combined with a field shaper (see Figure 2). The field shaper is a practical tool, which
is mainly used for forming and joining of tubular workpieces and serves to concentrate the magnetic
flux and to focus the magnetic pressure over the desired area of the workpiece. A radial cut is machined
in the field shaper, to lead the induced current to the internal surface of the field shaper. At the location
of the field shaper cut, a lower magnetic pressure is acting on the tube, compared to other locations.
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Figure 2. Multi-turn coil used in the experiments.
2.3. Materials and Dimensions

Copper (Cu DHP R220) tubes are welded onto cold-worked carbon steel rods (11SMnPb30 + C) and
tubes. The copper tubes have an outer diameter and wall thickness equal to resp. 22.22 and 0.89 mm.

The configuration of the joints is illustrated in Figure 3. The internal parts are machined as
shown in this figure, using a shoulder to align the flyer and target tube. The variable welding
parameters are the stand-off distance, the overlap length and the free length. The overlap length is a
material-dependent parameter that influences the impact angle. The outer diameter of the steel target
tube is varied to achieve stand-off distances of 1.0, 1.5 and 2.0 mm. Based on previous experimental
research, the length of the tool overlap between the flyer tube and field shaper is fixed at 8 mm and the
free length at 15 mm.

15
—————
! overlap length
stand-off distance § i

2222

Target

Fl
@ —&89

discharge energy

Figure 3. Joint configuration for tube-to-tube joints.

Different joint configurations have been used in the experiments, namely tube-to-rod, tube-to-tube
without internal support and tube-to-tube with internal support. An example of a tube-to-tube weld
using an internal support is shown in Figure 4.
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Figure 4. Example of a tubular connection realised with electromagnetic pulse welding (copper tube
outer diameter: 22.22 mm).

2.4. Weld Characterisation Methods

The weld quality was assessed based on a leak test using air and metallographic examination.
In order to evaluate the effectiveness of the internal supports, the diameter of the internal part was
measured prior and after the joining experiments.

No mechanical properties were measured, such as the tensile strength. It is very difficult to
manufacture (standardized) tensile test specimens from the welded tubes, due to the specific shape
of the welded samples, and their small size. Bend testing is also not possible, again because of the
above-mentioned reasons. Moreover, for the given application, leak tightness and a defect-free weld
are the most critical aspects to investigate.

2.4.1. Leak Test with Air

All welds were leak tested using air. The welded specimens were sealed at both ends, submerged
into water and pressurized with an air compressor up to 9 bars. Leakage is visually detected by
escaping bubbles near the weld interface, which indicate that either some severe imperfections are
present, or there is no weld formation at all.

2.4.2. Metallographic Examination

Metallographic examination is performed to determine the actual cause of defective or leaking
welds or to assess the quality of leak-tight welds. Hereto, the welded specimens are cross-sectioned in
the longitudinal direction at the location of the field shaper cut, as the magnetic pressure is lower at
this location. In this way, the weld interface at the field shaper cut as well as at 180° relative to the field
shaper cut are investigated. The weld cross-sections are subjected to metallographic preparations, after
which the interfacial morphology, the weld length and the reduction of the diameter of the internal
part are examined and related to the welding parameters.

For welded tubular specimens, the weld length measured at the field shaper cut and 180° relative
to the field shaper cut can be summarized into an arbitrarily defined parameter, called the Weld Quality
Indicator (WQI). This parameter was developed by the authors and takes into account both weld lengths
and the presence of a non-welded interface, observed during the metallographic examination [22].

The WQI is defined as
Ly + Ly -0,5|L — Ly
A+1

WQI =
where:

L;: the measured weld length near the field shaper cut,
Ly: the weld length at 180° relative to the field shaper cut,
A: a parameter that is equal to:

(]

(]

[ ]

O 0: if both locations contain a welded interface,

O 1:if only one location contains a welded interface (other location is for example cracked),
O

2: if at both locations no weld formation is observed.

The WQI is a measure for the weld length and the continuity of the welded interface along the
circumference of the welded tubes. The color scale bar for the WQI in Figure 5 indicates a threshold
value of 10, above which a weld is considered to exhibit a sufficiently high quality.
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Figure 5. WQI colour scale bar to classify the weld quality, with a threshold value of 10.

2.4.3. Reduction of the Internal Diameter of the Target Tube

Due to the impact of the flyer tube, also the internal part (the target tube) deforms. Figure 6

illustrates the reduction of the inner diameter of the target tube after welding (d,fe;) and the original

nd?
inner diameter of the target tube (dorig). The cross-sectional area after impact is defined as: #.

5000 ym

Figure 6. Measurement of the reduction of the inner diameter (daster) and original inner diameter (doyig)
of the target tube.

4

2.5. Internal Supports for the Target Tubes

In order to minimize the radial deformation of the target tube during electromagnetic pulse
welding, an internal support is required which is inserted into the target tube. Several types of
internal supports have been documented in literature, but the majority were expensive, difficult to
remove, or could not resist the severe impact energy [23-26]. If the internal support cannot be removed
after the welding process, this can be considered as a process limitation when joining tubular parts
for conducting liquids or gases. Therefore, in this experimental research, different other types of
internal supports were explored which are preferably inexpensive, allow for easy removal and are
possibly re-usable.

Two categories of internal supports have been considered. The first category concerns re-usable
internal supports that are able to withstand the impact several times without failure. These internal
supports should be extracted after welding by a manual or mechanical operation (e.g., a hydraulic or
pneumatic press). The second category are internal supports that are not re-usable, but can be removed
without direct access to the support. In this way, the support can also be used for long bended tubular
connections within for example a refrigeration circuit.
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Possible materials were selected and compared, based on the relevant requirements of the internal
support. For the first category, i.e. the re-usable internal supports, a material that has a high fracture
toughness and that does not break in a brittle manner is envisioned. Hence, polyurethane (PU)
and polyamide (PA6.6) is considered, since both exhibit a high fracture toughness. A steel bar was
considered as well.

For the second category, i.e., the non-re-usable internal supports, a first option is that the material
can be melted or dissolved in a fluid and hence a low melting point and a high solubility are important.
This leads to the selection of ice, which can be melted after welding, and plaster, which could offer
the possibility to dissolve into a fluid. The ice was made using normal water. The ice was kept at a
temperature of —18 °C prior to the welding experiment and used immediately in order to prevent
melting. The plaster had a hardness of 46 N/mm, a porosity level of 46% and a plaster/water mixing
ratio of 1.61 kg per liter of water.

Another property relevant for the non-reusable support is the brittleness, so that the material
can withstand the first moment of impact, but easily fractures afterwards. In this way, the remains of
the material can be removed by pressurized air. Hence, a material with a low fracture toughness is
preferred, which leads to the selection of polymethylmethacrylate (PMMA), which is a very brittle
composite. For this material, different configurations (rods, series of disks, and tube) were examined.
The selected materials for the internal support are summarized in Table 1 and the corresponding
configurations are illustrated in Figures 7-10.

Table 1. Materials and dimensions of the internal supports.

Material Support  Support  Izod Impact Inner Outer

Category Requirement  Material Type Strength Diameter  Diameter Length Figure
Tube + 14/15/ 30 mm .
ru M8 bolt 69.9]/m 8 mm 1545mm 50 mm Figure 7
Re-usable  High fracture not 15.4/
support toughness PA6.6 Rod 160 J/m applicable  16.4 mm 35 mm )
not 151 mm
Steel Rod NA applicable  16.4mm 30 mm -
Low melting not .
. Ice Rod NA ) - 50 mm Figure 8
point applicable
High not .
solubility Plaster Rod NA applicable - 100 mm Figure 9
Non 35 mm
re-usable not 15.4/ 20 mm
Rod .
support 16 J/m applicable  16.4 mm 15 mm Figure 10
10
Low fracture PMMA mm
toughness not
Disks ) 154mm 4 x5mm?
applicable
Tube 7mm 154 mm 35 mm
9 mm 35 mm

Figure 7. Joint configuration with an internal support of PU and M8 bolts (a) length of 30 mm; (b) length

of 50 mm.
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Figure 8. Joint configurations with an internal support of ice.

—

Figure 9. Joint configurations with an internal support of plaster.

=
=

Figure 10. Joint configurations with an internal support of PMMA: (a) Rod; (b) 4 disks with a length of
5 mm each (gaps between the disks are exaggerated for illustrative purposes); (c) tube.

3. Results

3.1. Overview of Experimental Work

During the experimental investigations, different aspects have been examined for manufacturing
of tubular Cu-St joints, which were conducted into 2 phases:

e  First phase: Influence of the process parameters and the workpiece geometry on the weld
formation and joint characteristics. For this purpose, experiments were performed using target
rods as a reference and target tubes with wall thicknesses of 1, 2 and 3 mm, without internal
support. The purpose was to investigate the effect of the target tube wall thickness on the joint
characteristics and the deformation of the target tube during welding. Also, tube-to-tube joints
with a target tube with a wall thickness of 1 mm were manufactured using an internal PU-support
for comparison.

e Second phase: Investigation of suitable support systems for the target tube with a wall thickness
of 1 mm

3.2. Influence of the Process Parameters and the Workpiece Geometry on the Joint Characteristics

For all joint configurations, the internal workpieces were machined in the welding zone to a
specific diameter, in order to obtain the desired value for the stand-off distance between the flyer tube
and the target workpiece (1.0-1.5 & 2.0 mm). Besides this parameter, also the discharge energy was
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varied between 18 and 22 k]. The free length, defined as the overlap distance of the flyer tube and the
internal workpiece, was fixed at 15 mm. These parameter values are based on previous experimental
work in the frame of the Join’EM project [27]. Also, the overlap between the flyer tube and the field
shaper was fixed at 8 mm. The experiments were performed with the single turn coil with field shaper.

The WQI and the reduction of the internal diameter of the target tube were compared for the
tube-to-rod configuration and the tube-to-tube configurations with the 3 different wall thicknesses
of 1, 2 and 3 mm. In this way, the effect of the wall thickness of the target tube on the WQI and the
reduction of the inner diameter of the target tube could be identified.

All of the optimized and semi-optimized welds were leak tight using the air leak test described in
Section 2.4.1. Only the welds showing an excessive deformation of the internal part showed small
leaks. The investigation described in Section 3.3 was performed using leak-tight welds.

3.2.1. Range of Weld Lengths and Reduction of the Inner Diameter of Leak Tight Welds

Table 2 summarizes the range of the measured weld lengths and the reduction of the internal
diameter of the target tube of all leak tight welds created during the experimental investigation. Figure 11
shows a comparison of the metallographic specimens of the different configurations investigated.

Table 2. Range of measured weld lengths and reduction of the internal diameter of the target tube of
leak tight welds.

Wall Thickness of the Target Tube

Measurement
1mm +
Support

Range of weld lengths (mm) 2.3-6.7 1.5-5.6 1.4-4.9 1.1-2.9 3.6-4.0
Range of the reduction of the inner
diameter of the target tube (mm) ) 0.9-1.3 24-3.0 5777 20-24

- (Rod) 3mm 2 mm 1mm

R IAYNY

Figure 11. Metallographic specimens of typical welds: (left to right) Tube-to-rod, tube-to-tube with a
target tube with a wall thickness of 3, 2 and 1 mm.

3.2.2. Influence of the Welding Parameters and the Wall Thickness of the Target Tube on the WQI

The effect of the stand-off distance on the weld quality represented by the value of the WQI of the
tube-to-rod specimens and the tube-to-tube specimens with the 3 different wall thicknesses of the steel
target tube is illustrated in Figure 12, whereas the effect of the discharge energy for a fixed stand-off
distance of 2 mm is shown in Figure 13. Similar graphs have been composed for other values of the
discharge energy or the stand-off distance.
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®--Tube-to-tube with a target wall
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Figure 12. WQI as a function of the stand-off distance. Fixed discharge energy = 20 kJ.
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Figure 13. WQI as a function of the discharge energy. Fixed stand-off distance = 2 mm.

In particular, the stand-off distance significantly affects the WQI: a stand-off distance of 2 mm
usually results in the largest WQI, as observed in the metallographic examinations. This indicates that
2 mm is a sufficient distance over which the flyer tube can accelerate and reach the required impact
velocity for weld formation. In contrast, the shorter weld lengths measured for welds produced with
a stand-off distance of 1 and 1.5 mm might indicate that these distances are too small for the flyer
tube to reach a sufficient velocity. A stand-off distance of 1 mm usually resulted in a discontinuous
weld interface.

In general, no clear correlation between the WQI and the discharge energy is identified (see
Figure 13). At a medium discharge energy of 19 k], the WQI either reaches a minimum or maximum
for the different stand-off distances.

The highest WQI values are obtained for tube-to-rod specimens, for tube-to-tube specimens with
a large wall thickness of the target tube or for tube-to-tube specimens with supported target tubes,
as observed in the metallographic examination of the weld interface. The use of an internal support
also results in an increase of the WQI with a factor up to 4, compared to unsupported tube-to-tube
specimens (compare the red and the green curve in Figure 12).
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A smaller wall thickness of the target tube leads to a deterioration of the leak tightness of the
welds. Moreover, a shift from a continuous to a discontinuous weld interface with a smaller weld
length was observed. The center of the welded region appeared to be the weakest part of the weld and
when failure occurred, it usually initiated from this location.

Based on these results, it is concluded that a stand-off distance between 1.5 and 2 mm combined
with a discharge energy between 18 and 20 kJ leads to high-quality welds. The optimum overlap
length equals 8 mm and the free length equals 15 mm.

A general overview of an optimized weld for the tube-to-rod configuration weld is shown in
Figure 14. At the weld start (left in Figure 14), an unwelded zone is observed, because at this location,
the welding parameters likely are outside of the window of suitable process parameters to obtain a
metallic bond. Further to the right, the weld interface is flat or slightly wavy, without any visible
intermetallic layers (see Figure 15). Towards the middle region of the welded interface, the waviness
and the amount and thickness of intermetallic phases increase (see Figures 16 and 17). Towards the
weld end, again an unwelded interface is observed, because of the same reasons at the weld start.

A small area in the middle of the weld interface (Figure 18) was selected for elemental mapping,
line scanning and semi-quantitative chemical composition determination using Scanning Electron
Microscopy (SEM; JEOL JSM-7600F Analytical Ultrahigh Resolution TFEG-SEM scanning electron
microscope, Tokyo, Japan) coupled with Energy Dispersive X-Ray Spectroscopy (EDX).

Figure 14. Cross section of an optimised tube-to-rod weld.

Figure 15. Weld interface at the weld start.
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Figure 16. Weld interface at the middle of the weld.

Figure 17. Detail of Figure 16.

Figure 18. Optical micrograph of the middle of the weld interface.



Metals 2019, 9, 514

As illustrated in Figures 18 and 19, an interfacial layer is present in the middle of the weld interface.
Elemental mapping of this particular zone illustrates that the intermixed region is randomly dispersed
within the steel material and is mainly composed of Cu (see Figures 20 and 21). Moreover, the alloying
elements Mn and S are clearly detected in the steel material (see Figures 22 and 23). A line scan of
the area shown in Figure 18 confirms that vigorous intermixing has taken place at the weld interface
(see Figure 24). The semi-quantitative chemical composition detected by EDX shows that Cu is the
dominant element in the interfacial layer (59.7 wt%), compared to Fe (39.8 wt%), as illustrated in the
EDX spectrum in Figure 25 and Table 3. In the proximity of the weld interface, Cu (99.1 wt%) and Fe
(98.4 wt%) are the main elements at either side of the interface.

Table 3. Semi-quantitative chemical composition by SEM-EDX, performed in the middle of the weld
interface in Figure 18.

Position  Cu (Wt% + ) Fe(wt% + o) M (:;”’ *
1 991401 09+0.1 R
2 597 + 0.2 39.8 0.2 05401
3 0.6+0.1 984+ 0.1 09+0.1

Figure 19. SEM micrograph of the zone shown in Figure 18, micrograph with indication of the line
scan and points for semi-quantitative chemical composition.
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Figure 20. Element mapping of Fe in the zone shown in Figure 18.
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Figure 21. Element mapping of Cu in the zone shown in Figure 18.
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Figure 22. Element mapping of S in the zone shown in Figure 18.
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Figure 23. Element mapping of Mn in the zone shown in Figure 18.
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All Elements

4,000
3,000
2,000
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Figure 24. Line scan performed at the middle of the weld interface in Figure 18.

W spectrum 3
ek o

Figure 25. EDX spectrum of the interfacial layer in Figure 18 (point number 2).

The tube-to-tube joints exhibit a large radial deformation, especially when the target tube has
a small wall thickness. Due to this, they are more sensitive for failure of the weld. The defective
welds resemble as if they fracture after weld formation. Severe shearing of grains, waviness and some
intermetallic phases are present at the broken weld interface, similar to successful welds, indicating
sufficient energy is present to create a good weld. However, fracture of the weld interface is not
caused by intermetallic layers, as they are not present in the majority of the fractured weld interface.
The welding speed, also known as the collision point velocity, is much higher than the deformation
rate of the target tube in the radial direction. Therefore, it is possible that the weld is created prior
to the initiation of the deformation of the target tube in the radial direction [28]. In other words, the
target tube only starts to decrease in diameter after the weld has been formed. Based on this, a possible
hypothesis is that the weld was not sufficiently strong to withstand the forces caused by the radial
inward deformation of the target tube and thus failure at the weld interface occurs. An example of
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such a failure is shown in Figure 26, compared to a sound weld interface observed in a tube-to-rod
specimen, which does not exhibit any radial deformation. In Figure 26a, some porosities might be
present, as a consequence of local melting and rapid solidification. Further investigation is however
required to identify the cause of these porosities.

@ (b)

Figure 26. Weld produced with a stand-off distance of 2 mm. (a) Detail of the weld interface of

a fractured tube-to-tube specimen with a target tube with a wall thickness of 2 mm. (b) Sound
tube-to-rod specimen.

3.2.3. Influence of the Welding Parameters and the Wall Thickness of the Target Tube on the
Deformation of the Target Tube

The effect of the stand-off distance on the reduction of the internal diameter of the steel target
tubes for the 3 different wall thicknesses is illustrated in Figure 27, whereas the effect of the discharge
energy is shown in Figure 28.

55
]

2 50
3
% 45 % --®--Tube-to-tube with a target wall
2 thickness of 3 mm
= ®
go 40
S
® 35 ’
= - &~ Tube-to-tube with a target wall
5 30 thickness of 2 mm
o
P
.S
o
9] 20 2 ~ @~ Tube-to-tube with a target wall
£ i . % thickness of 1 mm & without
I 15 eI o internal support
3 e o .
§ s --@--Tube-to-tube with a target wall
E 5 thicknes of 1 mm & with
a internal PU support

0 T |
Stand-off distance [mm]

Figure 27. Decrease of the inner diameter of the steel target tube as a function of the stand-off distance.
Fixed discharge energy = 20 k]J.
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Figure 28. Decrease of the inner diameter of the steel target tube as a function of the discharge energy.
Fixed stand-off distance = 2 mm.

A larger stand-off distance results in a larger decrease of the inner diameter, as the flyer can
accelerate over a longer distance. This assumes that the flyer has not reached its deceleration point yet
over a distance of 2 mm. Also, a higher discharge energy contributes to a larger reduction of the inner
diameter, due to more energy being available for deformation.

In general, the inner diameter of the steel target tube after welding decreases for a smaller wall
thickness of the target tube, due to the smaller resistance against deformation. For the smallest wall
thickness of 1 mm of the target tube, the radial deformation of the target tube becomes irregular for
some parameter combinations irregular and the occurrence of buckling is observed.

Moreovert, the reduction of the inner diameter of tube-to-tube specimens with a wall thickness of
1 mm is more than twice the amount measured at the target tubes with a wall thickness of 2 and 3 mm.
This amount of deformation is most likely unacceptable, as it causes a decrease of the inner diameter of
up to 52%. This is equal to a loss of 75% of the inner tube area, which is very critical in for example
fluid applications.

Some preliminary experiments were performed with an internal PU-support. This leads to a
smaller reduction of the inner diameter of the target tubes with a factor up to 3.4, and an increase of the
weld length by a factor up to 4, compared to unsupported tubes. The reduction of the inner diameter
for supported tube-to-tube specimens is less dependent on the variation of the stand-off distance and
discharge energy.

3.3. Investigation of Suitable Support Systems for the Target Tubes

In the experiments described in the previous section, a single-turn coil combined with a field
shaper and a transformer was used. However, most of the welds had a WQI value below the threshold
value of 10. Hence, the use of a multi-turn coil was considered, which leads to a higher frequency
and hence a lower skin depth, resulting in an improvement of the process efficiency. The use of the
multi-turn coil leads to a better weld quality and an improvement of the joint properties, compared to
the use of a single turn coil. These investigations fall outside of the scope of this publication.

A high-quality weld produced by electromagnetic pulse welding should meet the following
requirements:
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e Leaktight

e Interfacial morphology with no or limited porosities and cracks and a sufficiently long welded
interface at either side of the specimen. This corresponds with a WQI value of at least 10.

e  Smallest possible reduction of the internal diameter of the target tube, such that a large
cross-sectional area is maintained after welding. A qualitative support gives rise to a cross-sectional
area after impact of at least 100 mm?. This value was defined based on the application.

For this purpose, different internal supports were investigated, as detailed in Section 2.5. Similar
as in the previous test series, for all joint configurations, the stand-off distance between the flyer tube
and the target workpiece was varied at 1.0, 1.5 and 2.0 mm. Also, the discharge energy was varied
between 18 and 22 k]. The free length and the overlap between the flyer tube and the field shaper was
again fixed at 15 and 8 mm, respectively.

In order to evaluate the quality of the different internal supports, the cross-sectional area after
welding is visualized in Figure 29 as a function of the WQI for the different joint configurations that
produced leak tight joints. Leaking joints were thus excluded from this graph. The tube-to-tube joint
configurations without an internal support are included as a reference. The green area contains leak
tight welds that fulfil all the requirements listed above for being classified as a high-quality weld (i.e.,
WQI > 10 and internal cross section > 100 mm?). The yellow area contains welds that are leak tight,
but only meet the requirement for either the WQI or the cross-sectional area. The red area contains leak
tight welds that have a WQI and cross-sectional area below the minimum required values. All results
of the different support methods are summarized in Table 4.

225 @ Tube-to-rod
L] L]
200 ['} B Tube-to-tube with taregt tube wall
thickness of 1 mm without support
175 o ¢ L O Tube-to-tube with target tube wall
A thickness of 2 mm without support
= A c
E 150 @ e ® Tube-to-tube with target tube wall
‘:‘0 A A /3 ® ol thickness of 3 mm without support
£ 2 i o
% 125 ™ 6‘ A 8 ° e @ Tube-to-tube with ice support
E A0 @
£ ® L °
© .o © Tube-to-tube with plaster support
<
< 100 °
@
g e o
(8] -
9 L 4 ® @ Tube-to-tube with long PU support
w 75 * L
] A
o ] [a]
S LI = :
A © Tube-to-tube with short PU support
50
e "
4 A Tube-to-tube with PMMA support
25 =]
= A Tube-to-tube with target tube wall
0 E thickness = 1 mm & PA6.6 support
0 5 10 15 20 25 @ Tube-to-tube with target tube wall
wal thickness of 1 mm & steel support

Figure 29. Cross-sectional area after welding as a function of the WQI for the different
joint configurations.
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In general, a trade-off exists between the cross-sectional area after welding and the WQI: Welds
with a larger remaining internal section after welding exhibit a lower WQI and vice versa. When using
a higher discharge energy, a longer weld length is obtained, but also more deformation is observed of
the target tube.

For the tube-to-tube joint configuration without internal support (blue, yellow and red square
markers in Figure 29), the wall thickness of the target tube has a significant effect on the cross-sectional
area after welding. When the target tube has a larger wall thickness, the cross-sectional area prior
to impact is smaller, compared to a target tube with a smaller wall thickness. However, at the same
time, the reduction of the cross-sectional area is significantly less and hence the cross-sectional area
remaining after impact is larger for a target tube with a larger wall thickness. None of the joints
performed without internal support fulfil the requirements listed above.

Ice and plaster are excluded as valuable support methods support (green and yellow rhombus
markers in Figure 29) because of the low obtained joint quality in the case of ice, or because of the
small remaining cross-sectional area after welding in the case of plaster. Other disadvantages of these
support methods are mentioned in Table 4.

Tube-to-rod welds (green circle markers in Figure 29) exhibit a continuous weld interface with
the highest cross-sectional area after welding (in the assumption that the solid target workpieces are
machined to tubular workpieces with a wall thickness of 1 mm) and hence the lowest reduction of the
inner diameter. However, the WQI is smaller compared to tube-to-tube configurations with a target
tube with an internal support.

It can be concluded that PU, PMMA, PA6.6 and steel rods can be considered as valuable internal
supports leading to high-quality welds and a sufficient cross-sectional area after welding. Welds with a
steel bar support (blue circle markers in Figure 29) exhibit the highest cross-sectional area after welding,
but at the same time their WQI is lower compared to welds with a PA6.6 or PMMA supports (blue and
green triangle markers in Figure 29). In contrast, welds with a PA6.6 or PU support show the highest
WQI, but also have a lower cross-sectional area after welding compared to steel internal supports.

Furthermore, welds which are situated at the threshold value of the WQI usually contain a
discontinuous weld interface. In contrast, no correlation between the cross-sectional area after welding
and the quality of the weld interface is identified. A discontinuous weld interface can thus occur for all
values of the cross-sectional area after welding ranging from 100 mm? up to the maximum measured.
In other words, a large reduction of the inner diameter of the target tube does not necessarily have a
negative impact on the quality of the weld interface.

Table 4 summarizes the experimental results of the different internal supports, together with
their practical advantages and disadvantages. The values for the WQI and the remaining internal
cross-section after welding are the highest values achieved for each internal support.

4. Conclusions

The weldability of copper tubes onto steel rods and tubes was investigated. The steel target tubes
had different wall thicknesses and the use of different internal supports was examined. The welding
process was performed with a single-turn coil with a field shaper and transformer and in a next stage
with a multi-turn coil with a field shaper. The welding parameters that were varied were the stand-off
distance and discharge energy.

In a first phase, the influence of the workpiece geometry on the weld formation and joint
characteristics was investigated. Different joint configurations were used, more specific the tube-to-rod
and the tube-to-tube configurations, with target workpieces with different diameters and wall
thicknesses. On the one hand, a larger stand-off distance or a higher discharge energy resulted in
a larger reduction of the inner diameter of the target tube. On the other hand, a stand-off distance
of 1.5 and 2 mm usually lead to a higher weld quality, compared to a stand-off distance of 1 mm.
However, the latter usually resulted in a discontinuous weld interface. No clear correlation between
the discharge energy and the weld quality (expressed by the WQI) was identified. A smaller wall
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thickness of the target tube leads to a deterioration of the leak tightness of the weld. The tube-to-rod
specimens exhibited the highest WQI values, compared to the tube-to-tube specimens with target tubes
with different wall thicknesses.

In a second phase, suitable internal supports for target tubes with a wall thickness of 1 mm were
identified. As a comparison, also experiments with a steel rod as target workpiece were conducted,
which were machined afterwards to a steel tube with a wall thickness of 1 mm.

In order to evaluate the usefulness of the different internal supports, the remaining internal
cross-section as a function of the WQI for the different joint configurations that produce leak tight joints
was plotted. It can be concluded that PU, PMMA, PA6.6 or steel rods can be considered as valuable
internal supports leading to high-quality welds with a sufficiently large internal cross- section after
welding. In contrast, ice or plaster did not fulfil the requirements because of an inferior weld quality,
or because of an excessive deformation of the target workpiece.
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Abstract: Magnetic pulse welding (MPW) is often categorized as a cold welding technology,
whereas latest studies evidence melted and rapidly cooled regions within the joining interface.
These phenomena already occur at very low impact velocities, when the heat input due to plastic
deformation is comparatively low and where jetting in the kind of a distinct material flow is not
initiated. As another heat source, this study investigates the cloud of particles (CoP), which is
ejected as a result of the high speed impact. MPW experiments with different collision conditions
are carried out in vacuum to suppress the interaction with the surrounding air for an improved
process monitoring. Long time exposures and flash measurements indicate a higher temperature in
the joining gap for smaller collision angles. Furthermore, the CoP becomes a finely dispersed metal
vapor because of the higher degree of compression and the increased temperature. These conditions
are beneficial for the surface activation of both joining partners. A numerical temperature model
based on the theory of liquid state bonding is developed and considers the heating due to the CoP
as well as the enthalpy of fusion and crystallization, respectively. The time offset between the heat
input and the contact is identified as an important factor for a successful weld formation. Low values
are beneficial to ensure high surface temperatures at the time of contact, which corresponds to the
experimental results at small collision angles.

Keywords: magnetic pulse welding; dissimilar metal welding; solid state welding; welding window;
cloud of particles; jet; surface activation

1. Introduction

Dissimilar metal welding plays an important role in the fabrication of multi-material parts.
Materials with different mechanical, physical, or chemical properties need to be joined in order to fulfill
the requirements of lightweight structures and high endurance parts or to save costs. Conventional
thermal joining technologies reach their limits because of the formation of brittle intermetallic phases
during the welding process. Decreasing the heat input is expedient to generate sound welds and to
sustain the properties of the base materials. Impact welding processes like explosive welding (EXW)
and magnetic pulse welding (MPW) utilize the oblique high-speed collision between two metallic
surfaces to achieve metallurgical connections [1]. MPW is a suitable joining technology for dissimilar
metal welding of tubular parts such as hybrid drive shafts [2]. In the initial state, the two joining
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partners (a movable “flyer” and a stationary “parent”) are positioned with some standoff g, which
defines the acceleration distance. During EXW, the acceleration of the flyer part is achieved by the
detonation of an explosive, which is applied on the flyer. In contrast to that, the flyer acceleration in
MPW is driven by a magnetic pressure. This pressure is the result of a sudden discharge of a capacitor
bank via a tool coil that is positioned in close vicinity to the flyer. If the flyer material is electrically
conductive, opposing eddy currents are induced into the flyer and resulting Lorentz forces drive the
flyer away from the tool coil. A surface-related mathematical equivalent of the volume Lorentz forces
is the magnetic pressure, which also causes shock loads on the tool coils and limits their lifetime.
Comprehensive reviews of EXW and MPW can be found in [3,4], respectively. The weld is formed
while both surfaces are pressed together during the collision. Interface pressures, in the order of several
GPa, occur for a duration of a few microseconds. The microstructures of explosive welds show grains
at the interface that underwent large plastic deformations. Strain rates can reach the order of 10* to
10° s~ ! and, consequently, the material behaves like a fluid. The “jetting” effect is a consequence of the
hydrodynamic phenomena taking place at the propagating collision point. The jet is often described as
a massive material flow and is supposed to clean and activate the surfaces before welding. Within the
last decades, the influence of thermal aspects during solid state welding was brought into the focus
of many researchers, aiming for the identification of the relevant joining mechanism(s). For example,
Ishutkin et al. found for EXW that the temperature of the shock compressed gas in the joining
gap reaches several thousand °C and causes surface melting of both joining partners [5]. Together
with the prevalent pressure, the overall energy input might be beyond the upper welding boundary
and result in bad weld quality due to heat accumulation at the interface. This phenomenon occurs
especially at positions that are exposed to the extensive heating for a longer time, i.e. further behind
the initial collision point. Additionally, the temperature in the joining gap is strongly influenced by the
thermodynamic properties of the medium in the joining gap. Deribas and Zakharenko describe the
formation of a “cloud of particles” (CoP) that contributes to the temperature increase [6]. Thus, special
interlayers are applied during EXW to avoid excessive intermetallic phase formation, see [7]. Another
possibility is to reduce the “levels of temporal and force parameters required for joint formation” if
the temperature of the near-contact layer of the welded materials is too high. This suggestion was
made by Lysak and Kuzmin according to their pressure-temperature-time model, described in [8].
The latest descriptions of EXW and MPW weld seams have several aspects in common: melted and
rapidly cooled metal layers were observed for EXW by Bataev et al. [9] and for MPW by Stern et al. [10].
Sharafiev et al. reported sharp boundaries between the base materials and an intermediate layer of
impact welded A-Aljoints. New, recrystallized grains in the size of nanometers and high dislocation
densities give evidence for melting and rapid solidification [11]. Amorphous structures have also
been described by metallurgists [12,13] that can be attributed to solidification with cooling rates in
the order of 107 K/s [9]. Thus, it can be assumed that “liquid state bonding” is an occurring joining
mechanism for EXW as well as MPW [14]. Nevertheless, different theories exist about the most relevant
source of the thermal energy. In [9,15], the thermal energy is related to the plastic deformation during
the collision, while in [5,16] it is attributed to the shock compressed gas in the joining gap as well.
Successful MPW experiments under vacuum conditions revealed that no initial gas is required in the
joining gap. Nevertheless, this does not contradict the theory of a compressed cloud of particles in
the joining gap. In MPW experiments, it was found that the impact pressure or the normal impact
velocity can be reduced as far as the collision angle is small enough [17]. Thus, less energy is needed
for the flyer acceleration and the life time of the tool coils is increased. Furthermore, additional energy
from an exothermic reaction between the joining partners or interlayers is beneficial for the joint
formation, if well-adjusted [18]. This underlines the influence of thermal effects in MPW and the
need for a comprehensive model or at least the identification of the most relevant input variables
for heating and cooling of the surfaces and the interface. There are already thermal models existing
for MPW [9,13,15,19] but they do not take the CoP into consideration as a heat source. The time
for solidification has also been calculated in previous publications [9,20,21] but without considering

48



Metals 2019, 9, 348

dissimilar materials, the temperature distribution after the heating and not to mention the effect of
phase transformations. For the prediction of the weld formation it is important to know the time
dependent temperature in the joining zone. The weld formation might be hindered if the surface
temperatures are too low at the time of contact or bounce back effects occur [21] before the solidification
of the welding interface is completed.

The objectives of this experimental and numerical work can be summarized as follows:

1.  Investigate the influence of the flyer kinetics on the material flow.

2. Study the influence of different collision conditions on the formation and properties of the jet or
“cloud of particles” (CoP) and the corresponding thermal conditions in the joining gap.

3. Build up a temperature model for the welding interface, based on the heat input by the CoP.

2. Materials and Methods

2.1. Nomenclature

Three different experimental setups and a numerical model with a multitude of parameters will
be introduced in the following chapters. Table 1 lists all symbols that are used within this paper in
order to shorten the captions of figures and tables.

Table 1. Nomenclature for experimental and numerical setup.

Symbol Parameter Symbol Parameter

A Area s Thickness of the flyer tube

b Equivalent thickness of the molten layer S High voltage switch

c Heat capacity t Time

C Capacitance; Contact point T Temperature

d Distance to the impact location teon Contact time

E Charging energy bt start Flash appearance time

f discharge Discharge frequency Try Flyer temperature

g Initial joining gap Ttus Melting temperature

I Discharge current theat Heating time

n Intensity of the impact flash timp Impact time

Imax Maximum discharge current Tpar Parent temperature

k Thermal conductivity Tvap Boiling temperature

! Length of welded zone Ewait Waiting time

le Collision length u Voltage

L; Inner inductance of the pulse generator %4 Volume

lw Working length v Impact velocity

m Mass Vi r Radial impact velocity

4 Surrounding pressure We Width of the coil concentration zone
P Heat input z Distance perpendicular to the steel surface
Pm Magnetic pressure « Angle of inclined parent surface
Q Total heat input Y Damping coefficient of I(t)
Qs Heat input to each surface AHjg,g Enthalpy of fusion
Ra Mean roughness index At Gap closing time

R; Inner resistance of the pulse generator p Density

2.2. Experiments

The material combination aluminum-steel was chosen for this study due to its relevance for
current and future lightweight concepts in the transportation sector. For a good comparability with
previous studies, the outer tube consists of the aluminum alloy EN AW-6060, while the inner rod is
made of C45 [17,22]. The chemical compositions of the alloys are given in Table 2. Both parts were
cleaned in ethanol before the joining experiments to remove debris from their surfaces.
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Table 2. Aluminum EN AW-6060 alloy composition adapted from [23] and steel C45 (1.0503) alloy
composition adapted from [24].

Flyer Part EN AW-6060 ', Quasi-Static Parent Part C45 (1.0503), Normalized, Quasi-Static Yield
Yield Strength Approximately 60 MPa?  Strength Approximately 490 MPa 3, Surface Polished (Ra = 1)
Element Weight % Element Weight %

Mg 0.35-0.6 C 0.42-0.5
Mn <0.1 Mn 0.5-0.8

Fe 0.1-0.3 P <0.045

Si 0.3-0.6 S <0.045

Cu <0.1 Si <0.4

Zn <0.15 Ni <0.4

Cr <0.05 Cr <0.4

Ti <0.1 Mo <0.1

1 T66 heat treated: one hour at 500 °C and naturally aged, 2 determined by tube tensile test, 3 adapted from [25].

In the basic setup, MPW experiments with different charging energies were performed in order to
identify the minimum energy required for a continuous weld seam along the circumference. Therefore,
the setup depicted in Figure 1 was connected to two different pulse generators, resulting in two different
resonant circuits with their characteristic values listed in Table 3. The current I(t) was measured for
each trial using a Rogowski current probe CWT 3000 B from Power Electronic Measurements Ltd.
(Nottingham, UK) and the maximum current amplitude I,ax was evaluated. The pulse generator
MPW 50/25 (Bmax, Toulouse, France) was connected to a single turn working coil, while the magnetic
pressure at the EmGen setup was generated by a five-turn coil with a field shaper. During the high
speed collision between the flyer and the parent part, a characteristic flash occurs which is called
impact flash [26]. The time-dependent course of the light emission was measured with the flash
measurement system described previously [22]. It was triggered by the current signal of the generator,
where the rise of the current was defined as t = 0 ps, see schematic oscilloscope in Figure 1. Thus,
the starting time of the flash f¢ g,y, its duration and maximum intensity were analyzed. The welding
result was checked with a manual peel test at four positions at the circumference: 0°, 90°, 180° and
270°. The position at the slot of the coil (0°) is of special interest during process adjustment due to
the reduced magnetic field intensity. However, the influence of the slot is limited to approximately
10% of the circumference. Hence, the metallographic analysis of the welding interface was performed
at the opposed position (180°), since it is representative for almost the complete circumference [27].
Selected welding trials were performed with anodized flyer tubes (layer thickness 5 um), which enable
the reconstruction of the material flow [28].

Pulse generator
A-A L

77777 Optical/electrical
Working coil (CuCrzr) © CI:“I“/L:[::L a
rerters

e | 180°
I /cd\] |Oscilloscope

@ tool coil/ @ field shaper

Slot of the _—— g
working coil (0°)
A-)' 3

Figure 1. Basic setup for magnetic pulse welding (MPW) of tubes to cylinders (all values in millimeters,
not true to scale, position of all parts is fixed during MPW).
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Table 3. Characteristics of the resonant circuits and the deployed pulse generators.

Setup Unit Bmax MPW 50/25 EmGen
Capacitance uF 160 140
Inductance ! nH 372 2700
Maximum charging energy kJ 32 40
Maximum charging voltage kv 20 24
Applied charging energy—E kJ 4.5-9.6 7.0-22.7
Discharge frequency 1_fdischarge kHz ~21 ~9
Damping coefficient y 1 1/s 16,500 2700

! for the complete resonant circuit with working coil, field shaper and workpieces.

The flyer kinetics at the lower process boundary were studied for both pulse generators with
the modified setup shown in Figure 2 while the parameter d and, thus, the initial collision point was
increased stepwise from zero to five millimeters from the flyer edge. After the flyer was sheared from
the parent part, the length and location of the weld seam were measured at the 90°, 180° and 270°
position for each test.

Initial flyer contour Optical/Electrical
S Converters

U/v)180°

I /c jOscilloscope
: U1,

Flyer contour [o8

at impact :
0° (Slot of the coil) Impact flash (t) Collimators (1-3)

Figure 2. Modified MPW setup for investigation of the flyer kinetics with collimators (1-3) for flash
detection (not true to scale, position of all parts is fixed during MPW).

For the third experimental part, the MPW process was carried out in a vacuum chamber as
depicted in Figure 3, using the Bmax pulse generator. The surrounding pressure p, the collision length
l¢, the working length I, as well as the contour of the parent part were varied. The camera Canon EOS
700D with an exposure time of six seconds, a fixed aperture of F13 and the light intensity ISO 100 was
placed behind a translucent Plexiglas disc to take longtime exposures and to identify the color of the
process glare. The average R/G/B value of 5x5 pixels was converted to the 2-D xy-color chart. This
enables the estimation of the temperature in the joining gap, if an ideal black body emission is assumed.
Again, the flash measurement system was used to detect the temporal course of the light intensity.
Furthermore, a translucent plastic disc was placed inside of the flyer tube to study the interaction with
the jet or cloud of particles, respectively. Qualitative conclusions can be drawn from the location where
the debris sticks on the disc or if the plastic sheet is fractured. Additionally, the locations of the jet
residues at the inner flyer surfaces were analyzed.
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Figure 3. Modified setup for MPW at different surrounding pressures p with collimators (1-3) for flash
detection and camera (a) schematic (not true to scale) and (b) photograph (position of all parts is fixed
during MPW).

2.3. Numerical Simulations

The aim of the numerical investigations is to estimate the heating and cooling of the surfaces of
the joining partners and predict the weldability based on the liquid state bonding theory. Experiments
will be described in the following chapters, which reveal temperatures in the closing joining gap that
are far beyond the fusion temperatures of both joining partners. The CoP is assumed to be a main
heat source before the contact and, thus, the model should answer the question, whether liquid state
bonding can occur under these conditions. Although the temperature of the CoP is experimentally
estimated in this paper, its heat transfer to the surfaces is very hard to determine. The density or mass,
respectively, and the surface coefficient for heat transfer are difficult to access and, thus, the strategy
performed in [15,29,30] is applied: The amount of melted flyer and parent material is quantified in
polished cross sections and serves as an upper boundary of the heat input. It is cross-checked with the
kinetic flyer energy, which determines the overall limit of the introduced energy. Furthermore, the
following assumptions were made for the model:

1. The thermal energy of the CoP is responsible for the surface activation before both joining partners
get into contact. In order to simplify the numerical model, this is assumed to be the only heat
source. The heat input by plastic deformation after the collision is not considered in the model.

2. The thermal energy of the CoP is equally distributed to both joining partner surfaces, which
seems admissible for small collision angles.

3. At the welding interface, just solid and liquid phases are present at the time of contact. If the
surface temperature would lead to vaporization before contact, the material in the gaseous phase
would be pressed out of the joining gap together with the CoP during MPW, provided a sufficient
collision angle.

4. The influence of the temperature on the materials’ densities, heat capacities and thermal
conductivities is not considered in the simulations.

The one-dimensional numerical model for the calculation of the time-dependent surface
temperatures was set up within the commercial software COMSOL Multiphysics® (Version 5.2,
COMSOL Multiphysics GmbH, Goettingen, Germany). The model was simplified compared to
the real MPW process that consists of three stages: The initial collision depicted in Figure 4a, the CoP
formation, shown in Figure 4b and the movement of the collision point C, see Figure 4c. During the
simulation, the flyer and parent parts were fixed with a constant gap of 2 um, as shown in Figure 4d.
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The CoP formation was not implemented in the model, but its heat input to both joining partners as
well as the heat losses by conduction in the parts were taken into account. In order to recreate the
moving contact point C during the real MPW process with the fixed joining partners, the following
strategy was applied in the numerical model: During the surface activation by the CoP in Figure 4b,
any heat transfer through the gap was suppressed. But then, at the contact time fco in the real MPW
process, the heat conductivity of the gap was set to an extremely high value of 10! W/(mK) and, thus,
the intimate contact between both joining partners as shown in Figure 4c was imitated without the
need for moving parts or meshes within the simulation. The implemented temporal course of the heat
input P and the contact time ton are depicted in Figure 4e. The following time steps were chosen for the
numerical simulations: 0.02 us for 0 us <t < 10 us and 0.5 ps for 10.5 us < t < 100 us. In order to study
the temperature distribution in the close vicinity to the welding interface, the element size was set to 0.1
pm. Due to the one dimensional character of the model, the heat sources were defined with a certain
area density at two points on both surfaces, see Figure 4d. During the simulations, different heat
quantities Qg, heating times t},o,; and material combinations were investigated. The relevant material
parameters are listed in Table 4. The heating time at a certain point C strongly depends on the velocity
of the CoP and the distance to the initial point of impact. Due to the accumulation of the CoP during
the weld front propagation, the heat input and heating duration vary, too. Furthermore, a waiting
time ty,it was defined between the end of the heat input and the contact time fcon. By setting ty,it to 0
us, the heat input generated by the CoP is transferred to the plates in the vicinity of the contact line.
This corresponds to the case when the CoP and the collision point C have the same velocity. If the CoP
travels faster than the collision point, the waiting time is increased in the simulation. This procedure
abstracts the effects in the moving interaction zone of a real MPW process. Nevertheless, it simplifies
the modeling and reveals the most relevant influencing factors. Of course, these parameters have to
be transferred to the kinematic process variables like collision front velocity or collision angle in a

further step.
() i !'
Parent

1-D Numerical
simulation 71(7)
with heat sources (¢

(e)
Heat Interaction
input ] Initial with surfaces Contact
[W] ilnpact Heat tnm.
time 7, quantity O; [J]
Formation Theat L J Time ¢ [us]
ofcloud " Heating Waiting

of particles time time

Figure 4. Process steps during MPW showing: (a) the initial collision, (b) the cloud of particles
(CoP) formation and surface activation and (c) the surface contact with the moving contact point C,
(d) dimensions of the 1-D model, (e) modeling scheme with the temporal course of the heat input and
contact time.
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Table 4. Material specific values (temperature independent during the simulations).

Physical Quantity Symbol Unit EN AW-6060 C45 Cu [31]
Density p kg/m3 2700 [32] 7700 [24] 8960
Heat capacity c J/kgK 898 [32] 470 [24] 390
Thermal conductivity k W/mK 210 [32] 42.6 [24] 384
Melting temperature Ttus °C 659 [31], pure aluminum 1536 [31], pure iron 1083
Boiling temperature Tvap °C 2467 [31], pure aluminum 3070 [31], pure iron 2595
Enthalpy of fusion AHgys kJ/kg 356 [31], pure aluminum 276 [31], pure iron 213

3. Results and Discussion

3.1. Effect of the Flyer Kinetics on the Material Flow

During the experimental study, the charging energy E was increased stepwise until a
circumferential weld seam was proved in the manual peel test. The minimum radial impact velocity for
the Bmax setup was measured via photon Doppler velocimetry (PDV) and found to be approximately

340 m/s [17]. The corresponding cross sections of the 180° location are shown in Figure 5 and reveal
small waves at the joining interface.

EN AW-6060 EN AW-6060

R R P e

3 < . }—-{ s « e ——
o i css | ‘
@ (b)
Figure 5. Polished cross section of the MPW sample joined with the Bmax setup (g = 1.5 mm, E =5.8 k],

Imax = 451 kA, @ coil = 42 mm, w. = 10 mm, [, = 6 mm, welding direction from left to right, v; , ~

340 m/s measured with photon Doppler velocimetry (PDV) [17]): (a) in the middle and (b) at the end
of the joining zone.

- v — S I ——
oy

Although the required energy at the EmGen machine was higher compared to the Bmax setup,
the minimum radial impact velocity was lower at approximately 250 m/s. One of the reasons is the
difference in the flyer forming and collision behavior, which heavily depends on the discharging
frequency [17]. The welding interface is almost smooth, see Figure 6.

EN AW-6060 22 : . EN AW-6060

e e s

e e O - - "j\ e et~

C45 - [om ) s = ‘_

(@) (b)
Figure 6. Polished cross section of the MPW sample joined with the EmGen setup (¢ = 1.5 mm,
E =22.7 K], Imax = 113 kA, @ coil = 41 mm, w, = 15 mm, [, = 6 mm, welding direction from left to right,

vjy /= 250 m/s calculated according to [22] with measured flash appearance time equal to 12.6 us):
(a) in the middle and (b) at the end of the joining zone.

The application of a 5 um thick anodized layer on the flyer tube prevented the welding effect
at the EmGen setup on the same energy level, but enabled the reconstruction of the material flow.
Figure 7a shows the fragmented anodized layer that mainly stayed on its original position. The flyer

material has been extruded through the interspaces. At the end of the joining zone, this effect was
significantly reduced.
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Figure 7. Polished cross section of the unwelded MPW sample joined with the EmGen setup (aluminum
flyer anodized with 5 um thickness, g = 1.5 mm, E = 22.7 k], Imax = 117 kA, @ coil = 41 mm, w = 15 mm,
lyw = 6 mm, welding direction from left to right, v; . ~ 250 m/s calculated according to [22] with
measured flash appearance time equal to 12.6 ps): (a) in the middle (according to [17]) and (b) at the
end of the joining zone.

If the radial impact velocity was increased to 460 m/s, the anodized layer in the middle of the
joining zone was completely removed and a sound weld was generated, see Figure 8a. At the end of the
joining zone, the anodized layer was embedded into the flyer material, which illustrates the massive
material flow in Figure 8b. This phenomenon can occur at high speed impact situations and is called
“jet”. Jetting is associated with a high degree of plastic deformation and surface enlargement. It is also
often described as a prerequisite for the surface cleaning and removing of oxides before the surfaces
get in contact. The experiments described so far give clear evidence that this large amount of plastic
deformation is not required for successful MPW, unless certain surface layers have to be removed or
roughness peaks to be overcome. Furthermore, welding with velocities below the “jetting”-regime
requires less impact velocity, which is beneficial for the lifetime of the tool coils due to the reduced
mechanical and thermal loads. Thus, it is worthwhile to analyze the physical conditions that enable
MPW at the lower process boundary.

SN AWe0B0=m0 L R L s Tl

(@) (b)

Figure 8. Polished cross section of the MPW sample joined with the Bmax setup (aluminum flyer
anodized with 5 pm thickness, ¢ = 2 mm, E = 9.6 k], Imax = 533 kA, @ coil = 42 mm, w. = 10 mm,
Iy = 6 mm, welding direction from left to right, v; , ~ 460 m/s measured with PDV [33]): (a) in the
middle (according to [33]) and (b) at the end of the joining zone.

During all successful MPW experiments a flash was visible. In a former study, it was shown that
the high velocity impact flash occurred approximately 0.5 us after the initial impact [22] and it was
correlated with the weld seam formation [34]. Thus, the flash detection was utilized as a measurement
system for the parameter adjustment and quality assurance during MPW [28,35]. The setup shown
in Figure 2 was used to analyze the flyer kinetics and weld formation by increasing the parameter d
stepwise from zero to five millimeters. Thus, the initial collision point was shifted and the effect on the
flash appearance time and weld formation was studied. In Figure 9, the average values of the flash
appearance times are plotted for both MPW setups. The location of the slot of the coil or field shaper
was not considered, since it differs significantly from the remaining circumference due to the reduced
magnetic field intensity. The flash at the EmGen setup occurred more than 8 s later. The measured
flash appearance time of 19.5 ps corresponds to a radial impact velocity v; , of approximately 160 m/s.
Nevertheless, the gap closing time Af is much smaller for the EmGen setup, which seems to be an
important factor for the weld establishment at these comparatively low radial impact velocities. At the
EmGen setup, no flash was detected for d = 5 mm and consequently, no weld seam was generated,
see Figure 10. An experiment with 4 = 10 mm, where the collision occurred between the flyer and the
plastic spacer, did also not lead to an impact flash. This shows that the impact of the two metals itself
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must be responsible for the flash initiation and not the compressed air within the closing gap between
the flyer and the plastic spacer due to the high speed compression.
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Figure 9. Mean values of flash appearance time f¢ gy, referring to the rising tool coil current at t =
0 us as depicted in the schematic oscilloscope in Figure 1, at 90°, 180°, and 270° for varied values d for
two MPW setups at the specific lower process boundary (Bmax: ¢ = 1.5 mm, E = 4.5 k], Imax = 380 kA,
@ tool coil = 41 mm, we = 10 mm, I, = 6 mm, EmGen: ¢ = 1.5 mm, E = 7 k], I;max = 70 kA, @ field shaper
=41 mm, we = 10 mm, I,y = 6 mm).
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Figure 10. Mean values of welding start and end at 90°, 180°, and 270° for varied values d.

After the MPW experiment, the flyer was sheared from the parent part and the average weld
seam length [ and its location were measured for each test, see Figure 10. The weld starts 1.2 mm after
the first contact between flyer and parent, at the earliest. If the point of the initial metal impact was
postponed by the parameter d, the weld formation was shifted, too. Thus, it seems reasonable that
the high speed impact between the metallic partners and the corresponding impact flash are closely
related to another necessary welding criterion, most likely the surface activation of the adjacent areas
to be welded.
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Basically, the necessity of the surface activation before welding is in good correlation with the
“traditional” view of the role of the jetting effect and the corresponding surface enlargement. However,
as shown in the first experiments, MPW is also possible at lower impact velocities where jetting and
material flow are not initiated. To explain these findings, the mechanism presented by Deribas [6] and
Ishutkin [5] seems to be a reasonable approach. They identified the appearance of a “cloud of particles”
(CoP) at lower impact velocities. Obviously, the CoP plays an important role at the MPW process and,
thus, it seems worthwhile to study this phenomenon in detail. The following section describes the
investigation of the CoP with modified MPW experiments.

3.2. Characteristics of the “Cloud of Particles” (CoP)

The setup depicted in Figure 3 was used for a comprehensive investigation and characterization
of the CoP. Therefore, the influence of the collision conditions on the appearance of the CoP and effect
on the weld formation was studied. Furthermore, attendant effects like residues on the flyer and
tempering colors on the parent surfaces outside the joining zone were recorded, see Figure 11.

Tempering 1" Translucent 2™ Translucent

plastic disc plastic disc
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inner flyer
surface
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\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\, fiyersutics

Figure 11. Effects on the flyer and parent surface (position of all parts is fixed during MPW).

Ly iz

A chamber was designed that enables MPW experiments on the Bmax-setup at different
surrounding pressures. The maximum intensity of the process glare in vacuum is significantly reduced
compared to the process in ambient atmosphere, see also [36]. Nevertheless, it is still visible, as shown
in Figure 12.

(c) p=0.1 mbar, R/G/B =201/133/117

Figure 12. Long time exposures of the process glare, first plastic disc and flyer tube after MPW
experiments at the Bmax setup (Ic =3 mm, x =0°, g = 1.5 mm, E = 4.5 k], Imax = 365 kA, @ coil = 41 mm,
we =10 mm, Ly = 6 mm): (a) p = 1000 mbar, (b) p = 10 mbar, (c) p = 0.1 mbar.
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The rise time until the intensity reached its maximum at ambient atmosphere was 0.4 us and it
increased up to 3 us in vacuum, see Figure 15. Since welding was possible in both cases, it can be
concluded that a surrounding gas is not mandatory for welding. Probably, the CoP is formed at the
initial impact, independent of the surrounding medium. The density of the medium in the joining gap
determines the velocity of the jet [37] and it seems likely that shock compression of the surrounding
gas occurs, which leads to the immediate light emission [16]. Furthermore, the shock compressed gas
is the reason for the complete fracture of the first plastic disc during MPW in ambient atmosphere.
In vacuum, there is no interaction with other gases and the CoP expands freely in the welding direction.
At the same time, the residues at the inside of the flyer tube are noticeably increased, as well as the
intensity of the tempering colors at the parent part. The starting time of the flash was almost identical
for p = 1000 mbar (ffgtart = 11.07 pus) and p = 0.1 mbar (fgpart = 10.96 ps). Thus, the flyer forming
behavior is assumed to be independent of the gas pressure p.

The CoP formation was analyzed at p = 0.1 mbar by varying the collision length /. between 1 and
3 mm. Similar to [22], at ambient atmosphere, no flash was detectible at a collision length of 1 mm.
No debris was deposited on the first plastic disc, as seen in Figure 13a. An increase of the collision
length to 3 mm lead to a process glare, contaminants on the first plastic disc as depicted in Figure 13b
and tempering colors on the parent part. Thus, the CoP was formed and heated up between 1 and
3 mm after the initial impact. The collision length /. was set to 3 mm for the following experiments.

(a) lc=1 mm, R/G/B = 0/0/0 (b) Ic =3 mm, R/G/B =236/186/182

Figure 13. Long time exposures of the process glare first plastic disc and flyer tube after MPW
experiments at the Bmax setup (p = 0.1 mbar, x = 0°, g = 1.5 mm, E = 4.5 k], Imax = 365 kA, @ coil =
41 mm, we = 10 mm, Iy = 6 mm): (a) Ic =1 mm (b) /. =3 mm.

After investigating the CoP initiation at constant collision conditions, the appearance at different
impact velocities and angles was studied systematically. Again, the process glare and attendant
phenomena were recorded and compared, see Figure 14.

The collision angle was decreased by increasing the working length I;,. The intensity of the
process glare increased significantly and finally its color changed from red to light blue for [, = 8 mm.
The first plastic disc fractured at the outer circumference at the largest collision angle at /,, = 4 mm and
no weld was achieved. Furthermore, a circular crater was left at the second translucent plastic disc
resulting from the harsh impact of single ejected particles that were guided by the inner flyer contour
(see Figure 11). At a working length I,y of 6 mm, a weld was generated. The marks at the first plastic
disc and the inner flyer tube indicate a more vapor-like appearance of the CoP, since the residues are
homogeneously distributed. This trend is continued for Iy, = 8 mm. Here, the first plastic disc is almost
clean, but the inside of the flyer tube is uniformly covered with a dark grey layer. Assuming an ideal
black body emission, the R/G/B values enable the estimation of the CoP temperature. It is increased
from 5500 K (lyy = 6 mm) to 8000 K (I, = 8 mm), which is also reflected by the tempering colors of the
parent parts. Due to the increased density of the CoP within the smaller volume of the joining gap, the
heating, the fine dispersion of the CoP and, finally, the weld formation are supported. Similar effects
were detected in the MPW experiment with increased charging energy E = 6.5 k], see Figure 14d. Here,
the CoP was finely dispersed and on a high temperature level, too. The rise of the light intensity is
shown in Figure 15 by the dotted line. The time interval At between the formation of the CoP and the
reaction with the first plastic disc is much shorter than in the reference experiment with E = 4.5 k]J.
Thus, the average velocity of the CoP is higher and in the order of 10 km/s.
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(a) Iw =4 mm, R/G/B = 46/16/7 (b) Iw =6 mm, R/G/B =201/133/117

(c) Iw=8 mm, R/G/B =201/249/253 (d) E=6.5K], Imax =439 kA, R/G/B = 220/238/254

(e) a =5° R/G/B =98/42/26 (f) . =10°, R/G/B = 36/13/4

Figure 14. Long time exposures of the process glare, first plastic disc and flyer tube after MPW
experiments at the Bmax setup (basic parameters: [c =3 mm, « = 0°, ¢ = 1.5 mm, E = 4.5 k], Imax =
365 kA, @ coil =41 mm, w. = 10 mm, I, = 6 mm): (a—c) for different working length [, (d) charging
energy, and (e,f) parent angles o.

p=1000 mbar, E=4.5k]

+{ p=0.1mbar, E=65k]

p=0.1mbar, E=45k]

Voltage equivalent to light intensity [V]

18

P7] Time ¢ [us]

A

RN

Figure 15. Light intensities for different surrounding pressures p and charging energies at the Bmax
setup (t refers to the rising tool coil current as depicted in the schematic oscilloscope in Figure 1, I. =
3mm, o =0° ¢ =1.5mm, @ coil =41 mm, we = 10 mm, /y = 6 mm).

Chamfers at the parent part as depicted in Figure 3 lead to the destruction of the first plastic disc,
a weaker process glare and a non-weld for o = 10° (see Figure 14e,f). In these cases, the degree of CoP
compression and, thus, the temperature were lower.
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3.3. Temperature Model

Although the temperature of the CoP was estimated in the previous chapter, the quantification
of the heat transfer to the surfaces is still difficult since the density or mass of the CoP, as well as the
surface coefficient for heat transfer, are hard to access. The knowledge of the heat input is essential
for the following temperature model and, thus, a strategy based on the metallographic analysis of the
welding result is applied. In a first step, the macroscopic distortion of the flyer tube and the parent
part after MPW was analyzed as shown in Figure 16a. The initial wall thickness of 2 mm was reduced
to 1.4 mm next to the initial impact zone of the free flyer edge and increased to 2.3 mm at the end
of the close-fit zone. The indentation depth of the flyer into the parent was measured in analogy
with [27] at different positions in the welding direction. The maximum value of 44 um was found to
be 0.5 mm behind the beginning of the welded zone and clearly below 10 um at the end of the welded
zone. At other MPW samples, the weld seams were even well established at positions without any
indentation of the flyer into the parent material. Thus, plastic deformation might not be a necessary
welding criterion, but is just a side effect of the high speed collision. In a second step and in order to
study the thermal effects as another important welding criterion, the amount of melted flyer and parent
material is quantified in polished cross sections. This value can vary along the welding direction,
depending on the prevalent collision conditions as shown in Figure 16. The weld seam exhibits an
almost smooth interface next to the start of the weld seam in Figure 16b and a characteristic wavy
shape at the end of the welded zone in Figure 16¢c. The cross section of the pocket highlighted in
Figure 16d is equal to a continuous melted layer with a thickness of approximately 6 um. There are
a few single iron particles visible in this pocket. As a consequence of the extreme high cooling rates
that occur during welding, the volume in the pocket is “frozen” in a non-equilibrium state. Thus,
a mixture of different phases can occur, including non-stoichiometric or metastable phases as reported
by Bataev et al. [9] for different material combinations joined by EXW. Although the metallurgy was
not studied in detail here, it is very likely that these types of phases occurred, too. The analysis of the
chemical composition revealed an average ratio of 80 weight percent aluminum and 20 weight percent
iron at the position of the line scans indicated in Figure 16d. Based on this ratio, the mass of molten
aluminum m ) per area A can be derived from Equations (1) to (6), where b is the equivalent thickness
of the molten layer, m the mass, V the volume, and p the density of aluminum, iron, or both elements,
respectively. For this calculation, the material specific values in Table 4 are applied, while the index Al
corresponds to EN AW-6060 and Fe to C45.

mar/m =mp1/ (may + tige) = 0.8 o

tpe = (1/0.8 — 1) x my) 2

V=V + Vie = a1/ pa1 + Mre/ Pre = M1/ pa1 + (1/0.8 — 1) X ma1/ pre ®3)
ma=V/(1/par+(1/0.8 — 1)/ pre) 4

V=bxA ®)

ma/A=b/1/ par+ (1/0.8 — 1)/ pge) = 0.0149 kg /m? (mge /A = 0.00372 kg /m?) (6)
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Figure 16. (a) Polished cross section of the joining zone after MPW at the Bmax setup (lyy = 6 mm,
a=0°¢=15mm, E =8.0Kk], Imax = 503 kA, @ coil = 41 mm, w. = 10 mm, flyer tube thickness s =2 mm,
flyer tube material in T66 condition), secondary electron image of the interface, (b) approximately
0.5 mm behind weld seam beginning with 500 x magnification and approximately 3.5 mm behind weld
seam beginning with (c) 500 x magnification, (d) 2000x magnification and location of ten parallel line
scans for EDS-analysis and (e) average element distribution perpendicular to the steel surface.

Now, the maximum heat input Q4 per area needed for the melting of aluminum can be calculated
by applying Equations (7) [31] and (8) , taking the enthalpy of fusion AHj,g into account, and assuming
a temperature-independent heat capacity c. Furthermore, the highest reachable temperature is the
boiling temperature of the material, since possible metal vapor is assumed to be spewed out of the

joining gap.
Qal/A =mp/A % (cal X AT + AHpyg) = 38.7 K] /m? (Qpe /A = 6.2 k] /m?) @)

AT [K] = Tyap — 20 °C 8)

The total heat input Q per area is now calculated according to (9) and is in good accordance with

previous publications [15].
Q/A=Qa1/A+ Qre/A=449K]/m? )

To add plausibility to this calculated value, the kinetic energy of a flyer with a thickness s of 1.5
mm and a radial impact velocity v;, of 340 m/s according to Figure 5 by Equation (10) [31]. In this
case, the total heat input is approximately one fifth of the kinetic flyer energy.

Exin/A =5/2 % pap X (03,)% = 234.1 kJ /m? (10)

The total heat input calculated in (9) serves as an upper boundary in the one-dimensional
thermodynamic COMSOL model and is assumed to be distributed equally to both surfaces. Thus, half
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of the total heat input Q is introduced into the aluminum and steel surfaces, respectively, and named
as Qs.

In the following section, the influence of certain input parameters for the numerical simulations
is described. In each diagram, the results of a reference setup with the parameters given in Table 5,
are plotted for a better comparison. Here, the maximum heat quantity is introduced into the surfaces
within 0.5 s, followed by an immediate contact of both joining partners.

Table 5. Parameters of the reference setup.

Physical Quantity Symbol Unit Value
Heat quantity at each surface Qg/A J/m?2 22,450
Heating time theat us 0.5
Waiting time twait us 0
Flyer material - - EN AW-6060
Parent material - - C45
Consideration enthalpy of fusion? - - true

In the first simulation, the influence of the phase transitions on the surface temperatures was
investigated, see Figure 17. The surface temperatures during the heating stage are almost identical,
while they differ significantly during the cooling stage, exactly at the time when the melting point
of aluminum is reached, approximately 1 ps after the contact t.on. The interface stays in the liquid
phase for 0.6 ps, before the temperature decreases. This period might be critical for thin flyers, since
the bounce-back effect occurs quite early.

3000

2500 /‘— T,,(t), reference
~ T,,. (#), without considering
enthalpy of fusion

1500 / 4 T,.(C45)

1000 // T, (1), reference

Fly

2000

/
'

Surface temperature T [°C]

T, (Al)
500 v
T, (t), without considering T
enthalpy of fusion
o 1 2 3 4
t

Time ¢t [ps]

Figure 17. Comparison of Tryy(f) and Tpa(f) for the reference setup (heat quantity at each surface
22,450]/ m2, heating time 0.5 ps, waiting time 0 us, flyer material EN AW-6060, parent material C45)
with and without considering the enthalpy of fusion.

In Figure 18, the heat quantity Qs is reduced to 9100 J/m? at each surface, which was identified
as a lower boundary in the analytical investigation of the melted volume in the interface. This value

is insufficient to reach the melting temperature of steel and, thus, welding in the liquid phase is
probably hindered.
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Figure 18. Comparison of Ty (f) and Tp,(t) for the reference setup and the setup with 9100 J/ m? heat

quantity at each surface.

Since the heating time fj,e,; of the CoP is hard to assess experimentally, the influence was studied
in the numerical simulation, see Figure 19. The increase of the heating time to 1 us at a constant
heat quantity leads to lower maximum temperatures after the heating period. Nevertheless, both
materials are in the liquid phase at the time of contact tcon and show a similar cooling behavior like the

reference setup.
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Figure 19. Comparison of Tpyy () and Tpa(t) for the reference setup and the setup with 1 ps heating time.

The waiting time t,,,i between the end of the heating and the contact f.,n was identified as an
important factor. The cooling rate of the steel surface in the numerical simulation is in the order of
10° K/s and, thus, it is solidified approximately 0.3 ps after the heating time. Figure 20 shows that
a waiting time of 2 us and even 1 us until contact is too long for a liquid phase bonding, since the
steel surface is already solidified at t.on1 and teon2, respectively. The immediate contact after heating is
necessary for this material combination, which corresponds to short gap closing times, high collision
front velocities, or small collision angles, respectively. As explained in the previous chapter, this is
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linked to an increased compression of the CoP and, thus, higher temperatures in the joining gap and
heat input to both surfaces.
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Figure 20. Comparison of Tryy(f) and Tpu(#) for the reference setup and the setups with 1 us and 2 s
waiting time.

The last set of simulations investigated the influence of the flyer material. The results for copper
and C45 as flyer materials are plotted in Figure 21. From the theoretical point of view, liquid state
bonding can be achieved in both cases. The surface of the copper reaches the melting temperature
at the time of contact fcon and enables a very fast cooling due to the high heat conductivity. The
similar material combination C45 to C45 fulfills the requirements for liquid state bonding as well.
Nevertheless, to establish a CoP with the same heat input like in the reference setup aluminum to steel,
a higher impact velocity is needed due to the increased hardness of both joining partners. In such
configurations, a soft interlayer material as described in [38] might be beneficial to reach a strong CoP
at lower impact velocities.
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Figure 21. Comparison of Tryy(f) and Tpq(t) for the reference setup and the setups with copper and
C45 as flyer materials.

The results of the numerical simulations could be stated more precisely, if some of the input
data would have been accessible during the experiments. Nevertheless, this numerical parameter
study revealed the most important factors for MPW. An extension of the model will also include the
reaction enthalpy for dissimilar metal welding, which was previously found to be beneficial for the
weld formation at the lower process boundary [18]. Furthermore, the combination with mechanical
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models that predict the time of bounce back effects will allow for a comprehensive prediction of the
welding result.

4. Research Highlights

1.  The experiments showed that jetting in the type of a strong material flow is not mandatory
for a successful MPW process. A cloud of particles (CoP), which is ejected during the impact
with lower velocities, enables welding, too. Compared to the “real” jet in the style of a massive
material flow at higher impact velocities, the CoP cannot remove thick surface layers or facilitate
welding with rough surfaces. In this case, an adapted surface preparation and cleaning process is
essential to ensure a sufficient surface activation.

2. The appearance of the CoP and its effect on the weld formation is determined by the prevalent
collision conditions, especially the collision angle. This factor can be adjusted by various
machine related factors and the part geometries. Vacuum experiments show that the CoP
is established during the first metal to metal impact with a certain minimum impact velocity.
Afterwards, it is compressed in the closing joining gap, successively heated up and finally ejected
in welding direction.

3. For small collision angles, the level of compression and the internal friction of the CoP are higher
and, thus, the temperature in the joining gap increases. In this configuration, the CoP is finely
distributed like a metal vapor, which activates the surfaces of the joining partners homogeneously
and can be seen inside the flyer tube after the experiment. If the collision angle is increased,
the temperature decreases and single macroscopic particles are ejected. These particles seem to
have a reduced surface activation effect, compared to the finely dispersed metal vapor described
previously and thus, inhibit welding.

4. These findings allow for an optimization of the energy input during MPW. If a small collision
angle is ensured, the initial impact velocity can be reduced. Thus, less mechanical energy is
required for the forming process and the loading on the tool coils is reduced with positive effects
on their lifetime.

5. Normally, the MPW process is performed in ambient atmosphere, where the free CoP ejection is
hindered by the surrounding air. This leads to a shock compression and sudden heat up of the
gas and results in a very strong process glare. This strong lightning can be utilized for the quality
assurance during industrial production [39].

6.  The numerical simulations of the surface temperatures of both joining partners revealed a strong
influence of the waiting time between the end of the heat input by the CoP and the contact of
both joining partners. Especially for dissimilar metal welding, this time needs to be very low to
avoid solidification before the contact. This finding is important for the theory of liquid state
bonding and in good correlation with the experimental results. Small collision angles, or gap
closing times, respectively, are beneficial for the weld formation during MPW.

5. Patents

The flash measurement system enables the parameter identification and quality assurance during
production. It was patented for different impact welding processes [39,40].
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Abstract: Using laser beam as main heat source, and trailing arc as an assisted role, aluminum alloy
was joined to galvanized steel in a butt configuration. Under suitable welding parameters, a sound
welding seam was obtained. The interface intermetallic compounds layer and wetting behavior of
weld joint were studied. The assisted arc can improve the wetting and spreading ability of weld
pool duo to large temperature field. There are two different types of IMCs: near to the steel side
one is FeyAls with tooth-like shape and near to the weld seam side is the other one Fe,Al;3 with
flocculent-like shape. The highest tensile strength can reach 163 MPa when the fracture occurred at
the weld seam.

Keywords: welding-brazing; arc assisted laser method; aluminum-steel butt joint; mechanical properties

1. Introduction

In recent years, low carbon emission and lightweight design have been concerned by the
automobile industry [1]. Using the aluminum and steel hybrid structure to replace the traditional
single steel structure can effectively reduce the weight of the car body [2]. However, there are some
differences of physical properties between aluminum and steel, such as the melting point and the linear
expansion coefficient, etc. It is difficult to realize the metallurgical bonding using the conventional
fusion welding.

To realize a high quality welding of aluminum and steel welding, the welding brazing method
was proposed. [3]. In the welding brazing process, the heat source is mainly used for melting the
base metal with lower melting point, and then the brazing joint was formed by wetting of molten
metal [4]. There are various investigations on the aluminum and steel welding brazing process,
including laser beam welding [4-6], CMT (cold metal transfer) welding [7-9], and TIG (tungsten inert
gas) arc welding [10,11]. However, there are two major issues that have limited the welding brazing
of steel and aluminum; one is the poor wetting ability of weld pool, and the other is the generation
of brittle and hard intermetallic compounds (IMC), which can introduce deleterious effect on the
welded joints [12]. At present, the main welding heat sources used in the aluminum/steel welding
brazing are laser and arc, the welding method which uses the laser as the heat source can achieve
high efficiency and accurate welding [13,14]. But the laser source is concentrated at one point, and
the capability of wetting and spreading of the molten pool becomes poor [15]. The wetting problem
becomes more serious during the welding-brazing process of the butt configuration. To improve the
wetting and spreading ability of weld pool, Laukant et al. [16] used dual-spot laser beam to joined steel
plate to aluminum alloy plate, and they suggested that a larger heating area can provide a better back
formation of weld seam, and the better wetting and spreading ability resulted in a higher strength
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of the joint. Using laser welding-brazing to join a 6016 aluminum plate and a low carbon steel plate,
Alexandre et al. [17] studied the relationship between the tensile strength, and wetting length (L), and
wetting angle (6). They found that a larger L/0 ratio could improve the tensile strength of the joint.

In addition to wetting and spreading factor, the interfacial IMC also had a significant influence
on the mechanical properties of weld joint. Sun et al. [18] found that the IMC layer was composed
by Fe;Als phase and FeAl; phase during Al-steel laser welding brazing. They discovered that the
total thickness of IMC would become larger with the increase of laser power, and the highest tensile
strength of weld joint could be obtained when the laser power of 3.05 kW. Using hot dip aluminizing
on the steel surface, Shahverdi et al. [19] analyzed the microstructure of the IMC layer, and they found
that the growth speed of Fe, Al; phase was higher than FeAl; phase. Zhang et al. [20] suggested
that the IMC layer was inevitably generated at the interface, and when the thickness of the IMC
layer exceeded a certain range, the joint mechanical properties would be greatly deteriorated. The
composition distribution and thickness of the IMC were controlled, the welding process parameters
could be optimized to improve the mechanical properties of the joint.

In the present study, to improve the wetting ability of weld pool, we proposed an arc assisted laser
welding brazing method. The aluminum alloy was joined to the galvanized steel by Tungsten inert gas
(TIG) arc-assisted laser welding brazing. In the process, the laser beam was put in front of the assisted
arc for melting the aluminum alloy, the assisted arc changed the temperature field, and increased the
wetting ability of the molten metal. This study focused on investigating the interfacial microstructure
and weld seam formation in the arc assisted laser welding-brazing process. The mechanical properties
and fracture behavior of joints at different welding parameters were also discussed.

2. Experimental Details

2.1. Materials

The materials used for joining are ST04Z galvanized steel and 5A06 aluminum alloy. The
dimensions of steel and aluminum plates are 150 x 50 x 1 mm? and 150 x 50 x 2 mm?, respectively.
Table 1; Table 2 list the chemical compositions of galvanized steel and 5A06 Al alloy, respectively.
Pre-placed powder and flux were properly dissolved in acetone and applied on the surface of
work-pieces. The main compositions of powder are Mg 5-8, Si 1-3, Mn 1-3, B 0.5-1, Zn 5-10, Al
75-88.5 in weight percent (wt. %).

Table 1. Chemical compositions of ST04Z galvanized steel (wt. %).

Mn Si P S Cu Zn C Ni Fe
0.4 <0.40 0.02 <0.30 <0.15 <0.15 0.08 <0.15 Bal.

Table 2. Chemical composition of 5A06 aluminum alloy (wt. %).

Mg Si Mn Ti Cu Zn Fe Al
5.8-6.8 0.4 0.5-0.8  0.02-0.10 0.1 0.20 0.4 Bal.

2.2. Experimental Procedure

A high-power transverse flow CO, laser equipment (GS-TFL-10K) (Wuhan Hans Goldensky
laser system Co., Ltd., Wuhan, China) and an AC-TIG welder (TSP300) (Shenzhen Huayilong Electric
Co., Ltd., Shenzhen, China) were used to join the Al alloy plate and the steel plate, in which the TIG
welder provided the arc to assist the laser beam. The main parameters of CO; laser equipment are as
follows: the maximum output power of 10.0 KW, laser beam diameter is 0.4 mm. Before the welding,
a mechanical grinding was used to remove the oxides layer on the surface of Aluminum plate, and
the pre-placed powder and flux were mixed with acetone and then applied on the surface of the
work-pieces. The aluminum plate and the galvanized steel plate were placed in the same horizontal
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plane and then fixed on the self-made welding fixture; the butt joint was adopted in this experiment.
The welding schematic is shown in Figure 1.

© ditecﬁ““ (b)  Welding direction
NS * -
WM
Laser head\‘ Heat distance

Shielding gas

Shielding gas
2 mm 50 mm
Figure 1. Schematic diagram of the arc-assisted laser welding; (a) overview, (b) front view, and (c)
side view.

During the welding process, argon was used to shield the molten pool from air; shielding gas flow
rate was 10 L/min, welding speed kept unchanged at 10 mm/s, and the heat input can be expressed
as: H = P/v + Ul/v, where the p is laser power, U is the arc voltage, I is the arc current, and the v is the
welding speed. The main welding parameters are listed in Table 3.

Table 3. The main parameters of arc assisted laser welding-brazing.

Heat Input (KJ/cm) Arc Current (A) Heat Distance (mm)
1.0 15 15
12 15 15
15 15 15
1.7 15 15
12 10 15
12 15 15
12 18 15
12 20 15
12 15 5
12 15 10
12 15 15
12 15 20

After the welding, the surface of the work-piece was lightly ground by an abrasive paper.
Specimens for the microstructure analysis were cut from the Al-Steel weld joint; the surface of the
specimens was mechanically ground and polished to have mirror-like quality. Microstructure and
composition of the interfacial layer were identified using JSM-6701F scanning electron microscopy
(SEM) (JEOL (BEIJING) CO., Ltd., Beijing, China) equipped with energy dispersive spectrometer
(EDS) (JEOL (BEIJING) CO., Ltd., Beijing, China). The phase composition in the interfacial layer was
identified by TN-570X X-ray diffraction (XRD) (Shimadzu (China) CO., Ltd., Beijing, China) using
Cu-Ko radiation with step size of 0.02° and step time of 60 s. The tensile test was carried out at room
temperature by the WDW-300] tensile testing machine (Nanjing OuChengjing Testing Equipment
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Co., Ltd., Nanjing, China). According to the weld joints strength test from the reference [21,22], we
designed the tensile specimens as shown in Figure 2. The tensile strength can be calculated as:

)

here F is the maximum load, A is cross section area of fracture position, [ is the width of tensile strength
test sample (10 mm), « is the height of fracture surface. The height (&) and width (I) are measured
using a Vernier caliper. The engineering strain is defined as AL/Lj, where AL and L, are the elongation
length and initial lengths respectively.

eld seam )
mm
F 1mm _ F

T I T Fracture surface
S S . é E j

1

20 mm

74 mm

Figure 2. The geometry of tensile specimens and fracture surface.

2.3. Numerical Analysis of Temperature Field
A FEM analysis was used to calculate the temperature field. The flow of the molten pool was
ignored in the calculation of the temperature distribution during welding.
The governing equation can be expressed by the following equation [23]
d(pw 9(ow d .0 9 ,.0 9 ,.0
(pwg) , 9pwe) (r2? (r2? o 45 @

dpp) | Apue) _
o Tox Ty T —alad Tt

g( 0z

where p is the density of base material, i1, v, and w is fluid velocity in x, y, and z directions respectively,
and ¢ is solving variables such as temperature, speed, etc. I is generalized diffusion coefficient, and s
is source term such as mass source term, energy source term, and momentum source term.

The thermal boundary condition of the upper surface of work piece can satisfy the following
formulations [24]:

aT 4 4
_Aﬁ = Garc + Jlaser —he(T —To) _.BS(T - TO) — wHy 3)

here A is thermal conductivity, k. is the heat transfer coefficient, § is the Boltzmann constant, ¢ is the
radiation coefficient of surface, Hy is latent heat of vaporization, garc and gj,s, represent the arc heat
flux and laser heat flux which can be expressed by the following equations [25]:

For the front heat source:
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For the rear heat source:
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an  67Qs 3(x + 0.015 — vt)? 3y?
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here 77 is the heat efficiency, U; is welding voltage, I is the welding current, Q; is laser power; ag, 4,1,
byy, are arc heat source model parameters; ap, a7, by, are laser heat source model parameters; vy is heat
source velocity.

3. Results and Discussion

3.1. Arc Effect on the Formation of Weld Seam

In the welding brazing process, the wetting and spreading behavior of Al molten pool on the steel
surface determined the formation of weld seam [26]. In the present study, the weld seam morphology
was mainly evaluated based on its continuity and back formation. Figure 3 shows the morphologies
of top and back surfaces of the welding seams formed by single laser and arc assisted laser welding
processes, respectively. Both the two methods can get continuous front formation of the weld seam,
however, the back formation of arc assisted laser method exhibited a better wetting and spreading
morphology than single laser welding brazing. This result suggests that assisted arc improves the
wettability and fluidity of Al molten pool and helps the Al molten pool spread to the back surface of
the steel plate.

Welding method Top view Back view

Single laser

Arc assisted laser

e Al'nﬁ"ﬁﬁr‘ﬁ"‘"’" e

= Aluminum

1cem

Figure 3. Surface morphologies of the weld seams formed by single laser and arc assisted laser
welding processes.

Figure 4 shows SEM images of the cross-sections of Al-steel butt joints formed by single laser and
arc-assisted laser welding processes. The length of bottom wetting zone in arc assisted laser was about
2 mm, while it was 0.5 mm in single laser welding. In general, the welding seam produced by the
arc assisted laser welding is better than that by the single laser welding. Especially, the wetting and
spreading of back formation. Such trend is likely due to the arc-induced change of the heat conduction
during the cooling (solidification) stage.
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Figure 4. SEM images of the cross-sections of Al-steel butt joints formed by two different welding
processes; (a) single laser welding brazing, and (b) arc assisted laser welding brazing

To understand the wetting and spreading behavior of motel pool, a FEM model of temperature
field was established. Figure 5 displays the thermal cycles of point A and point B on the top surface of
the steel, the thermal profiles calculated by the FEM at different positions were in good agreement
with the experimentally measured values.

300
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Figure 5. Comparison between experimental and calculated thermal cycles.

Figure 6 shows the temperature field of molten pool (X-Y plane) in the single laser and arc
assisted laser welding process. As can be seen from Figure 6, the temperature field distribution of the
molten pool under the action of a single laser and arc assisted laser is similar to the double ellipse
distribution. The temperature distributions on both sides of aluminum/steel were asymmetric. As
shown in Figure 6b, due to the addition of the assisted arc, the temperature field distribution of the
base metal surface becomes larger than that in the single laser process, and the maximum temperature
of the molten pool reaches 1002.54 K. The heat input from the arc can increase the spreading time of
the molten metal in the welding pool, thus forming a better joint. Adding arc in the laser welding
helps enhances the heat conduction, which allows the molten metal to have enough time to wet on the
surfaces of the workpiece and to solidify in a little longer time.
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Figure 6. The temperature field of molten pool: (a) single laser welding brazing process, and (b) arc
assisted laser welding brazing.

3.2. Microstructures and Phase Identification of IMCs Layer

It is known that the structure and thickness of IMC layers play important roles in determining
the mechanical behavior of welding joints [27]. A typical cross-section of weld joint was selected to
observe the IMC layer. The specimen was obtained using the following process parameters: laser
power of 1200 W, welding speed of 10 mm/s, heat distance of 15 mm, and arc current of 15 A.

Figure 7 shows the IMC layers formed at three spots of A, B, and C around a welding joint. One
can easily observe the non-smooth interfaces of the IMC layer formed between the steel and the Al
alloy weld seam. The thickness of the IMC layer changes with the location along the interfaces. For
example, the average thickness of the IMC layer is 13 um over the spot of B and 9 um over the spot
of C. In general, the IMC layer around the edge containing the spot B is thicker than those along the
edges containing spots of A and C, since it takes more time for the completeness of solidification along
the edge containing the spot B.

ey ]
. (b)

Thicknéss
measure

Steel Weld seam

IMC layer

0.5 mm

10 pm
@

i

Weld' seax;l Steel X Weld seam

‘_ HE layer

10°um | N 10pm

Y

- - IMC layer

Figure 7. SEM images of the intermetallic compounds IMC layers at different locations of the Al-steel
joint; (a) overview of the joint, (b) the IMC layer around the spot A, (c) the IMC layer around the spot
B, and (d) the IMC layer around the spot C.

To better understand the thickness changes of IMC layer at the interface, the temperature profiles
of three positions at the interface were obtained by FEM calculated model. Figure 8 shows temperature
curves of interface obtained from calculated results at heat input of 1.2 KJ/cm. The liquid/solid
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reaction time of the three curves are essentially equal, but the peak temperatures from three positions
are difference and the thickness of IMC layer becomes thick with the temperature increase. It indicated
that the IMC thickness is mainly depended on the peak temperature.

1200

1100 L Position A
Position B
Position C

1000 |-

900 |-
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Temperature (°C)
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Figure 8. Temperature profiles of different positions at Al/Steel interface.

In order to identify the phase compositions of the IMC layer, an EDS line scanning analyses of the
IMC layer was performed, as shown in Figure 9. It is evident that both Fe and Al uniformly distributed
in the corresponding regions, i.e., the steel and the Al alloy, as expected, since no IMC can be observed
in the steel matrix, and there are only a small amounts of IMC randomly distributed in the welding
seam. According to the EDS pattern of the line scan, the IMC layer can be divided into two layers of I
and II. In the layer I, both the fractions of Al and Fe remain relatively unchanged with the change of
the distance to the steel/IMC interface. In the layer I, the fraction of Fe decreases with the decrease of
the distance to the interface between the IMC layer and the welding seam, while the fraction of Al
increases with the decrease of the distance to the IMC/weld seam interface. Such behavior suggests
that the IMC in the layer I has different structure with that in the layer II. It is worth pointing out that
there are little amounts of other elements presented in the IMC layers. The EDS point analysis of the
IMCs was performed for the positions A and B as labeled in Figure 9, the atomic ratio of Al to Fe is in
the range of 65/27 (~5:2) to 77/22 (~3:1), which suggests the formation of Fe, Al5 and Fe4Al;3 IMC.

Steel

Weld seam”

>

Figure 9. SEM images of the Al/Fe interface and the corresponding EDS pattern of the line scan.

The XRD analysis results of fracture plane in steel side, as shown in Figure 10. The XRD results
show that the reaction layer included two different kinds IMC: Fe4Aly3 and Fe; Als. According to Fe-Al
equilibrium phase diagram [28], six non-stoichiometric IMC of Fe3zAl, FeAl, FeAl,, Fe;Als, Fe;Als,
and FeyAl;3 possibly form during reaction between iron and aluminum. Previous studies about the
welding of aluminum alloy to steel indicated that the formed compound near welded seam was
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intermetallic compounds FeAlz phase [29,30]. Van et al. [31] state that the n phase has two term name
of “FegAly3” and “FeAls”, while FegAly3 is more accurate expression. The IMC layer can be divided
into two sublayers, as above analysis; one consists of Fe; Als IMC, and the other consists of FeyAly3
IMC. The interface between the Fe, Al; phase and the steel is presented in the needle-like shape, and
the interface between the FeyAly3 phase and the Al alloy is presented in the flocculent-like shape.
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Figure 10. XRD patterns of the fractured surface on the steel substrate.

The hardness of the microstructure near the interface was measured by a Vickers indenter.
Figure 11 shows the distribution of the Vickers hardness across the interface. The Al has the lowest
Vickers hardness, as expected. It worth to point that the IMC layer has the highest Vickers hardness and
the hardness of IMC is 5-6 times higher than the Al base metal. This result indicates that comparing
to the base metals, the intermetallic compounds are more brittle and have large resistances to the
penetration of an indenter onto the surface. The crack was easily generated in the IMC layer.
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Figure 11. Distribution of Vickers hardness across the interface.
3.3. Mechanical Properties of Joints

To compare the mechanical property between single laser welding and arc assisted laser welding,
tensile tests of the tensile specimens were performed. Figure 12 shows the engineering stress-strain
curves for the welded joint prepared by using single laser and arc assisted laser in the same welding
parameters. The tensile strength value of the weld joint obtained by arc-assisted laser welding brazing
was about 1.3 times than that in single laser welding brazing process. The highest value was near to
163 MPa, which almost 5A06 aluminum alloy strength for 74% (Under the same test conditions, the
tensile strength of 5A06 aluminum alloy is 219 MPa), it indicates that the addition of arc can improve
the tensile strength of aluminum/steel butt joint.
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Figure 12. Engineering stress engineering strain curves of single laser welding and arc assisted
laser welding.

To understand the relationship between the wetting width and tensile strength, the fracture mode
and wetting width under different welding heat input were analyzed. The total wetting width can
be expressed:

Wi = Wb + Wf (8)

here W; is the total wetting width, W, is the wetting width of back formation, and the Wy is the wetting
width of front formation. Figure 13 shows the typical failure modes of joint that was obtained in
different welding heat input for arc assisted laser welding. The total wetting width increase with
the heat input increase. When the heat input was lower, the specimen was failure at the wetting and
spreading zone due to the poor wetting ability of the weld pool. The highest tensile strength was 163
MPa when the weld joint failure at the weld seam. The worst case of tensile properties was fractured
along the aluminum/steel interface with average tensile strength of 98 MPa when the total heat input
exceeds 1.5 KJ/cm. In this case, the total width was about 5.7 mm, however, duo to the heat input
was higher, the thickness of IMC exceeded permissible value (about 10 pm) [32] and the mechanical
properties become worse. Note that a smooth edge morphology of fracture joint was appeared when
the heat input exceeds 1.5 KJ/cm, it can be attributed to a brittle fracture caused by IMC layer. To
improve the tensile strength of welded joints, one needs to limit the thickness of IMC.
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Figure 13. Fracture modes of the weld joints in different welding heat input.

As discussed in introduction part, the IMC layer plays an important role in determining the
structural durability of the structures consisting of welded joints. To examine the effect of the IMC
layer (welded joints) on the Al/steel weld joint, tensile tests of the tensile specimens were performed.
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As the tensile strength and IMC were mainly affected by the heat source, we selected three main
parameters (laser heat input, assisted arc current, and heat source distance) as variables. The tensile
strength of the joint and the thickness of the IMC were measured under the same welding parameters.
As shown in Figure 14, the thickness of the IMC increases linearly with the increase of the process
parameters, while the tensile strength reaches certain value and then drops rapidly. This implied that
due to the high heat input, the excessive growth of IMC layer led to the poor tensile strength of the joint.
Therefore, in order to improve the strength of joint, it should control the heat input. The maximum
tensile strength can reach 163 MPa When the IMC thickness between 8 um and 12 pum. Tensile strength
decreased rapidly when the thickness of the compound was more than 13 pum. Comparing Figure 14a,c
to Figure 14b, Figure 14b had a more slowly decreasing trend in the process of tensile strength reduction.
It indicates that the appropriate heat distance between laser and arc can improve tensile strength due
to good weld appearance.
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Figure 14. Effects of welding parameters on the IMC layer thickness and the tensile strength of the
butt joint: (a) effects of assisted arc current, (b) effects of distance between heat source, (c) effects of
heat input.

In order to further understand the fracture behavior of the arc assisted laser welding brazing
tensile specimens, the fractured surfaces were observed by SEM, the typical fracture surface images
were shown in Figure 15. As shown in Figure 15a, there are a large number of dimples in the fracture
surface, and exhibited the typical ductile fracture when the fracture occurred at the weld seam of the
aluminum alloy. Figure 15b shows the morphology of the tensile specimen detached along the IMC
layer which exhibited brittle fracture pattern. As shown in Figure 15b, the fracture surface presented
typical cleavage fracture with river pattern strips, it can be attributed to the lattice mismatch inside the
IMC layer [33]. At a suitable heat input, the weld joint will fracture at the weld seam and shows a high
tensile strength. On the other hand, a higher heat input will cause the excessive growth of the IMC
layer, and the crack will generate at the IMC layer and rapidly propagate along the interface, which
results in a poor tensile mechanical properties of the joint.
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Figure 15. SEM fractography of the ruptured specimens: (a) fractured at weld seam, (b) detached
between galvanized steel and brazed seam interface.

4. Conclusions

Dissimilar metals of 5A06 aluminum and galvanized steel were butt joined by arc assisted laser
welding brazing technique. Major conclusions of this study could be summarized as followings:

1. Using arc assisted laser welding brazing method, the galvanized steel was joined to the aluminum
alloy with butt joint. In this welding process, a sound weld seam formation could be obtained on
the back and front side, and the addition of arc could improve the wetting and spreading of weld
pool and enhanced the tensile strength of weld joint.

2. Compared to the single laser welding brazing method, the arc assisted laser welding brazing
method had lager temperature distribution due to the addition of arc, the wetting width increased
with the increasing of total heat input.

3. Two different IMC phases were formed at the Al/steel interface, which was composed of Fe, Al
near to the steel base metal and FeyAlj3 near to the aluminum welding brazing seam.

4. There were there failure modes in tensile strength test: the wetting zone fracture, weld seam
fracture, and Al/steel interface fracture. The maximum tensile strength of weld joint was 163 MPa,
which was nearly 74% of 5A06 aluminum alloy when the fracture occurred at the weld seam.
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Abstract: The welding of dissimilar metals was carried out using a pulsed Nd: YAG laser to join
DP1000 steel and an aluminum alloy 1050 H111. Two sheets of each metal, with 30 x 14 x 1 mm?,
were lap welded, since butt welding proved to be nearly impossible due to the huge thermal
conductivity differences and melting temperature differences of these materials. The aim of this
research was to find the optimal laser welding parameters based on the mechanical and microstructure
investigations. Thus, the welded samples were then subjected to tensile testing to evaluate the quality
of the joining operation. The best set of welding parameters was replicated, and the welding joint
obtained using these proper parameters was carefully analyzed using optical and scanning electron
microscopes. Despite the predicted difficulties of welding two distinct metals, good quality welded
joints were achieved. Additionally, some samples performed satisfactorily well in the mechanical
tests, reaching tensile strengths close to the original 1050 aluminum alloy.

Keywords: laser welding; pulsed Nd:YAG laser; DP1000 steel; 1050 aluminum alloy; dissimilar
materials welding; steel/aluminum joint

1. Introduction

Currently, there is a growing interest across various industries to join different metals or
alloys [1,2]. This interest is justified by the flexibility that such options would provide in terms
of mechanical project and design, for instance, by utilizing high-quality alloys for critical structural
points and low-quality ones for less significant areas. Additionally, considering for instance the
automotive industry, this solution makes it possible to manufacture lighter components [3—6]. This
would also significantly reduce fuel consumption, thereby reducing CO, emissions, which is of the
utmost importance in complying with environmental demands and policies, and also to improve
manufacturers/brands in their green marketing campaigns.

Steel and aluminum are two materials that are extremely difficult to join by welding. They have
different chemical compositions, as well as physical and mechanical properties, which translates into
a homogeneity problem. These materials have completely different melting points. Aluminum can
melt during the welding process, whereas steel can remain solid [2]. In other words, the laser power
necessary to melt steel is excessive for aluminum. On the other hand, aluminum’s reflexivity and the
high melting temperature of its surface oxides make its melting process quite difficult. Thus, specific
welding strategies must be adopted in order to properly weld these materials.

Moreover, the thermal conductivities and thermal expansion coefficients of steel and aluminum
alloys are also completely different, which makes welding of these materials a true challenge [4-6].
Therefore, during the welding process, thermal stresses and residual stresses develop on the welding
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joint [2]. Additionally, the occurrence of intermetallic compounds (IMCs) of Fe—Al on the welding
joint during solidification is possible [7]. IMCs are very hard and fragile, decreasing the joint tenacity
and plasticity of the joint, i.e., basically turning it brittle [2]. The IMC layers formation is highly
dependent on the temperature and time [8], which must be controlled to successfully join steel and
aluminum [9]. Consequently, there is a series of problems in joining these two materials, and some
solutions have been proposed. Torkamany et al. [10] reported a successful welding of low-carbon steel
ST14 (0.8 mm thick) and 5754 aluminum alloy (2.0 mm thick), using a pulsed Nd:YAG laser. It was
found that parameters such as power and pulse duration had a significant influence on the overall
welding process. Torkamany et al. [10] reported the expected formation of IMCs. An increase in both
parameters meant an equal increase in the terms of the IMCs formation. Moreover, with the increase
in laser power, the extent of spatter, cracks, and pores also increased. On the other hand, for low
laser power values, penetration was insufficient. Sun et al. [11] studied weld butt joints between
Q235 low-carbon steel and an AA6013 aluminum alloy, also using an Nd:YAG laser and adding
the aluminum alloy 4043 as filler material. As in Reference [10], the formation of the IMCs: Fe;Als
and FeAl; occured. Failure analysis of the joints showed a typical cleavage-type fracture with crack
initiation starting within the FeAl; phase. The maximum registered tensile strength of the joint was
120 MPa.

These were the most recent and relevant studies found in the literature. Other authors have used
fusion-brazing welding [12] or dual laser beam fusion welding [9] or even explosion welding [13-15],
which are relatively if not widely different from the investigation at hand, especially the latter.
Nevertheless, despite considering these techniques, we did not find any study relating to DP1000
steel and aluminum alloy 1050 welding. In fact, even in well performed literature reviews by Sun and
Ion [1], Wang et al. [2], Shah and Ishak [4], and Katayama [3], no study was found regarding the laser
welding of these metals. In this work, the authors aimed to determine the optimal set of laser welding
parameters, based on mechanical testing and microstructure investigations.

Nowadays, laser technology is used in many applications. Concerning mechanical technology,
this can be used to perform precise welding or even precise cutting of high strength steels [16,17]. Laser
welding is a joining method that is still relatively recent and makes it possible to obtain better results
compared to other welding technologies. This is the main reason behind the replacement of resistance
spot welding in several industries. For instance, considering the automotive industry, laser welding has
been extensively used, since it makes it possible to perform smaller welding joints (small heat-affected
zone) with higher precisions, penetrations, and flexibility. Additionally, it only requires one side of
the base metal to accomplish the joining process and it is a technique characterized by high welding
speeds, making it an excellent alternative to the conventional welding processes [2,18]. Currently, laser
welding is widely used in metals such as titanium alloys [19,20] and dual-phase steels [21].

2. Materials and Methods

2.1. Laser Welding Machine

The machine used was a SWA300 (SISMA, Vicenza, Italy), Figure 1a. The Nd:YAG laser uses, as
an active medium, a crystalline solid made of Nd:YAG (neodymium-doped yttrium aluminum Garnet
- Y3AI5012). A parametric study was performed to find a set of welding parameters that made it
possible to obtain quality welding joints between DP1000 steel and 1050 aluminum alloy. To evaluate
the welded samples, the same methodology adopted in a previous study was also adopted [21], as well
as performing tensile and microhardness tests.
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(b)

Figure 1. (a) SISMA SWA300 Nd:YAG laser welding machine; (b) Fixation/support system.

The SISMA SWA300 was primarily designed to perform mold reparation and maintenance, with
or without the use of a filler material. Since this machine was designed for mold reparation, it does not
have an original fixation system. Thus, a simple and effective solution was designed as depicted in
Figure 1b.

The support system has a hole for inserting the protection gas tube. From left to right, Figure 2
illustrates the procedure necessary to properly fix the samples. The first step was to insert the protection
gas tube, ensuring that the protective gas was properly covering the samples. The second step consisted
of putting the samples in their positions. In order to perform lap welds, a third metal sheet with the
same thickness was placed under the top one, which meant it was under the steel sample. The third
step was to ensure that both parts were properly placed, using screws at the sides. The last step was to
guarantee the complete fixation by using the upper screws, thereby closing the gap between the metal
sheets as much as possible.

Figure 2. Illustration of the support/fixation system operation.

In order to prevent oxidation, an isolating box was designed and placed on this device. This box
was made of glass, due to its transparency and its better thermal resistance (compared to acrylic).
Figure 3 shows the glass parts that were glued to create the referred to protective box, for use during
the joining process. The protection gas used was Argon ARCAL TIG MIG, supplied by Air Liquide
(Paris, France).
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Figure 3. Isolating glass box.

2.2. Materials and Samples

As described, the dissimilar metals chosen were the DP1000 steel and the AA1050 aluminum
alloy H111. Both samples had a thickness of 1mm and dimensions of 30mm x 14 mm. The 1mm thick
samples were cut using a guillotine (GUIFIL, Portugal).

These materials had completely different melting points. Table 1 presents a simple comparison
between iron and aluminum. Aluminum can melt during the welding process, whereas steel can remain
solid [2]. In other words, the laser power necessary to melt steel was overly excessive compared to the
aluminum. Therefore, the welding was performed only on the steel part, whilst slightly penetrating
the aluminum one, without destabilizing it. Tables 2 and 3 present the chemical compositions of
both materials.

Table 1. Properties of the Fe and Al at room temperature [22].

Meltin Densit Thermal Specific Heat Thermal

Metal Tem eraturge Kl [k .m_};] Conductivity Capacity Expansion
13 8 W-m—L.K-11  [Jkg~1.K~1]  Coefficient [K~1]

Fe 1809 7870 78 456 12.1 x 10°

Al 933 2700 238 917 23.5 x 10°

Table 2. Chemical composition of the AA1050 aluminum alloy [wt.%] [23].

Ti Zn Mn Fe Si Mg Cu
0.05 0.07 0.05 0.4 0.25 0.05 0.05

Table 3. Chemical composition of DP1000 steel [wt.%] [24].

C Si Mn Cu Al Cr Ni Nb v
0.141 0.49 1.47 0.02  0.041 0.03 0.04 0016 0.01

The samples were lap welded with the steel on top (Figure 4). It was verified that as the welding
progressed, naturally the samples would heat, and the penetration would increase longitudinally.
Thus, for the second welding joint, the sample was rotated 180° and the welding process proceeded in
the same direction. This way, less penetration achieved on the initial regions of the first welding joint
would be compensated by the second, which would accomplish just that.
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30
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Figure 4. Schematic of the welding performed on the samples.
2.3. Laser Welding Parameters

Regarding the laser parameters that could be analyzed using the SISMA SWA300,
the following parameters were considered: laser power (percentage of peak pulse); pulse duration;
frequency/superposition; and laser beam diameter. Since there was no data in the literature regarding
DP1000-AA1050 aluminum welding, the ideal welding parameters were found by trial and error,
as well as taking into consideration the conclusions of other studies previously carried out using the
same machine. From these conclusions, the following were considered:

e Laser beam power: the penetration was proportional to the laser beam power. The ideal values
were situated between 6 kW and 7.20 kW of the maximum peak power of 12 kW.

e Pulse duration: the penetration was also proportional to higher pulse durations. Previous values
were between 12-16 ms.

e  Superposition: It did not influence penetration until values around 80%.

e Laser beam diameter: the penetration seemed to be inversely proportional to the welding spots
diameter. A constant value of 1 mm was used.

e Welding speed: a high welding speed meant high penetration. The speed was then limited by the
amount of power/energy and pulse duration used. For higher values of pulse duration and/or
power (and thus energy), smaller values of speed were allowed for a proper welding process.

Similar to Torkamany et al. [10], which evaluated the influence of power and pulse duration
on the welding process, in the first stage, only power was varied to find its ideal value. Then, other
parameters were changed based on visual analysis and tensile testing. This evolution regarding the
welding parameter values is described thoroughly in the results section.

Table 4 shows the parameter values used for each welded sample. A square wave was defined as
the pulse type for all the samples. The welding speed was the lowest possible concerning machine
restrictions, because for higher values, the penetration on the aluminum sample would be excessively
high, destroying any chance of a properly welded joint. Additionally, a constant laser beam diameter
and superposition of 1 mm and 60% were used, respectively.

Table 4. Parametric study for steel-aluminum welding.

Sample Power [kW] Pulse Duration [ms]
1 8.40 14
2 7.20 14
3 7.08 14
4 6.96 14
5 6.84 14
6 6.72 14
7 6.60 14
8 6.48 14
9 6.36 14
10 6.24 14
11 6.12 14
12 6.00 14
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Table 4. Cont.

Sample Power [kW] Pulse Duration [ms]
13 6.48 16
14 6.48 15
15 6.48 13
16 6.48 12
17 6.48 11
18 6.60 13
19 6.60 15
20 6.60 16

2.4. Tensile Testing

To determine the mechanical properties of the welded samples, mainly the tensile strength and
respective deformation of each set of parameters, tensile testing was performed using an universal
testing, 10 kN machine (Shimadzu, Kyoto, Japan), Figure 5.

Figure 5. Shimadzu 10 kN tensile testing machine.

Considering lap welding, deflection phenomena are expected to occur during tensile testing.
We then used the following equation to compute stress:

F Mx X
L Mxxy

S:Aio Ix

@
where F is the magnitude of the forces applied, Ay is the initial cross section area of the joint, M, and I

are the torque and moment of inertia about the X-axis, respectively, and y is the maximum distance
about the Y-axis considering a xOy plane as Figure 6:

vk

4’_,

X

Figure 6. Position of the Cartesian coordinate system plane on the sample.

Since the superposition of the welding spots had a value of 60%, the area of the joint was
approximated to one of a 14 x 1 mm? rectangle. However, the deflection stresses were negligible
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(<1.5 MPa on every test) due to the small dimensions of the samples. Thus, in order to determine the
nominal stress, we used the following approximation:

F
S~ 4y @)

where S is the nominal stress, F is the magnitude of the applied force, and Ay is the cross-sectional
area of the sample (since fracture should occur on the aluminum part). The normal strain was
determined through:

€= TO, (3)

where e is the nominal deformation, AL is the change in length, and Ly is the original length considered
for the sample at hand, in this case it was 30 mm for each test. The true stress was calculated by:

c=5(1+e), 4)
where 0 is the true stress, whilst the true strain € was determined as:
e=1In(1+e), @)

2.5. Microstructure

For a deeper analysis of the welding, a new sample based on the optimum welding parameters
found in the tensile testing was re-created to analyze its microstructure. Firstly, the sample was
transversely cut for the observation of a substantial part of its welding joint, as well as longitudinally,
to have a 25 mm length to fit the mold (Figure 7). Cutting was precisely performed using a Struers
cutting machine.

[ ]

- 25 -

'_' [ 1
)

Figure 7. Illustration of the sample for microstructural observation.

After this, the sample was inserted on a cylindrical mold of 25 mm diameter and then epoxy resin
was injected into it, as well as a hardener. Once solidified (Figure 8), the injected sample was removed
from the mold and then polished for observation. Polishing diamond papers (3 um) of 180, 320, 800,
1200, 2500, and 4000 grit were used. The machine used was a rotary polishing machine, the RotoPol-21
(Struers, Cleveland, OH, USA).

Then, the injected sample was subjected to chemical etching using nital (4%) (Ethanol + Nitric
Acid), to help the microstructure observation. The nital etching was executed, lasting 20 seconds.
At first, it was also subjected to a Keller’s reagent (HNO3 2.5 mL; HCI 1.5 mL; HpF, 1 mL, H,O
95 mL). However, it would cause oxidation due to the iron (Fe) present in the sample, complicating the
observation. Thus, at the end, only the nital etching was considered. The microstructural observations
were performed using an optical microscope and a scanning electron microscope TM4000Plus (SEM,
Hitachi, Japan) with an integrated back-scattered electron detector (BSE). Elemental composition
mapping was performed using an energy-dispersive X-ray spectroscopy (EDS, Hitachi, Japan).
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Figure 8. Solidified sample after injection of epoxy resin + hardener.
3. Results

3.1. Laser Welding

Considering the values presented in Table 4 for each welded sample, after tensile testing, it was
verified that considering the speed used, the ideal interval was from 6 kW to 7.20 kW. More specifically,
the best performance on tensile testing was achieved at a laser power of 6.48 kW (sample eight from
12 samples, Table 4). It became clear that for welding powers higher than 7.20 kW, the laser would
fully penetrate the aluminum part, resulting in brittle joints, which were easily breakable by hand.
Then, the duration of the pulse was altered, and the laser power fixed (samples 13 to 16). On the final
samples (17 to 20), these two parameters were slightly changed from the ideal values. Figure 9 presents
the 20 welded samples.

Figure 9. Cont.
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Figure 9. Steel-aluminum welded samples.

3.2. Tensile Testing

Figure 10 presents the samples after tensile testing, as well as a reference sample made of
aluminum (60 x 14 mm), since ideally, the fracture occurs on the aluminum part, due to its lower
tensile strength. We considered the normalization of this reference sample. Nevertheless, it was not
done for a better similarity with the welded samples. Additionally, it is worth mentioning that sample
20 was not subjected to tensile testing, since we noticed that the laser significantly penetrated the
aluminum, with some wide penetrations in some regions. Therefore, the sample would fracture easily
while testing, producing negligible data. Thus, this specific sample was removed from the experiment.

. -
.
0

% "02
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2

Figure 10. Cont.
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Figure 10. Samples after tensile testing.

Figure 11a shows the stress—strain curve for the samples where fracture occurred partially or
completely through the aluminum part (true stress/strain values). On the other hand, Figure 11b
shows the samples where fracture occurred through the welding joint. In both, the reference sample
stress—strain curve was included for comparison. Since Figure 11 plots the true stress vs. true strain,
the curves were only presented up to maximum stress value.

An ideal welded sample would perform similarly to the original (weakest) material in terms of
tensile strength and maximum elongation. Regarding tensile strength, the samples that performed
better were samples 8 and 18 (Figures 11 and 12). The latter had a slightly lower value but a higher
strain value, thus being considered the best of this whole batch, reaching a 20 MPa lower tensile
strength and a 1% strain difference compared the reference sample. It is also worth mentioning that for
sample 19, although its maximum stress was significantly lower than samples 8 and 18, its maximum
strain was closest to the reference sample. In this group, the worst sample was clearly sample 15 which
had the lowest tensile strength. It could probably be justified by the excessive laser penetration on the
aluminum part, causing its fragilization. Thus, an ideal laser power between 54 and 55, with a pulse
duration between 13 and 15 ms can be herein stated.
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Figure 11. True stress—strain curves for the samples where fracture occurred through: (a) the aluminum
part; (b) the welding joint.

For the samples where the welding joint did not remain intact after tensile testing, the maximum
stress recorded was much lower than the one in the reference sample (at best, 80 MPa lower). However,
it is important to highlight the sample 14 strain value, which came close to the value of the reference
sample. It is worth mentioning that the curves of samples 3 and 16 are not plotted in Figure 11,
since the results were irrelevant. For an exact reading of the tensile strength values, as well as their
respective strain values, the following bar graphs are seen in Figure 12.
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Figure 12. Results from the tensile tests: (a) Ultimate tensile strength (samples 1 to 9); (b) Strain
associated with the ultimate tensile strength (samples 1 to 9); (c) Ultimate tensile strength (samples
10 to 19); (d) Strain associated with the ultimate tensile strength (samples 10 to 19). (Note: RS means
“reference sample” whereas S1 from S19 are the samples from 1 to 19).

In terms of laser power (samples 2 to 12), the best results were obtained as this value decreased.
Considering the pulse duration (samples 13 to 17), the contrary could be seen for the same value of the
laser power. However, in terms of strain, the results were inconclusive without a linear behavior of
any sort of pattern. Sample 18 could be considered the ideal sample, with a tensile strength and strain
of only 20 MPa and 1.4%, respectively, which were lower than the reference sample. This ideal sample
was repeated to evaluate its microstructure.

3.3. Microstructure

Figures 13 and 14 show the observations using the optical microscope and SEM, respectively.
In Figure 13, the welded joint is easily spotted, being observed in the way in which both metals melted
and mixed in a successful way. This was also confirmed through the SEM observations in Figure 14,
where it shows the interface between the two metals. In Figure 14b, it was possible to spot the Fe
particles in the aluminum.
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Figure 13. Optical microscope observations of the welded zone.

Figure 15 shows the BSE images collected, as well as the microstructural and compositional
analysis of the welded zone. Compositions are detailed in Table 5 for a total of eight different points,
six of them in the welded zone and the other two in the base materials used as the reference.

Table 5. Elemental composition mapping (normalized mass concentration [%]).

Spectrum C o Al Si Fe
1 8.25 2.10 12.17 - 77.48
2 8.30 2.82 19.13 0.59 69.15
3 13.00 10.87 62.77 9.37 3.99
4 8.18 2.37 473 - 84.72
5 9.39 3.33 46.69 - 40.59
6 10.11 3.22 23.85 - 62.82
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Table 5. Cont.

Spectrum C o Al Si Fe
7 7.83 2.11 9.53 - 80.53
8 7.70 213 8.86 - 81.31
Mean 9.10 3.62 23.47 498 62.58
Sigma 1.77 297 20.66 6.21 27.63
SigmaMean 0.63 1.05 7.31 2.20 9.77

a“,

Figure 14. Scanning electron microscope (SEM) observations: (a) Steel; (b) Aluminum; (c) Steel-aluminum
joint interfaces.

BSE

122 100 ym 124 100 pm
BSE MAG: 300X HV: 15KV WD: 10.1 mm BSE MAG:400x HV: 15KV 104 mm Px: 0.50 um

Figure 15. Back-scattered electron detector (BSE) images with elemental composition mapping using
Energy-dispersive X-ray spectroscopy (EDS).
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4. Conclusions

In this work, the welding of dissimilar metals was performed with success. A pulsed Nd: YAG
laser welding machine, the SISMA SWA300, was used to join the DP1000 steel and the AA1050.
The adopted strategy was based on the lap welding of two sheet samples of each metal, since butt
welding was nearly impossible due to the great disparity in terms of the thermal properties of
both materials.

Even if some predicted difficulties in welding these dissimilar metals were found, a good choice of
welding parameters was studied resulting in good-quality welded joints. The quality was confirmed by
the results obtained in the tensile tests and in the observations performed using the optical microscope
and the SEM. It is worth highlighting the sample performance, which reached tensile strengths and
maximum elongations close to the weakest base metal, the AA1050.

In conclusion, it was shown that even for highly dissimilar materials, with very distinct material
properties (thermal and mechanical), one can declare the success of this work. The possibility to
effectively join high strength dual-phase steels with a soft, ductile 1XXX aluminum alloy opens a new
range of design possibilities and attests the versatility of laser-type welding operations. The authors
hope that this study can serve as a sounding base for any other future work in this area.
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Abstract: This paper focuses on the interfacial characteristics of dissimilar Ti6Al4V/AA6060 lap joint
produced by pulsed Nd:YAG laser beam welding. The process-sensitivity analysis of welding-induced
interface joining quality was performed by using the orthogonal design method. Microstructural
tests such as scanning electron microscopy and energy dispersive X-ray spectroscopy were used
to observe the interfacial characteristics. The mechanism of interfacial crack initiation, which is an
important indicator of joint property and performance, was assessed and analyzed. The preferred
propagation paths of welding cracks along the interfaces of different intermetallic layers with high
dislocation density were analyzed and discussed in-depth. The results indicate that discontinuous
potential phases in the micro-crack tip would mitigate the mechanical resistance or performance of
the welded joint, while the continuous intermetallic layer can lead to a sound jointing performance
under pulsed Nd:YAG laser welding process.

Keywords: pulsed Nd:YAG laser beam welding; interfacial crack initiation; dissimilar
Ti6Al4V / AA6060 lap joint; phase potential

1. Introduction

Dissimilar welding of lightweight alloys is attracting increasing attention in various fields because
it can take advantage of specific contributions of each alloy to enhance the properties of a weld joint or
bring out new functionalities. For instance, Chen et al. [1] reported that Ti/ Al structures have already
been applied in the wing structure of airplanes. As an implication, there is a challenge for a way to
use the high-level properties of dissimilar alloys such as corrosive properties and strength of titanium
and lightweight and low cost of aluminum. Although considerable research has been devoted to
the same or similar metal welding techniques that can supply appropriate material and mechanical
performances, rather less attention has been paid to dissimilar lightweight metal welding.

To obtain good combinations of titanium with aluminum, many efforts have been made using
various technologies. Friction stir welding of dissimilar alloys and the improvement of joint quality
was reported by Suhuddin et al. [2]. The AA6061/Ti6Al4V dissimilar laminates by single-shot
explosive-welding process was produced by Ege and Inal [3]. By using brazing, Song et al. [4] and Yang
et al. [5] pointed out the possibility of dissimilar joining of Ti/ Al and steel/Al, respectively. Wang et
al. [6] used ultrasonic spot-welding technology to joint dissimilar materials of DP600 steel and AA6022.
Tang et al. [7] indicated that the preheating treatment could improve the mechanical properties or
fracture load of dissimilar joint in the welding process. The above-mentioned methods have in common
that convective mixing and diffusion phenomena are suppressed or attenuated, thus bulk brittle phases
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in the interfacial layer do not form. Another alternative against brittle phases is the change of the
chemistry of fusion zone. Sambasiva Rao et al. [8] reported the dissimilar metal gas tungsten arc
welding of aluminum to titanium alloy using Si-containing filler wire. Chang et al. [9] used vacuum
brazing method to investigate the role of additional rare-earth elements for aluminum/titanium
joining performance.

One of the major problems with dissimilar metal welds is their reduced inter-metallic mechanical
property. Vaidya et al. [10] reported that the inter-metallic brittle phase TiAl3 formed at the weld
interface between AA6065 and Ti6Al4V sheet by laser in conduction mode and affected mechanical
properties: the tensile strength of the junction was found superior to the strength of aluminum alloy
and the fracture happened on Al side. Chen et al. [11] tried to use a specific Si-containing filler wire
during the laser brazing and indicated the influence of Ti;Al5Sij» on decreasing the growth of brittle
TiAl; phase. Majumda et al. [12] reported that the insert of Nb foil barrier allowed suppressing Ti/ Al
inter-metallic formation and enhanced tensile strength from 57 to 120 MPa. By offsetting the laser
beam, different additional inter-metallic phases were observed and affected the mechanical properties.
Recently, the micro-hardness, lap shear strength and fracture energy of AA2139-TiAl6V4 joints by
ultrasonic welding were investigated by Zhang et al. [13]. They indicated that the peak load and
energy of welds increased with an increase in welding time and then reached a plateau.

Recently, laser beam welding opens an attractive perspective for joining strongly dissimilar
materials. One of the main advantages of laser beam welding is providing very local energy supply
that allows obtaining a good quality weld. The other advantage is that laser beam welding can
induce small interaction zone and high welding speed to promote high thermal gradients, which are
helpful for local and potential phase content optimization. Thus, the importance of mixing and
diffusion phenomena can be mitigated. Furthermore, the mismatch in thermo-physical properties
of dissimilar materials is easy to accommodate by changing the laser beam to one of the substrates.
Casalino et al. [14] investigated the dissimilar butt joint of AA5754 and T40 by using Yb:YAG laser
offset welding. Fabbro [15] reported that, particularly for Nd:YAG pulsed laser welding technology,
thickness of Ti/ Al intermetallic layers near Ti/ Al interface has been controlled to a relatively low level.
Ren et al. [16] showed that the interface zone of Ti/ Al diffusion bonding included transition zone on
Ti substrate, aluminized coating and transition zone on Al substrate. Intermetallic potential phases
TiAl and TiAl; were formed in the transition zone on Ti substrate and aluminized coating, but, in the
transition zone on Al substrate, no additional intermetallic phase was found. Tomashchuk et al. [17,18]
investigated the intermetallics in dissimilar Ti6 Al4V /copper/AISI 316 L in Nd:YAG laser joints through
simulation and microstructural testing methods. However, intermetallic layer in the weld joint still
had high crack sensitivity, and most of the joints were fractured at Ti/ Al interface under mechanical
loading conditions. Therefore, it is important to investigate the mechanism and estimation of welding
cracks during the thermal welding. However, up to now, few studies on the initiation mechanism
and propagation paths of welding cracks produced by Nd:YAG laser welding have been published
in literature.

In the present work, the weldability of Ti6Al4V/AA6060 dissimilar metal alloys using Nd:YAG
pulsed laser welding and the interface characteristics of lap joint were addressed. The influence of
key laser welding process parameters on weld morphology, microstructure and mechanical properties
were investigated by means of microstructure characterizations and experimental design approach.
Initiation mechanism and estimation of interfacial crack was analyzed as well as the exploration of
interfacial phase constituents.

2. Base Materials

In this study, commercially available Ti6Al4V and AA6060 with dimensions of 35 mm x 14 mm
x 0.8 mm and 35 mm x 14 mm x 1.5 mm, respectively, were used as the studied base metals.
The chemical compositions of two studied materials are listed in Table 1. Element Si has been
demonstrated to be effective for the growth of Ti/ Al brittle intermetallic [19]. The thermal physical
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properties of the received Ti6Al4V and AA6060 were provided by Titanium International Group
SRL in Italy and EXTRUSAL S.A in Portugal, as listed in Table 2. Both base materials are active
light metals compared to traditional steels. The detailed data information about shear strength of
AA6060 can be referred to in the publication of the previous work [20], and the shear strength of
Ti6Al4V can be referred to in the work of He et al. [21]. It also can be seen that the thermal physical
properties, particularly the melting point and specific heat and thermal expansion coefficient, have
wide discrepancies for the two studied base metals. This means that diffusion bonding or joining of
dissimilar titanium and aluminum alloys is a challenging task, and the welding parameters should
play a considerable role in the weld quality.

Table 1. Chemical composition of base materials used in the present study in wt%.

. Other .
Ti6Al4V Al v fe o Si ¢ N H Elements T
55-6.8 3.5-4.5 0.3 0.2 0.15 0.10 0.05 0.01 0.5 Balance
AAGOG0 Al Si Fe Cu Mn Mg Cr Zn Ti

Balance 0.3-0.6 0.1-03 <0.10 <0.10 0.35-0.6 <0.05 <0.15 <0.10

Table 2. Thermal physical properties of the as-received Ti6Al4V and AA6060.

. . Specific Thermal Thermal
Material 3(3:?; Pll’iiltt:{.“g) Heat Conductivity Expansion Shea(ll-\:h;ngth
(/Kg-°C) W/M-K)  Coefficient (°C) P
Ti6Al4V 4.44 % 10° 1660 610 7.955 8.6 x 107° 760
AA6060 2.70 x 10° 657 934.8 167 234 x 1070 56

Microstructure morphologies of the as-received Ti6Al4V and AA6060 are shown in Figure 1.
For Ti6Al4V, the «-Ti phase is shown in dark and in the form of equiaxed grains and the 3-Ti phase is
represented by the bright regions [22,23]. The microstructure contains a volume fraction of 93.9% of
the «-Ti phase and 6.1% of the 3-Ti phase. Aluminum alloy AA6060 heat treatable series alloys are
the most widely used for the industrial applications. Louvis et al. [24] reported that the amount of
solid solutions such as Mg and Si is very important for the strength of the welds as well as the size and
precipitate particle distributions.

(b)

Figure 1. Microstructure observations of base materials: (a) Ti6Al4V; and (b) AA6060.
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3. Experimental Procedures

3.1. Pulsed Nd:YAG Laser Welding

In this work, pulsed Nd:YAG laser system at Department of Mechanical Engineering, University
of Aveiro, i.e., SISMA SWA300, (SISMA, Vicenza, Italy) was used to perform welding experiments,
as illustrated in Figure 2. The process configurations for this apparatus are listed in Table 3.

Process
display
SISMA SWA300.
Laser welding
machine
Sample
grip tools

Figure 2. Experimental apparatus of pulsed Nd:YAG laser welding.

Table 3. Process configurations of pulsed Nd:YAG laser welding for SISMA SWA300.

No. Process Configurations Parameters
1 Source type Nd:YAG (flash lamp)
2 Laser beam transport Fiber-coupled
3 Average laser power 300 W
4 Peak laser power 12 kW
5 Wave length 1064 nm
6 Spot diameter 0.6-2.0 mm
7 Maximum pulse energy 100]

8 Pulse range 0.2-25 ms
9 Argon shielding gas purity 99.99%
10 Maximum focusing optics 120 mm

To avoid an accidental movement of the welding sample, a characteristic sample fixture was
developed for the stable and consistent laser welding tests. It is relatively simple and user-friendly for
the fixture of sheet samples. The welding samples can be snapped into place and clamped with screws.
A porthole inlet structure of assisted gas flow was designed to ensure welding samples have full gas
shielding protection during the whole laser welding process. This can lead to the possibility to reduce
the oxidation on the surfaces of the welding sample.

3.2. Interface Characterizations

In this work, typical lap joints with dissimilar lightweight Ti6Al4V / AA6060 were produced by
pulsed Nd:YAG laser welding, which is basically categorized into fusion and solid state, respectively.
At the stage of the fusion bonding, the heat source induces an inhomogeneous temperature field or a
nonlinear variation of thermal field. At the stage of non-uniform solidification, the microstructural
variations in the fusion zone, melted area and heat-affected zone dominate the evolutions in the of
interfacial joints. The present task was focused on revealing the potential interface crack initiation and
micro-structural characterizations, e.g., the changes with Ti/ Al intermetallic layer in the dissimilar
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joint. Developments of possible metallic phases in the interface as well as crack initiation were
also observed by means of scanning electron microscopy (SEM), while the distribution of chemical
composition across the welded joint was determined by using energy dispersive X-ray spectroscopy
(EDS). A comprehensive understanding of the microstructure mechanics of adhesion at the dissimilar
metal interface represents the first step towards improvement of inter-metallic mechanical properties
and weld quality.

Both Ti6Al4V and AA6060 are active lightweight alloys, and all sheet surfaces should be
cleaned before laser welding. Oxidation films as-received on the surfaces of base materials were
eliminated by polishing process. The sample was firstly cut to a suitable size using a diamond wire,
and then progressive wet ground with 600-5000 grit sandpaper. Later, 2.5 um diamond grinding
cream and glue-free fabric cloth and Al,O3 polishing liquid were used for the final polish. Finally,
the microstructural testing samples were cleaned by 75% alcohol solution and ultrasonic cleaning
machine. After welding, typical cross-sections of the lap joints perpendicular to the welding direction
were prepared for microstructure characterization near Ti/ Al interface. Nova NanoSEM 230 field
emission scanning electron microscopy (FE-SEM, FEI company, Hillsboro, OR, USA) and Quanta
250 energy-dispersive X-ray spectroscopy (EDS, Malvern Panalytical, Eindhoven, The Netherland)
were used for microstructure analyses. The samples were ground and polished according to the
standard metallographic methods. The surfaces of Ti6Al4V plates were cleaned in acidic solution,
namely Keller reagents (1 mL HF + 1.5 mL HCI + 2.5 mL HNOj3 + 95 mL H,O). Each erosion time
was about 3—-4 min. Then, 10% HF was used for further erosion of the sample. This persisted time
is short about 5-7 s. The surfaces of AA6060 plates were cleaned in alkali liquor (NaOH 8 vol.%,
H,0 92 vol.%). Finally, all plates were cleaned using an ultrasonic cleaner, and then dried through air.

3.3. Mechanical Test

To investigate the pulsed Nd:YAG laser parameters on mechanical resistance of the Ti/ Al lap joints,
tensile shear testing of at least three samples for each process configuration was performed, as shown
in Figure 3, using a Shimadzu AG 10 kN tensile test machine (Shimadzu, Japan). The sizes of weld
pieces for Ti6Al4V and AA6060 were 30 mm x 14 mm x 0.8 mm and 35 mm x 14 mm X 1.5 mm,
respectively.

Fracture at near
Ti/Al joint

Figure 3. Experimental apparatus and fracture sample of tensile shear test.
4. Results and Discussions

4.1. Influence of Pulsed Nd:YAG Laser Parameters on Tensile Shear Strength

Since pulsed Nd:YAG laser welding is a complex multi-physical process coupling multi-factor
interactive effects, the orthogonal experimental design method was introduced to determine the roles
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for deciding process parameters. The design of experiment was set up as L9_4_3 orthogonal tests,
considering the power percent, duration, overlap and laser beam diameter. The selected factors of the
orthogonal design and the corresponding results ARE shown in Table 4. K1, K2 and K3, respectively,
indicate the average of factors in each level. It should be noted that the shear strength of Ti/ Al lap
joint is about up to 56-78% compared to that of the single AA6060. One of the reasons may be that
the tested samples with Ti/ Al lap joint were not heat treated. Furthermore, there were some potential
microcracks in the interface, which led to the reduction of shear strength.

Table 4. Factors and results of L9_4_3 orthogonal tests.

Sample No. PoweroPercent Duration Overlap (%) .Laser Beam Peak Shear
(%) (ms) Diameter (mm) Strength (MPa)

TA1 80 8 50 0.8 35.87
TA2 80 9 60 0.9 37.25
TA3 80 10 70 1.0 32.06
TA4 90 8 60 1.0 37.81
TA5 90 9 70 0.8 35.27
TA6 90 10 50 0.9 37.44
TA7 95 8 70 0.9 29.74
TAS8 95 9 50 1.0 43.43
TA9 95 10 60 0.8 34.52
K1 35.060 34.473 38.913 35.220
K2 36.840 38.650 36.527 34.810
K3 35.897 34.673 32.357 37.767

Variation Range (R) 1.780 4177 6.556 2.957

Sensitivity Order 4 2 1 3
Optimal Value 90 9 50 1.0

To achieve exhaustive high-quality lap joint after laser beam welding, it was necessary to
investigate the welding process optimization. After some “trial and error” experimental tests, it was
evaluated that the suitable power for the laser welding in this case should be between 80% and 95%.
Then, further optimization was carried out to analyze the influence of Ti/ Al interface characteristics.
According to the results of orthogonal experiments, the sensitivity of laser beam power on peak shear
strength of Ti/ Al lap joint was the least significant. The overlap was related to the selection of pulse
duration, spot size (diameter), and traverse velocity for a specific mean power. The suitable overlap
should be from 50% to 70% for the studied Ti/Al lap joint by pulsed Nd:YAG laser beam welding.
Although the selected overlap hardly affected penetration, it had a significant effect on peak shear
strength of Ti/ Al lap joint.

The tensile shear strength of the above tested samples was found obviously inferior to the
resistance of aluminum alloy: the fracture happened at near Ti/ Al welded joint. Many previous
efforts [10,25] tried to increase the tensile strength of Ti/ Al dissimilar butt joints, but the mechanical
strength was still at the level of about 60-70% of aluminum alloy. The other key source of mechanical
strength decrease was the thickness reduction of the intermetallic layer caused by the Si loss during
the laser welding. That is why some researchers [1,26] attempted to use filler wire containing high
silicon content for changing the intermetallic type and obtaining a beneficial effect on depressing
the growth of intermetallic layer. The sensitivity order of the selected key process parameters on
peak shear strength was: overlap, duration, laser beam diameter and power percent. One group of
relative optimal process parameters was 90% power, 9 ms duration, 50% overlap and 1.0 mm laser
beam diameter. However, under this optimal process configuration, there were still some welding
defects, e.g., crack initiation, surface oxidation and splash, as shown in Figure 4. This is because the
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impact of laser welding affects the physical properties of the welded dissimilar materials. In other
words, the aluminum base material encompasses inherent characteristics including oxide surface
films, low absorptivity to laser beam, low boiling point elements and a tendency to form low melting
constituents [27]. Therefore, it was essential to further investigate the interface characteristics associated
with the microstructural evolution.

Crack initiation Surface oxidation Splash

Porosity

—7

(b)

Figure 4. Welding-induced defects on Ti/Al lap joint by pulsed Nd: YAG laser welding:
(a) macro-defects; and (b) micro-defects.

4.2. Estimation of Interfacial Crack Initiation of Dissimilar Ti6Al4V/AA6060 Lap Joint

The major problem with dissimilar welds originated from the different thermal expansion and
contraction, leading to the reduction of the jointing properties after welding. The microstructure
mechanics of adhesion (e.g., chemical potential) at the dissimilar metal interface and the
non-homogeneous crack initiation under different process conditions were not ensured. Ti/ Al hybrid
structures have advantage in comparison to single material for both performance and lightweight
requirements. Since titanium and aluminum have low inter-solubility and brittle intermetallic,
they easily form interface crack during thermal welding, which would seriously degrade properties of
the Ti/ Al joint. Thus, it is vital to produce sound Ti/ Al weld joints without defects.

Root area B Side area C

AA6060

Ti6Al4V

— 1111 R

Side area A Center area D

Figure 5. Morphology and microstructure of dissimilar Ti/ Al lap joint: interface at different areas.

Typical cross-section of the lap joint with almost full penetration is illustrated in Figure 5.
Numerous cracks crossing interface are visible. It can be supposed that they generated or formed
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immediately after the solidification of the weld as a result of local accumulation of residual stress.
In other words, the shrinkage of the melt served as the initiator of interface cracks. Microstructures of
weld zone near Ti/ Al interface at different locations are marked as A-D zones. Because pulsed Nd:YAG
laser welding process has high temperature gradient in the thickness direction, weld thermal cycle
suffered at Ti/ Al interface as top/side and bottom /root of the lap joint were different. Due to direct
heating by laser beam, titanium material was fully melted and partially mixed with base aluminum
in the interface. Since the Ti/Al intermetallic layers have intrinsic brittleness, cracks could initiate
easily with welding-induced residual stress. Eventually, formation of brittle interfacial phases would
affect properties of the lap joint for having an evident crack sensitivity. In the side areas, Zones A and
C, peak temperature at Ti/ Al interface was too high, and titanium as fully melted. A thick serrate
reaction layer was generated. In the root area, Zone B, due to insufficient reactions between titanium
and mixed aluminum, a thin serrate reaction layer was observed. In the center area, Zone D, because
titanium was not directly combined with aluminum, there are almost no obvious reaction layers.
The lap joint was cut from the Ti/ Al interface, and then analyzed the interface microstructure by
using SEM and XRD. The test results are shown in Figure 6. The potential phases TiAl, TiAl,, and TiAl3
were observed near the Ti/ Al interface. Near the layer interface, there are two main zones: Al-rich
and Ti-rich. Figure 6 shows that Al dominates on interface of Ti/ Al lap joint. This means that phase
change is situated mainly in Al-rich melted zone. However, sometimes it crosses interface and even
touches Ti-rich melted zone as some quantities of intermetallic phase also present. For example, brittle
TiAl; phase was found in low quantities, as shown in Figure 7. The combination of relatively fast flash
speed and large laser power enables performing laser welding in capillary mode with short time.
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Figure 6. X-ray diffraction profiles of the Ti/ Al lap joint interface.

The propagation path of phase change in the Ti/Al interface can be explained by mismatch in
thermo-physical properties and by thermodynamic factor. As the Ti6Al4V has much higher fusion
temperature than AA6060 (Table 2), the volume of melted aluminum was much larger than volume of
melted titanium. Due to the high solidification rates proper to laser welding, the main solidification
process was the local equilibrium at solid-liquid interface and the convective mixture between melted
materials is poor. The previous study indicates that the solidification associated with thermodynamic
properties of Al-Ti system begins from solid solutions and (3-Ti phase. Besides the coexisting Al-rich
liquids, the key change of Al in Ti-rich melted zone was dependent on lower Gibbs energy of ((3-Ti)
formation. In addition, diffusion coefficient of aluminum in liquid titanium overestimates that of
titanium in liquid aluminum. Thus, compared to the concentration of Ti in Al-rich zone, Al in Ti-rich
zone was more active during the separation of the materials through the contact interface. As for the
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stage of solidification, Ti-rich melted zone was relatively slowly depleted in Ti. Then, some ([3-Ti) solid
solutions having high Al content were formed. Consequently, in Ti-rich zone, these (3-Ti) solutions
could be transformed into o-Ti and/or Ti3Al at the further cooling stage, which should be depending
on Al content.

Figure 7. Propagation paths of potential phase distribution in the Ti/ Al interface.

Based on the above analysis, it can be indicated that the rapid rate with respect to cooling or
solidification rate seriously affected the crack initiation. It should be noticed that the time available
for the residual liquid to refill and heal the initiated cracks may be mitigated by high cooling rates.
Kanazawa [28] showed that the higher susceptibility of hot tearing and porosity could be obtained
at lower duty cycles through pulsed Nd:YAG laser welding. In other words, the shorter is the
average beam interaction time, the higher is the average temperature gradient of the interface and
the faster is the cooling rate. Thus, it is generally recommended to shorten the off-time of the pulse
or to use high duty cycle to reduce the solidification time of the molten pool. For the pulsed laser
welding, some defects such as crack may be prevented if the next pulse occurs before the initiation of
solidification cracking caused by the previous pulse. Another control strategy to reduce interfacial
crack is to apply preheating to the work-piece because of an influence on cooling rate. For example,
Ion [29] indicated that preheating to 500 °C could reduce solidification cracking in a series of aluminum
alloys by reducing the cooling rate. It may be explained as it allows voids to heal before solidification is
complete. Nowadays, the preheating control strategy is widely adopted during industrial applications.

4.3. Interface Microstructural Characterizations of Dissimilar Ti6Al4V/AA6060 Lap Joint

The distribution order of intermetallic in the selected reaction layers near Ti/ Al interface was
determined using EDS. The selected interface without micro-cracks, as illustrated in Figure 8, is helpful
for the analyses of phase change and chemical potential. Chemical compositions of the selected
locations marked P1-P5 on the interface were analyszd. As shown in Figure 9, the atomic ratio of Ti
to Al at Point 1 was about 2:1. The layer was supposed to contain x-Ti solution and to some extent
TiAl. Atomic percent of Ti at Point 2 was nearly equal to Al, thus the layer was mainly composed of
intermetallic TIAl. At Point 3, atomic ratio of Ti to Al was about 1:2. The layer was mainly composed
of intermetallic TiAl,. At Point 4, atomic ratio of Ti to Al was about 1:4. The layer was composed of
intermetallic TiAl; and «-Ti. The atomic percentages of Ti and Al at Point 5 were 94.71% and 5.01%,
respectively. The results suggest the layer is «-Ti solution. Some other potential phases, e.g., Ti5Si3,
might exist in the interface. Because TiAl/TiAl; is prone to be eutectic mixture structure with the
potential Ti5Si, it should be further investigated using nanoparticle observation. However, the authors
think the amount of Ti5Siz; would be scant if it existed in the interface.
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Figure 9. EDS element analysis at selected points in the interface: (a) the selected interfacial area;
(b) the selected points in the interface; (c) chemical compositions of the selected points; and (d) EDS
element distribution along the selected interface.

Owing to different physical performance, including the coefficient of linear expansion and lattice
structure, the Ti/Al intermetallic layers have different solidification processes. The divergence of
two dissimilar base materials resulted in high edge dislocation density near interfaces of the Ti/Al
multi-layers. Due to welding-induced residual stress [30,31], dislocations migrated and accumulated
to the interface, and some micro-crack sources formed along the interface, as shown in Figure 10.
Once welding micro-crack initiates in the melted zone, propagation tendency of welding micro-cracks
would be along the interface with high dislocations density. Welding cracks mainly propagate along
the longitudinal direction of the interface between TiAl layer and TiAl; layer. It should be noted that
there are still some potential phase and discontinuous distribution in the micro-crack tip. It might be
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Ti5Siz or other brittle phases, which would mitigate the mechanical strength or performance of the
welded joint.

Potential discontinuous
phases in the micro-crack tip

J

HV
PM|10.0kV |1

Figure 10. Welding micro-crack initiation in the Ti/ Al interface.

It should be noted that the effect of the thickness of intermetallic layer on the mechanical strength
or other properties of the Ti/Al joint is considerable. Although microstructures in the laser beam
Ti/ Al dissimilar joint by using silicon filler wire and the effect of intermetallic layer morphology in the
fracture behavior of the joint were demonstrated by Chen et al. [1,8], the authors preferred to focus
on the laser welding of dissimilar Ti/ Al alloys without the addition of filler wire. This is because
the formation of dissimilar Ti/ Al alloys without additional fillers is prone to industrial applications.
Of particular interest was continuous distribution of potential phase in the Ti/ Al interface, as shown
in Figure 11. It is not common but generated in the TA8 sample in this study. The sample was obtained
under the following laser welding parameters: 95% power percent, 9 ms duration, 50% overlap and
1.0 mm laser beam diameter. It was found that the mechanical resistance of the Ti/Al lap joint is
prominent compared to the other welding configurations. The continuous intermetallic layer can lead
to a sound jointing performance under Nd:YAG laser welding process.

(b)

Figure 11. Continuous distribution of potential phase in the Ti/ Al interface: (a) continuous intermetallic
layer; and (b) potential continuous phases in the interfacial layer.

5. Conclusions

The interfacial characteristics of dissimilar Ti6Al4V/AA6060 lap joint produced by pulsed
Nd:YAG laser beam welding was addressed. To better understand the interaction relationship of
interfacial characteristics and process parameters, the corresponding experimental optimization design
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and microstructural observations were performed as well as the sensitivity analysis of welding-induced
interfacial joining quality. The main conclusions can be drawn as follows:

(1) By using the orthogonal experimental design method, the sensitivity order of the selected key
process parameters on peak shear strength was: overlap, duration, laser beam diameter and
power percent. One group of relatively optimal process parameters was: 90% power, 9 ms
duration, 50% overlap and 1.0 mm laser beam diameter.

(2)  The potential phases TiAl, TiAly, and TiAl; were observed near the Ti/ Al interface. The phase
change was situated mainly in Al-rich melted zone. However, sometimes it crosses interface and
even touches Ti-rich melted zone as some quantities of intermetallic phase were also present.
The estimation of interfacial crack initiation was analyzed and discussed in detail.

(3) The discontinuous potential phases in the micro-crack tip can lead to mitigating the mechanical
strength or performance of the welded joint, and a better jointing performance under
pulsed Nd:YAG laser welding process may be obtained with the formation of continuous
intermetallic layer.
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Abstract: Welding of dissimilar steel/ Al lapped joints of 1.5 mm in thickness was carried out by
using dual-beam laser welding with side-by-side configuration. The effect of the major process
parameters including the dual-beam power ratio of (Rs) and dual-beam distance (d;) on the
steel/ Al joint characteristics was investigated concerning the weld shape, interface microstructures,
tensile resistance and fracture behavior. The results show that dual-beam laser welding with
side-by-side configuration produces soundly welded steel/ Al lapped joints free of welding defects.
The processing parameters of Rs and d; have a great influence on the weld appearance, the weld
penetration in the Al alloy side (P2) and the welding defects. Variation in the depth of the P2
and the locations at the Al/weld interface cause heterogeneous microstructures in the morphology
and the thickness of the intermetallic compound (IMC) layers. In addition, electron back scattered
diffraction (EBSD) phase mapping reveals that the IMC layer microstructures formed at the Al/weld
interface include the needle-like 6-Fe4Al;3 phases and compact lath n-Fep Als layers. Some very fine
0-Fe4Alj3 and n-Fey Al phases generated along the weld grain boundaries of the steel/ Al joints are
also confirmed. Finally, there is a matching relationship between the P2 and the tensile resistance
of steel/ Al joints, and the maximum tensile resistance of 109.2 N/mm is obtained by the steel /Al
joints produced at the Rs of 1.50 during dual-beam laser welding with side-by-side configuration.
Two fracture path modes have taken place depending on the P2, and relatively high resistance has
been achieved for the steel /Al joints with an optimum P2.

Keywords: dual-beam laser welding; steel/ Al joint; side-by-side configuration; tensile resistance;
EBSD phase mapping

1. Introduction

Joints between dissimilar metals are particularly common in components used in the power
generation, chemical, petrochemical, nuclear, and electronics industries [1]. Current and potential
dissimilar welding applications in the automotive industry include wind shield frame, center pillar,
bumper reinforcement, and floor pan, among others [2]. With the increased use of dissimilar metal
parts in the industry applications, joining of dissimilar joints has become increasingly important.
The total weight reduction of the composite components fabricated by dissimilar joining of steels
to Al alloys makes it attractive to various industries, such as the automotive [2-5] and shipbuilding
industries [6-8]. Several welding techniques for joining dissimilar steel and Al metals have been
reported. For example, Explosion Welding (EW) technique is used for successful joining the bimetallic
plates in shipbuilding applications [7-9]. However, EW can produce high quality joints [10-12], but the
cost effectiveness and mass efficiency are thus reduced in such structures [6]. Fusion-based welding
processes have been recently investigated due to the flexibility compared with the EW. It has been
reported that it is still a large challenge in the field of fusion-based welding due to the huge disparity
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in thermal-physical properties between steels and Al alloys [2—4]. The main issue associated with
welding of steel/ Al joints is the formation of the brittle intermetallic compound (IMC) phases as a
result of the reaction between iron (Fe) and aluminum (Al), which is detrimental to the mechanical
properties of the steel/ Al joints [5,13]. The IMC layer thickness at the interface is generally accepted
with less than 10 um to avoid the degradation of the strength of the steel/ Al joints [5,13,14].

As the formation of the IMC layers is mainly controlled by the temperature and the time [15],
the welding process should have simultaneously low heat input and high cooling rate [13] for
successfully joining of the steel/ Al joints. In this respect, laser welding offers some distinct advantages
over the convention arc welding, such as high energy density, controllable heat input, accurate laser
beam location, small heat-affected zones, high welding speed, to meet the increasing demands for
high performance of welding of steel/Al joints [16,17]. During laser welding of steel/Al joints,
three welding processes are reported involving reactive wetting, welding-brazing and keyhole
welding [18]. Among these three methods, current state-of-the-art of the welding process has the
main focus on welding-brazing for dissimilar metal joints, and it has been proved as one of the most
effective welding methods for dissimilar metal parts [19,20]. However, the good wettability of molten
Al on the solid steel [21] has been difficult to obtain, because factors such as unequal temperature
distribution, rapid cooling rate, and deficient heating during laser welding-brazing deteriorated the
wetting and spreading of liquid Al alloy on the steel surface [22]. To improve the wettability, a variety
of filler materials or specific techniques have normally been required, such as the use of chemical flux,
brazing in vacuum or inert gas atmosphere, surface preparation [21,23], which resulted in additional
costs generated by the flux application and the subsequent cleaning necessary to remove all residues
detrimental to corrosion resistance [21]. To avoid the wettability problems, laser keyhole welding could
be utilized [5,17,21], which provides very short interaction times between liquid steel and liquid Al to
limit IMC phases without any filler materials [24]. This method has been of important technological
interest, because it allows a reduction in joint preparation time and has fewer parameters to control,
making it easier to obtain reproducible and stable results [24]. However, the laser keyhole welding
presents issues related to the instability of the keyhole, which lead to excessive welding defects, such as
pores and spatters [25].

To overcome the disadvantage of single-beam laser welding, dual-beam laser welding has been
proposed as one of the alternative methods in some earlier research works for welding of aluminum
alloys, titanium alloys, steels [26-28], etc. The original idea behind this approach, namely utilizing two
individual focal spots at the workpiece instead of single beam, is to shape the keyhole by appropriate
double-focus geometry such that the tendency of a keyhole collapse is considerably reduced [29].
During the dual-beam laser welding, the dual beams are arranged in either tandem or side-by-side (as
shown in Figure 1a) in dual-beam laser processing [28,30]. The two beams are arranged preferably
in a way that they can compensate and benefit from each other. The dual-beam configuration has
been demonstrated as a key factor affecting strongly the temperature and the time at the interface
of the steel/ Al joints [28,31]. Dual laser beams arranged in tandem have been reported to provide
benefits over conventional single-beam laser welding such as improved weld quality [26-28,32].
A study on using side-by-side laser beams for improved fit-up tolerance has been reported in welding
tailored blanks [33]. The previous studies demonstrated that there was a significant difference in
process efficiency between the two configurations regarding the molten seam volume per energy unit
(mm? /K]): the molten area of the cross section in tandem configuration—meaning the second laser was
following the first one—was considerably smaller than that in the side-by-side configuration [27,29].
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Figure 1. Schematic diagram of dual-beam laser welding of steel/Al joints: (a) Tandem beam and
side-by-side configuration [28,30]; (b) Setup of the side-by-side configuration; (¢) Main processing
parameters with side-by-side configuration; (d) Dimension of the cross section of the welds.

Most recently, dual-beam laser welding has been introduced for dissimilar welding of steel/ Al
joints. Laukant et al. [34] reported that the melt flow could be controlled more effectively and
the wetting behavior could be improved by preheating the zinc-covered steel sheet surface with a
second laser beam when joined zinc-coated steel and Al sheets in overlap geometry. Shi et al. [35]
demonstrated that the application of a dual-beam laser keyhole welding could generate an acceptable
steel /Al joint and effectively reduced the presence of the welding defects. Chen et al. [36] found
that the dual-beam laser welding exhibited better process stability leading to better weld appearance,
and bigger effective joining width, which enhanced tensile capacity. Our previous study on dual-beam
laser welding of steel/Al joints with tandem configuration demonstrated that soundly welded
steel/ Al joints had been achieved by using dual-beam laser keyhole welding at optimum welding
conditions [37]. The above studies show that dual-beam laser welding of steel/ Al joints maintained
the key advantages of laser keyhole welding and even improved efficiently the mechanical properties
of the steel/ Al joints. However, these studies reported on dual-beam laser welding of steel/ Al joints
were limited to the tandem configuration. In addition, one new piece of research investigated the effect
of dual-beam modes between tandem and side-by-side configuration on welding of steel /Al joints [38],
indicating that the side-by-side configuration offered some superiority over the tandem one. This cited
study has yielded some important knowledge on the possible use of dual-beam laser welding of
steel/ Al joints with side-by-side configuration, but the relationship between the welding parameters
and weld shape have not been yet examined. However, it is important that details of processing
parameters on the weld shape during the dual-beam laser welding with side-by-side configuration be
well defined.

Compared to the single-beam laser welding, the dual-beam welding process provides additional
process parameters, which allows for affecting the weld shape and welding quality. The dual-beam
power ratio (Rs) and dual-beam distance (d;) are the most important parameters. Thus, the effect of the
process parameters on the steel/ Al joint characteristics is essential to well understand the dual-beam
laser welding of steel/ Al joints. However, studies on the effect of process parameters on the weld
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shape of the steel/ Al joints are scarce. Details of the effect of process parameters on the steel/ Al joint
characteristics are still far from being completely understood.

In the present study, dual-beam laser welding of steel/Al lapped joints was conducted by
means of side-by-side configuration. Effect of the Rs and d; on the weld shape, Al/weld interfacial
microstructures, and tensile resistance and fracture behaviors of the steel/ Al joints were investigated.
Using EBSD analysis, the phase composition, grain shape and grain size of the Al/weld interface
microstructures with different locations were studied.

2. Materials and Methods

Q235 low carbon steel and 6061 Al alloy sheets in the dimension of 150 mm x 100 mm x 1.5 mm
were used in the present study. The nominal compositions of the Q235 steels and 6061 Al alloys
are listed in Table 1. Before welding, the specimen surface was polished by angle grinder and was
chemically cleaned with acetone to eliminate surface contamination. The specimens were arranged in
a lapped configuration with the overlap distance of 20 mm, as shown in Figure 1b. Throughout the
experiments, the welding operation was shielded by the trailing and back shielding gas supplied by
purity argon at a flow rate of 20 L/min and 15 L/min.

Table 1. Nominal chemical composition of 6061 alloys and Q235 steels (wt %).

Materials Mg C P Ni S Mn Cr Fe Si Zn Ti Cu
6061 0.8-1.2 - - <0.15 00403 <07 04-08 <025 <015 0.15-04
Q235 - <02 <004 <03 <004 03-07 <030 Bal. <0.35 - - <0.30

Dual-beam laser welding was performed on steel /Al lapped joint using a 6 kW YLR-6000 Yb fiber
laser (IPG Photonics, Oxford, MA, USA). This fiber lasers with an emission wave length of 1070 nm
can deliver in continuous wave mode through an output fiber core diameter of 100 um. The welding
system was combined by a focal length of 200 mm collimating lens and a focal length of 200 mm
focusing lens. The beam diameter of the laser beam at the focal point was 0.3 mm. The dual beams were
obtained by using an optical prism put between the collimating lens and the focusing lens, and through
it the single beam was split into two ones. The setup of the dual beams arranged in side-by-side
configuration is illustrated in Figure 1b. The Rs was calculated by the ratio of the beam power close to
the Al/weld interface to the far one, and the Rs of 0.25, 0.5, 0.67, 1.50, 2.00 and 4.00 was tested for the
welding experiments, which was determined by the dual-beam laser power fraction of 20/80 33/66,
40/60, 60/40, 66/33, 80/20, respectively. As a result, the dual-beam lasers with whether the smaller or
the larger energy fraction will have the relatively strong asymmetric energy distribution [29]. The d;
was defined as the distance between the two focusing spot of the beams on the surface of the welding
specimens. Based on the preliminary parametric study, the d; of 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm
were examined in details. The other welding parameters, such as, the total laser power (Pr,) of 3000 W,
the travel speed (v) of 33 mm/s, and the beam defocusing distance (AZ) of 0 mm were kept constant.

After welding, the welded joints were cut transversely from the welds and prepared for
metallographic observation through mounting, polishing, and etching with Keller’s reagent
(HF:HCI:HNO3:H,O = 1:1.5:2.5:95) for Al alloys and 4% Nital acid for the Q235 steels to display the
weld shape. The P2 was the depth of the weld in the Al alloy side of the steel/ Al joints as illustrated in
Figure 1d. Microstructural analysis was performed using an optical microscope, scanning electron
microscopy (SEM) and EBSD. The morphology and thickness of the IMC layers at the Al/weld interface
were examined using SEM of QUANTA FEG 650 (FEI, Hillsboro, OR, USA). The EBSD analysis was
conducted by a field emission gun Quanta FEI 650 (FEI, Hillsboro, OR, USA) SEM operated at 30 kV
and 1.0 nm. The EBSD sample was oriented at 70° tilt in the chamber at a working distance in the
range from 5 mm to 30 mm. Samples for EBSD with the size of 10 x 10 x 10 mm? dependent on the
ability of the SEM’s chamber were cut, mounted, grounded, mechanically polished and subsequently,
electropolished by immersion in a 30% nitric acid in methanol solution cooled to —25 °C at a voltage
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of 20 V for 30 s. Orientation image map (OIM) and phase mapping were measured in a rectangular
zone using a step size of 0.3 um between two measurements.

The tensile tests of the prepared specimens at the Rs of 0.25~4.00 and the d; of 0.5~2.0 mm were
performed in accordance with the standard of GB/T 2651-2001 using a MTS810 (MTS, Eden Prairie,
MN, USA) testing machine having the maximum capacity of 100 kN operating in a stress control mode
with a load rate of 1 mm/min at room temperatures. For the overlap configuration, the joint zone of
the tensile specimens were rotated during mechanical test because two forces in the specimen were not
in line, and thus a torque was generated [17,36]. In this case, the researchers did not evaluate whether
the forces were shear or tensile, and the normalized stress at failure (based on bonded area or fracture
area) was not calculated. The tensile property was supposed by expressing as the maximal load per
millimeter, i.e., linear failure strength (N/mm) [17,24,36]. Therefore, in the present study, the tensile
resistance was evaluated by means of the linear failure strength (N/mm) as the tensile property of the
steel/ Al joints. The average tensile resistance value was determined by means of tensile tests carried
out on 3 specimens. Fracture path and the fracture surface morphology of the fractured joints were
observed using SEM.

3. Results and Discussion
3.1. Weld Shape of the Steel/Al Joints

3.1.1. Effect of the Dual-Beam Power Ratio (Rs)

Figure 2 shows the weld appearances of the steel/ Al joints produced by dual-beam laser welding
with side-by-side configuration at different Rs varied from 0.25 to 4.00 while the d; of 1.0 mm, the Py of
3000 W, the v of 33 mm/s, and the AZ of 0 mm were fixed. All the welds show regular ripples without
any visible welding defects, such as cracks, pores, and so on. This was a benefit of the improved
keyhole stability of dual-beam laser welding [34]. The welds exhibit uniform and smooth bead surface
at the Rs of 0.25, 0.67, 1.50 and 4.00. However, at the Rs of 0.50 (33/66) and 2.00 (66/33), the regularity
of weld and smoothness are slightly reduced, meaning the energy distribution of the dual beams at the
Rs of 33/66 or 66/33 is not suitable for the weld appearance quality. Therefore, the Rs of 0.25 (20/80),
0.67 (40/60), 1.50 (60/40) and 4.00 (80/20) are appropriate for obtaining smooth welds of the steel /Al
joints in dual-beam laser welding with side-by-side configuration.

Figure 2. Effect of Rs on the weld appearances of the steel/ Al joints produced by dual-beam laser
welding with side-by-side configuration while the d; of 1.0 mm, the P, of 3000 W, the v of 33 mm/s,
and the AZ of 0 mm were fixed: (a) 0.25; (b) 0.50; (c) 0.67; (d) 1.50; (e) 2.00; (f) 4.00.
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Figure 3 shows the effect of Rs on the cross sections of the steel/ Al joints produced by dual-beam
laser welding with side-by-side configuration while the d; of 1.0 mm, the Py of 3000 W, the v of
33 mm/s, and the AZ of 0 mm were fixed. All the welds obtained at different Rs show a funnel weld
shape, but produce obviously different P2. At the Rs of 0.25, 2.00 and 4.00, the welds completely
penetrate the Al alloy side with an over-deep P2 of 1807 um, 1741 pm and 1761 pm, respectively,
as observed in Figure 3a,e,f. This means that the high penetration of P2 is obtained when the energy
fraction of the dual beams is much more unequal, i.e., at the Rs of 0.25 (20/80), 2.00 (66/33) and 4.00
(80/20). However, at the Rs of 0.50 (33/66), 0.67 (40/60), 1.50 (60/40), the welds exhibit a relatively
suitable P2 in the range of 93.2~554.2 um due to the relatively equal energy distribution, as seen in
Figure 3b—d. As a result, the P2 formed in the steel /Al joints is strongly affected by the Rs.

Figure 3. Effects of Rs on the cross sections of the steel /Al joints produced by dual-beam laser welding
with side-by-side configuration while the d; of 1.0 mm, the Pr, of 3000 W, the v of 33 mm/s, and the AZ
of 0 mm were fixed: (a) 0.25; (b) 0.50; (c) 0.67; (d) 1.50; (e) 2.00; (f) 4.00.
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Moreover, regarding the welding quality, it is interesting to find that increasing the P2 reduces
the weld quality of the steel/Al joints. It is found that the local welding defects generated in the
welds, such as pores and cracks, are also highly related to the over-deep P2 for the relatively unequal
energy distribution of the Rs. No welding defects are observed in the welds with a suitable P2 at the
Rs of 0.50, 0.67 and 1.50. This means that the steel/ Al joints obtained at the relatively equal energy
distribution exhibit no welding defects, and dividing the laser beam into unequal parts is not beneficial.
Similar correlations between the energy ratio and welding defects were confirmed by Gref W et al. [29],
who demonstrated that the cross sections obtained at the equal energy distribution of 50/50 show no
porosity, while with a change in the distribution to 20/80, for example, large process pores are visible.
Consequently, it can be concluded that the good weld shape should be obtained at the relatively
equal power distribution Rs of 0.50, 0.67 and 1.50 during side-by-side dual-beam laser welding of the
steel/ Al joints.

3.1.2. Effect of the Dual-Beam Distance (d1)

Figure 4 shows the weld appearance of the steel/ Al joints produced by dual-beam laser welding
with side-by-side configuration at different d; varied from 0.5 mm to 1.5 mm while the Rs of 1.5,
the P, of 3000 W, the v of 33 mm/s, and the AZ of 0 mm were fixed. At the small distance of 0.5 mm,
as shown in Figure 4a, the dual-beam laser welding of the steel/ Al joints provides an irregular-looking
weld, but no visible welding defects of cracks and pores are observed. This is because the welding
process became unstable when a single beam or a small beam distance was used [27]. Due to the small
dual-beam distance, the keyhole-opening is similar to that of the single-beam welding, resulting in the
instability of the keyhole [29]. With larger dual-beam distance, incasing d; from 0.5 mm to 1.5 mm
leads to an improvement of the bead appearance, especially in view of the regularity, as shown in
Figure 4b,c, namely, the weld appearances exhibit uniform and regular ripples without any visible
cracks and pores, due to the good keyhole stability of the dual-beam laser welding with side-by-side
configuration [27]. Figure 4d shows two separated welds are clearly observed at the maximum d; of
2 mm, because the keyhole begins to separate into two individual ones. As a result, the optimum d; for
obtaining good bead appearance with side-by-side configuration should be in the range of 0.5~1.5 mm.

Figure 4. Effects of d; on the weld appearances of steel/ Al joints produced by using dual-beam laser
welding with side-by-side configuration while the Rs of 1.5, the Py, of 3000 W, the v of 33 mm/s, and the
AZ of 0 mm were fixed: (a) 0.5 mm; (b) 1.0 mm; (c) 1.5 mm; (d) 2.0 mm.

Figure 5 shows the cross sections of the steel/ Al joints produced by dual-beam laser welding
with side-by-side configuration at different d; varied from 0.5 mm to 1.5 mm while the Rs of 1.5, the P,
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of 3000 W, the v of 33 mm/s, and the AZ of 0 mm were fixed. As seen in Figure 5a—c, each weld of the
steel/ Al joints has a funnel weld shape free of pores and cracks. At the maximum d; of 2.0 mm, as seen
in Figure 5d, two segregated welds, including one with semicircle shape formed by conduction mode
and one with funnel shape generated by a keyhole mode, are clearly observed. The two independent
welds formed may be probably attributed to the formation of separated keyhole from one welding
pool into two different parts [27]. In addition, the d; also has a significant influence on the P2. At the d;
of 0.5 mm, the maximum P2 of 712.9 pum is achieved. Increasing d; from 0.5 mm to 1.0 mm decreases
the P2 from 712.9 pum to 94.2 um. At the d; of 2.0 mm, the minimum depth of P2 is zero, because of no
penetration in the Al alloy side. As a result, the maximum P2 is achieved in the small d; of 0.5 mm,
and enlarging d; from 0.5 mm to 2.0 mm significantly decreases the P2 of the welds of steel/ Al joints
produced by dual-beam laser welding with side-by-side configuration. This is because the interaction
between the dual beams was weakening with the increase of dual-beam distances [27], and the laser
welding efficiency was decreasing with larger dual-beam distance [29]. Therefore, the optimum d; for
obtaining good weld shape is limited to 0.5 mm and 1.0 mm for side-by-side dual-beam laser welding
of the steel/ Al joints.

Figure 5. Effects of d; on cross sections of steel / Al joints produced by dual-beam laser welding with
side-by-side configuration while the Rs of 1.5, the Py, of 3000 W, the v of 33 mm/s, and the AZ of 0 mm
were fixed: (a) 0.5 mm; (b) 1.0 mm; (c) 1.5 mm; (d) 2.0 mm.
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3.2. Microstructures of the Al/Weld Interface

3.2.1. Morphology and Thickness

Backscatter electron (BSE) analysis was performed to exhibit the Al/weld interface microstructures
of the steel /Al joints produced by dual-beam laser welding with side-by-side configuration. Figure 6a
shows the typical weld shape with a P2 of 1741 pum. In this case, the melted steel caused by dual-beam
lasers is penetrated completely into the Al alloy side, leading to the pores and cracks generated
inside the weld. High magnification of the Al/weld interface microstructures of different Zones
marked by rectangles “b”, “c” and “d” in Figure 6a are shown in Figure 6b—d. It is found that
the irregular IMC layers formed at the Al/weld interface display some needle-like phases and
island-shape structures surrounded by lath-like layer. The formation of the island-shape structures
were probably due to the stirring effect of keyhole resulting from strong convection in the welding
pool [25]. This Al/weld interface characteristics of the steel/ Al joints is in agreement with that of the
tandem configuration [36,37].

Figure 6. Backscatter electron (BSE) images of the Al/weld interface of the steel/ Al joint having a P2
of 1741 pm produced by dual-beam laser welding with side-by-side configuration: (a) Cross section of

the weld and the location of rectangle of Zone “b”-"d”; (b) Enlarged view of Zone “b”; (c) Enlarged
view of Zone “c”; (d) Enlarged view of Zone “d”.

The Al/weld interface microstructure in different locations consists of the island-shape structures
and lath-like layer; however, the morphology and the lath-like layer thickness are different in each
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Zone. Concerning the thickness of the IMC layers, the lath-like layer thickness was utilized as an
evaluation indicator due to its compact and continuous morphology for a comparative study. At the
upper part of Zone “b”, as shown in Figure 6b, the lath-like layers are rather thick with a thickness of
11.4~23.7 um, and some cracks are evidently observed. At the lower part of Zone “c”, as presented
in Figure 6c, the island-shape structures have relatively regular morphology surrounded by lath-like
layers with thinner thickness of 8.4~10.7 um. Figure 6d shows Zone “d” located at the other side of
the Al/weld interface microstructures. This location has the same distance to the steel /Al interface as
the Zone “c”. It is seen that the thickness of the lath-like layers is similar to that of Zone “c”, but the
needle-like phases grown from the lath-like layers are much coarser. In addition, a long crack along the
lath-like layers and cross the needle-like phases is clearly observed. Therefore, the upper part primarily
displays irregular island-shape structures and thicker lath-like layers, whereas the lower Zones have
fine needle-like phases, thinner lath-like layers directly influenced by the relatively small heat input
as a result of the far distance from the steel/ Al interface [39]. The variation in the morphology and
thickness with the different locations at the Al/weld interface microstructure can be finally attributed
to the temperature gradients and cooling rates.

BSE images of the Al/weld interface microstructures with a suitable P2 of 477 um are presented
in Figure 7. Figure 7a shows the typical weld shape formed in the Al alloy side free of any welding
defects. The enlarged views of the Al/weld interface microstructures of the different Zones marked
by rectangles “b”, “c” and “d” in Figure 7a are shown in Figure 7b—d. At the upper part of Zone “b”,
a large number of needle-like phases and irregular island-shape structures surrounded by lath-like
layers are found, whereas the thickness of the lath-like layers is relatively smaller in the range of
6.2~11.9 um. This thickness is obviously thinner than that of the over-deep P2 shown in Figure 6.
Figure 7c exhibits the Al/weld interface microstructures of the Zone “c” having the same distance to
the steel/ Al interface as Zone “b”, but locates at the other side of the Al/weld interface. Not only
is the quantity of the needle-like phases decreased, but also the thickness of the lath-like layers
is significantly decreased to 2.7~4.1 pm. At the bottom part of Zone “d”, as shown in Figure 7d,
both the thickness of the lath-like layers and the needle-like phases are also decreased significantly.
Therefore, it can be concluded that the P2 has a more significant influence on the morphology and the
lath-like layer thickness, and controlling the P2 is effective to inhibit the formation of IMC layers at the
Al/weld interface.
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Figure 7. BSE images of the Al/weld interface microstructures of the steel/ Al joint having a P2 of
477 pm produced by dual-beam laser welding with side-by-side configuration: (a) Cross section of the
steel/ Al joint and the location of Zones “b”—"“d”; (b) Enlarged view of Zone “b”; (¢) Enlarged view of
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Zone “c”; (d) Enlarged view of Zone “d”.
3.2.2. Phase Identification

To identify the phase type of the needle-like phases and the lath-like layers formed at the Al/weld
interface, EBSD phase mapping was performed at the different locations marked by rectangle Zone
“a—d” in Figure 8e, in which the grain color specifies the phase type distribution according to the color
indicated in the phase legend for the cubic symmetry. The phase mapping of Zones “
the Al alloy, the Al/weld interface and the weld region, and Zone “d” is the full weld exactly right
across the steel / Al interface.

At the Al/weld interface, it is found that the blue island-shape structures are surrounded by the
green lath-like layers adjacent to the blue welds, as presented in Figure 8a—c, and the red needle-like
phases are dispersed in the Al alloy or grown from the green lath-like layers. According to the phase
legend shown in the Figure 8, the green lath-like layers and the red needle-like phases are determined
to be n-Fey Als and 8-FeyAlj3 phases. In addition, the phase mapping confirms that the variation in
the location at the Al/weld interface results in the various morphology of the n-Fe; Als layers and
0-FeyAlj3 phases and the different thickness of the n-Fe,Als layer in each zone. At the upper part
of the Al/weld interface of Zone “a”, the n-Fe,Als layers are rather thick, and a large number of
the 0-Fe4Alj3 phases are confirmed. At the lower part of Zone “b”, the weld region is found to be

”

a”-"¢” include
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dominated by a-Fe phase with curved columnar grains and the less 6-Fe;Aly3 phases and the thinner
n-FeyAls layers formed at the Al/weld interface have been proved. In particular, it is noted that some
very fine 6-FeyAlj3 and n-Fe; Als phases distributed along «-Fe grain boundaries are observed inside
the weld region, which is proved by further examining the Kikuchi diffraction patterns and the lattice
constants. Figure 8c proves the highly reduced quantity of the 6-FeyAl;3 phases and the n-Fe;Als
layer thickness are generated at the Al/weld interface at the bottom part of Zone “c”. In addition,
the fine 6-FeyAl 3 and FepAls phases are confirmed to generate along «-Fe grain boundaries inside
the weld zone close to the Al/weld interface. Figure 8d presents the phase distribution of the weld
Zone “d” across the steel / Al interface, exhibiting that the very fine 6-Fe4Al;3 and n-FeyAls phases are
formed along «-Fe grain boundaries inside the weld zone. With these EBSD observations, it can be
concluded that the 6-FeyAlj3 and n-FepAls phases are formed at the Al/weld interface, and the very
fine 0-FeyAly3 and n-Fep Als phases are generated along «-Fe grain boundary inside the weld zone of
the steel /Al joints.
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Figure 8. EBSD phase mapping images of the different zones in the steel/Al joints produced by
dual-beam laser welding with side-by-side configuration: (a) Zone “a” marked in (e); (b) Zone “b”
marked in (e); (c) Zone “c” marked in (e); (d) Zone “d” marked in (e); (e) Cross section of steel /Al joint
and the locations of Zones “a-d”.

This present study indicates that the 6-FeyAl 3 and n-Fe; Al; phases are formed at the Al/weld
interface, which is in good agreement with the previous studies [19,36,40]. However, the formation
of the fine 6-FeyAlj3 and FepAls phases formed along a-Fe grain boundary has not been reported.
The reasons for the fine IMC phases maybe partly correlated to the high Al content at the upper part
of the weld zone due to the over-deep P2 in the Al alloy side [24]. In addition, the high vacancies
are concentrated along the c-axis of the orthorhombic structure of the n-Fe; Als phase, and thus high
content Al atoms can diffuse rapidly in this direction and even travel across the formed n-Fe;Als
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phase [41], which leads to the 8-Fe;Alj3 phases formed in both sides of n-Fe,Als layer. When Al
atoms cross 1-Fey Als phase, they continue to migrate along «-Fe grain boundaries in as much as grain
boundary diffusion coefficient is much higher than bulk diffusion coefficient [42]. Al atoms diffuse
along a-Fe grain boundary and react with Fe atoms existing in the «-Fe grain boundaries to form
n-Fey Als and 6-Fey Alj3 phases finally. This may explain why the fine 6-FeyAly3 and n-Fe, Als phases
are formed along a-Fe grain boundary inside the weld zones.

3.2.3. Grain Shape and Grain Size

The microstructures of the Al/weld interface and the weld for the steel /Al joints are also depicted
by EBSD orientation image mapping (OIM), where the grain color specifies the orientation according
to the coloring indicated in the orientation legend for the cubic symmetry. Hence, the grain shape
was easily detected as the grain boundaries with angle misorientations larger than 5° were displayed,
and the grain size was statistically estimated by means of EBSD software. Figure 9 displays the OIM
of different locations at the Al/weld interface marked by rectangle Zones “a”—“c” in Figure 8e. It is
found that the weld zone concludes some equiaxed structures and predominantly columnar grains.
The Al base metal exhibits the much coarser columnar structures with an average grain size of 71.6 um,
which is noticeably coarser than those of the IMC grains formed at the Al/weld interface.

Considering the IMC grains at the Al/weld interface, the variation in locations causes the different
size of the n-FeyAls and the 6-FeyAly3 grains. At the upper part of Zone “a”, the n-Fe,Als grains are
in shape of the continuous layer with an average grain size of 41.2 pm, and the needle-like 8-Fe;Al;3
grains adjacent to the n-FepAls layers are in an average size of 6.1 um. At the lower part of Zone
“b”, the n-Fe;Als and the 0-FeyAlj3 grains change into finer equiaxed morphology with a size of
3.6~24.3 um. At the bottom part of Zone “c”, the 8-Fe;Alj3 and the n-Fe;Al; grains are equiaxed
with the smallest size of 2.14 um and 5.6 um. As a result, the finest 6-FeyAlj3 and n-Fe; Als grains
has been obtained at the bottom part of the Al/weld interface, which undergoes higher cooling rates
compared to the upper part. The noticeable decrease in grain size of the 6-Fe;Al;3 and n-Fe, Al grains
with increasing the distance to the steel /Al interface is probably attributable to the location-variable
cooling rate experienced at the Al/weld interface. A relatively slower velocity of solidification in
the upper part is due to a substantial heat for a longer period of time, whereas the bottom part
experiences less heat input owing to the greater distance from the steel/ Al interface [24,36]. Moreover,
the fine 6-FeyAlj3 and n-FepAls grains formed inside the welds have an average size of 2.4~3.7 um
and 2.1~3.6 pm. Therefore, the IMC grains formed whether in the Al/weld interface or in the welds
produced by dual-beam laser welding with side-by-side configuration are much finer than those of
the welds and the Al base metal, which may be beneficial to improve the tensile resistance of the
steel /Al joints. Now, it is a pity that the relationships between fine IMC microstructure and mechanical
properties are not very clear. This observation and other aspects of the underlying relationships will
be investigated further.
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Figure 9. OIM of different zones of the steel/Al joints produced by dual-beam laser welding with
side-by-side configuration: (a) Zone “a” marked in Figure 8e; (b) Zone “b” marked in Figure 8e;

(c) Zone “c” marked in Figure 8e.

3.3. Tensile Resistance of the Steel/Al Joints

Figure 10a shows the tensile resistance of the steel/ Al joints produced by dual-beam laser welding
with side-by-side configuration at different Rs varied from 0.25 to 4.00. At the Rs of 0.25 and 4.00,
the tensile resistance of the steel / Al joints is 48.4 N/mm, and 52.5 N/mm, which is rather low, probably
due to the cracks and pores formed inside the weld zone associated with the over-deep P2 (Figure 3a,f).
At the Rs of 0.50 and 1.50, the tensile resistance of the steel /Al joints is greatly increased to 84.8 N/mm
and 109.2 N/mm, probably due to the suitable P2 (Figure 3b,d). Figure 10b shows the tensile resistance
of the steel/ Al joints with different d; varied from 0.5 mm to 2.00 mm. At the d; of 2.00 mm, tensile test
of the steel/ Al joints was not tested because no welded joints were obtained. It is found that increasing
dq from 0.5 mm to 1.5 mm decreases the tensile resistance of the steel /Al joints from 100.2 N/mm to
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43.3 N/mm. Thus, the maximum tensile resistance of 100.2 N/mm has been obtained at the d1 of
0.5 mm due to the optimal P2 (Figure 5a), and the lowest tensile resistance of 43.3 N/mm is obtained
at the d; of 1.5 mm due to the insufficient P2 (Figure 5c). This indicates that the linear relationship
between the P2 and the tensile resistance of the steel/ Al joints. From these results, it is concluded that
there is a matching relationship between the P2 and the tensile resistance of steel/ Al joints, and the
maximum tensile resistance of the steel/ Al joints is obtained at the Rs of 1.50 produced by dual-beam
laser welding with side-by-side configuration.
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Figure 10. Effect of processing parameters on tensile resistance of the steel/Al joints produced by
dual-beam laser welding with side-by-side configuration: (a) Rs varied from 0.25 to 4.00; (b) d; varied
from 0.5 mm to 2.0 mm.

After the tensile test, all the steel/ Al joints have been fractured at the Al/weld interface due to
the brittleness of the IMC layers at the Al/weld interface. Figure 11 shows a typical strain-stress curve
of the steel/ Al joints obtained by three dual-beam distances with very small strain of the steel/Al
joints, indicating a brittle fracture characteristic.

During the tensile test, the crack initiates from the steel/ Al interface because of the higher stress
concentration, and grows along the steel/Al interface to the weld border. Two different fracture
propagation paths are observed depending on the P2. The first one occurred at the steel/Al joint
with an over-deep P2 of 1741 um, is shown in Figure 12. Figure 12a shows that the crack propagates
along the Al/weld interface and in the weld zone above the steel/ Al interface, indicating that both the
Al/weld interface regions and the weld zone above the steel/ Al interface are the weakening zones of
the steel/ Al joints. The weak weld zone above the steel /Al interface is probably due to the higher
Al content resulted from the over-deep P2 [36], whereas the fractured Al/weld interface is associated
with the high brittleness of the n-Fe;Als and 6-FeyAls phases. High magnification of the fracture
path morphology of the Al/weld interface is shown in Figure 12b. It is indicated that remarkable
different fracture morphologies are observed with various locations marked as rectangle “c” and “d”
in Figure 12b along Al/weld interface. At Zone “c” near the steel /Al interface shown in Figure 12c,
some cracks are observed across the needle-like 6-FeyAl 3 phases. The fracture is occurred in the
n-FeyAls layer close to the weld, which results in lower tensile resistance of the steel/ Al joints [13].
In this case, the crack path is relatively straight, which reveals the crack growth resistance in the
n-FeyAls layer is low. The n-FepAls layer at the Al/weld interfaces becoming a preferential cracking
path are due to the cracks existed before tensile testing [24]. At Zone “d” far from the steel/ Al interface,
as shown in Figure 12d, only large needle-like 0-Fe4Al;3 phases are formed at the Al/weld interface
free of cracks. At this location, a fairly jagged looking fracture path is observed and the fracture
takes place along the Al/weld interface between the Al alloy and the n-Fe;Als layer, which results in
higher joining strength [13]. Therefore, the fracture path varied with the morphology and the thickness
of the IMC layer result in the tensile resistance variation with the location in the Al/weld interface.
The factographic surface of the weld /Al interface marked by Zone “f” (Figure 12e) reveals a typical
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cleavage fracture mode, as shown in Figure 12f, with river pattern strips of particular orientation
on the fracture surface. The n-Fe Al layer was the most brittle region having the weakest bonding
strength at the weld /Al interface of the steel/ Al joints.
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Figure 11. Stress-strain curves of the steel/Al joints obtained by dual-beam laser welding with
side-by-side configuration for three different d;.

For the second one, as shown in Figure 13a, the macrofracture profile of the steel /Al joints with
an optimized P2 of 477 um is obviously different from that of the over-deep P2. It is from the BSE
images shown in Figure 13a found that the crack propagates in n-Fe, Als layer along Al/weld interface,
and grows into the Al alloys at the bottom of the weld, and then connects to the fracture crack resulting
in the final tearing of the steel/ Al joint. This means that the weaken zones of the steel/ Al joints turns
into Al/weld interface regions and the Al alloy at the bottom of the weld, which induces the tensile
resistance of the Al alloy at the bottom of the weld lower than the tensile strength of the weld zone in
the upper part of the steel/ Al joint. The fracture surfaces of Zones “b” and “c” marked by rectangle
in Figure 13a are shown in Figure 13¢,d, respectively. The fracture surface of the Zone “b” was full
of the tearing edges and river patterns, whereas some ductile dimples were clearly observed at the
fracture surface of Zone “c” indicating some plastic deformation occurred. Thus, the fracture mode of
the steel / Al joint with the optimized depth of P2 was a mixed failure, which significantly enhanced its
tensile resistance of the steel /Al joint. Similar fracture behavior of the steel/ Al joints was reported by
Chen et al. [17] during laser penetration welding an overlap steel-on-aluminum joint with/without
Ni-Foil. They have demonstrated that the relatively high tensile strength was achieved when the joints
exhibited a characteristic ductile fracture occurred in the parent metal or seam, whereas the tensile
strength was relatively low with a brittle fracture characteristic when the joints fractured only along
IMC layers in the interface. This can explain why the second fracture propagation paths occurred in
the steel /Al joint with an optimized P2 exhibit a relatively high tensile resistance.
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Figure 12. Fracture path morphology of steel/ Al joints having an over-deep P2 of 1741 pm produced
by dual-beam laser welding with side-by-side configuration arrangement: (a) Macroscopic fractured
steel/ Al joint; (b) High magnification of fracture path and locations of Zones “c” and “d”; (c) BSE

image of enlarged view of Zone “c”; (d) BSE image of enlarged view of Zone “d”; (e) Macroscopic
fractured steel/ Al joints; (f) Fracture surface of Zone “f” in (e).
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Figure 13. Fracture path morphology of steel/ Al joints with an optimum P2 of 477 um produced by
dual-beam laser welding with side-by-side configuration: (a) Macroscopic fractured steel /Al joint;
(b) BSE image of enlarged view of fracture path; (c) SEM image of fracture surface of Zone “c”; (d) SEM
image of fracture surface of Zone “d”.

4. Conclusions

A Q235 low carbon steel and 6061Al alloys of 1.5 mm thickness were welded by dual-beam

fiber laser welding with side-by-side configuration. From the present results, the following major
conclusions were reached:

1)

@

©)

Soundly welded steel/ Al lapped joints free of welding defects have been successfully achieved
by using dual-beam laser welding with side-by-side configuration. The processing parameters
of Rs and d; have a great influence on the weld appearance, the P2 and the welding defects.
The good weld shape should be obtained at the relatively equal Rs of 0.50, 0.67 and 1.50 during
side-by-side dual-beam laser welding of the steel/ Al joints. The optimum d; for obtaining good
weld shape is limited to 0.5 mm and 1.0 mm for side-by-side dual-beam laser welding of the
steel / Al joints.

The Al/weld interface microstructure in different locations consists of the island-shape structures
and lath-like layer; however, the morphology and the lath-like layer thickness are different in
each zone. The P2 has a significant influence on the morphology and the lath-like layer thickness,
and controlling the P2 is effective to inhibit the formation of IMC layers at the Al/weld interface.
EBSD phase mapping proves that the microstructures at the Al/weld interface are composed of
the n-Fep Als layers and the 6-FegAl;3 phases, and very fine 8-Fe;Alj3 and n-Fep Als phases are
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formed along o-Fe grain boundary inside the weld of the steel/ Al joints. The n-Fe,Als layers
and the needle-like 6-FesAlj3 grains formed at the Al/weld interface are finer than those of the
weld and the Al alloy.

There is a matching relationship between the P2 and the tensile resistance of steel/Al joints
produced by dual-beam laser welding with side-by-side configuration, and the maximum tensile
resistance of the steel/ Al joints is obtained at the Rs of 1.50 during dual-beam laser welding with
side-by-side configuration.

Two different fracture propagation paths are found depending on the P2. The fracture profile of
the steel/ Al joints with an optimized P2 exhibits a ductile fracture occurring in the parent metal
or seam, resulting in a relatively high tensile resistance of the steel/ Al joints.
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Abstract: Spatial beam oscillation during laser beam welding of aluminum to copper was investigated.
The beam was spatially oscillated perpendicular to the direction of feed in a sinusoidal mode.
The influence of the oscillation amplitude and frequency on the weld seam geometry and the
implications on the electrical resistance of the joints was investigated. It was found that spatial beam
oscillation allows to set the welding depth and seam width virtually independent of each other.
Furthermore, low welding depths into the lower copper sheet in combination with high ratios of
seam width at the interface of the two sheets to welding depth into the lower copper sheet result in
low electrical resistances of the welds. Low electrical resistances were found to correlate with high
mechanical strengths of the welds.

Keywords: laser beam welding; spatial beam oscillation; dissimilar metals; aluminum; copper

1. Introduction

Joining of aluminum (Al) to copper (Cu) is required for high-power, light-weight electrical applications,
such as e-mobility or battery applications [1,2]. However, welding of the metal combination Al and
Cu is challenging due to the formation of intermetallic phases in the weld seam [3] and the strongly
differing thermophysical properties of the two materials, such as the melting temperature and the heat
conductivity. The intermetallic phases have a higher brittleness, lower mechanical strength, and higher
electrical resistivity than the base materials [4], which deteriorates both the mechanical and electrical
properties of the weld joint. Therefore, the formation of these intermetallic phases during the welding
process must be minimized. Reliable joining of Al to Cu with high quality by means of an unmodulated
continuous wave (cw) laser welding process has proven to be challenging. When welding with a cw laser,
significant mixing of the two materials and large cracks in the weld seam are a major problem [3]. A strong
mixture of the materials and the formation of intermetallic phases in the weld seam is common [5]. The use
of a spatial oscillation of the laser beam has proven to be a suitable measure to stabilize the welding process,
especially the welding depth. The stabilization of the welding depth at low-penetration depths for laser
welding of aluminum close to the deep penetration threshold is possible [6]. Furthermore, a stabilization
of the welding depth against focal shift by the use of spatial beam oscillation has been observed [7]. Spatial
oscillation of the laser beam has also been applied successfully for welding of Al to Cu to improve the
weld quality. Homogeneous mixing of the two materials in the weld seam was demonstrated using a
single-mode fiber laser and spatial beam oscillation [8]. Smaller mixing zones and less pores and cracks
in the welds (compared to rectilinear welding) can be obtained using a pulsed laser and spatial beam
oscillation [9]. Large joining widths at the interface and low penetration depths into the lower Cu sheet
were generated by welding with a fiber laser and spatial beam oscillation [3]. The resulting welds showed
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a higher tensile strength than welds produced without a spatial oscillation of the laser beam. The electrical
resistance of the joints is reported to decrease with an increase in the joining area. Small thicknesses (<5 pm)
of the intermetallic phase layer at the interface could be achieved by the combination of temporal power
modulation and spatial beam oscillation [5]. High shear strengths of the joints were obtained due to
these small thicknesses of the intermetallic phase layer. In Ref. [10], it was also shown that the shear
strength was reduced drastically if the thickness of the intermetallic phase layer was smaller than 3 um.
In addition, a low thickness of the intermetallic phase layer also results in a low electrical resistance of
the joint, and there is a correlation between high mechanical strength and the low electrical resistance of
the joints. Most of these investigations focused on welding with small focal diameters (about 50 um or
less) and comparably low laser powers (<1 kW). In contrast to the findings summarized in this section,
the investigations presented in this paper focus on reproducible joining of aluminum to copper using
multi-mode lasers with high power in combination with spatial beam oscillation. The weld seam geometry
is known to be influenced by the spatial beam oscillation [11]. In the present paper, the influence of the
oscillation parameters on the weld seam geometry was investigated. The focus was to quantify the relation
between the geometry and the resultant electrical and mechanical properties of the welds.

We state that the resultant electrical resistance of the joints is mainly influenced by three factors:

(1) the seam width at the interface between the sheets,
(2) the metallurgical composition of the weld seam,
(3) the constancy of the geometrical properties of the weld seam along the welding direction,

and that spatial oscillation of the laser beam is a suitable measure to optimize these three factors.
Therefore, the influence of the oscillation parameters on the geometry of the weld seam and the
mixing of the two joining partners are investigated. The dependence of the electrical resistance on the
geometry of the weld seam is evaluated, as well as the correlation between the electrical resistance and
the mechanical strength of the connections.

2. Materials and Methods

2.1. Experimental Setup

Remote laser welding of pure aluminum (Al99.5) to pure copper (Cu-OF) in overlap configuration
was investigated. A sketch of the geometry of the specimens which were used for the welding trials
and the subsequent shear tests is shown in Figure 1. The thickness of each sheet was 1 mm and Al was
positioned on top. Linear weld seams with a length of 35 mm were produced. Measurements of the
electrical resistance (four-point measurement, detailed description in Section 2.2) and tensile shear
tests (based on DIN EN ISO 14273) of the generated weld seams were performed on these samples.
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Figure 1. Sketch of the geometry of the specimens used for the welding trials and shear tests.
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The used laser source was a Laserline LDF 4000.8 (Laserline GmbH, Miihlheim-Kérlich, Germany)
solid-state laser with a wavelength of 1.08 um whose beam was coupled to a transport fiber with
a core diameter of 100 um. The processing beam was focused on the top surface of the Al sheet
using a Scansonic RLW-A remote welding optics (Scansonic MI GmbH, Berlin, Germany), which was
inclined by an angle of 10° in direction of feed. The resulting focal diameter was 280 um and the
Rayleigh-length of the processing beam was 5 mm.

In a first step, rectilinear welds were performed at a feed rate of vgeq = 6 m/min and varying
laser powers from 1.5 kW up to 3.25 kW. Subsequently, spatial beam oscillation perpendicular to the
feed direction was applied with a trajectory corresponding to

x(t) _ Ufeed 't 1)
y(t) Ay-sin(27f,-1)
The oscillation frequency f, was varied from 200 Hz to 1000 Hz and the oscillation amplitude
Ay was varied from 0.25 mm up to 1 mm. The feed rate vgeq = 6 m/min was constant throughout

all experiments and a constant laser power of P = 3.25 kW was used for the experiments with spatial
beam oscillation. No shielding gas was used in the experiments.

2.2. Evaluation Procedure and Basic Considerations

The geometrical properties and the electrical resistances of the welds were measured to evaluate
the experiments. Figure 2 shows optical microscopy (a) and SEM (b) images of typical cross-sections
of rectilinear welds. The measured geometrical properties of the welds were the welding depth
d into copper, the seam width w at the interface, and the fused areas A, and Ac, of aluminum
and copper, respectively. These quantities are indicated in the sketch of the cross-section shown
in Figure 2c. From the SEM image (Figure 2b), it can be seen that there is an inhomogeneous
distribution of the copper throughout the entire cross-section of the weld seam in the case of the
rectilinear welding, even for low welding depths into the lower copper sheet. The averaged Cu content
Xcuavg = AcuPcu/ (Acu'Ocu + Aar-pal) in the weld seam was used to quantify the mixing ratio of the
two metals, and it was calculated from the fused areas of aluminum and copper weighted by their
densities. The fused areas were measured from the cross-sections, according to Figure 2c.

a) b) €)

1 mm

w

Figure 2. Images of typical cross-sections of welds produced by unmodulated rectilinear welding,
optical microscopy (a) and SEM imaging (b); parameters: P = 2 kW; Ufeeq = 6 m/min; Ajpger = 1.08 pum;
dg =280 pm; z¢ = 0 mm, zg = 5 mm; (c) sketch of a typical cross-section with indication of the analyzed
geometrical quantities: welding depth d into Cu, seam width w at interface, and fused areas A,; and
Acy of aluminum and copper, respectively.
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A four-point measurement setup was used to measure the electrical resistance of the joints.
Figure 3a shows a sketch of this setup and Figure 3b shows the equivalent circuit for the measured
electrical resistance Rmeasure-
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Figure 3. (a) Sketch of the four-point measurement setup used to determine the electrical resistance of
the joints; (b) equivalent circuit for the measured resistance.

The measured electrical resistance Rmeasure = Ra] + Rweld + Rcy Was considered idealized as the
sum of the resistances Rp; and Rc,, of the two sheets up to the joint and the resistance of the weld
seam itself Ryyeq. It is assumed that the resistances in the two base materials remain unaffected by
the welding process, and therefore only the resistance of the weld seam is of interest. In a calibration
measurement, the contribution of Rs; + Rcy to the measured resistance Rmeasure was determined to be
21 uQ), considering the contribution of the base sheets between the measurement tip and the center
of the weld seam to the overall electrical resistance. The offset of 21 uQ) was subtracted from each
measured electrical resistance to obtain the electrical resistance of the weld seam R,,qq. Current could
further be conducted through the contact area between the two sheets, which can be considered as
a parallel-connection to the weld. The electrical resistance of two sheets, which were not welded,
but pressed together was measured to range between 10 mQ) and 50 m(), which is about three orders
of magnitude higher as the resistance of the welded parts. The contact area between the two sheets
would influence the values of Rmeasure by up to 2%o and is therefore neglected.

Figure 4 shows a sketch of a cross-section of a weld seam with indication of the path of the
electrical current. The relevant cross-sectional area is considered to be the cross-sectional area at the
interface between the two sheets (w-I,¢q) since the electrical current has to be conducted from one
sheet of material to the other. With these assumptions we derive

s

Rweld X el
w'lweld

@

for the electrical resistance of the weld seam, where pg is the electrical resistivity, w the seam width at
the interface, [yelq the length of the weld seam, and s the length of the path of the electrical current
through the weld seam. It should be noted that Equation (2) was derived for a rectangular-shaped weld
seam, and that for a more complex geometry, the consideration of the integral across the weld seam
would be better suited. Nevertheless, from Equation (2) some basic requirements can be concluded
to lead to a low Ryelq. On the one hand, the cross-sectional area at the interface has to be large.
This means a large w, since the length 14 of the weld seam is given by constructional boundary
conditions in most cases. On the other hand, the electrical resistivity p,j of the weld seam has to be low.
It is determined by the metallurgical composition of the weld seam. Since the electrical resistivity pe; of
the intermetallic phases is much higher than that of the base materials [4], the amount of intermetallic
phases in the weld seam should be as low as possible. Due to the strong convection in the weld pool
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during deep penetration laser welding, the liquid joining partners are mixed. This mixture of both
materials in the liquid phase favors the formation of intermetallic phases. The averaged Cu content in
the weld seam is taken as a possible measure of the amount of mixed materials, but is not sufficient
to determine the amount and local distribution of the intermetallic phases. With increasing welding
depth into Cu, the amount of fused Cu is expected to increase and with this the averaged Cu content.
Therefore, the welding depth into Cu should be low to achieve a low p, in the weld seam. This means
that a high ratio of the seam width at the interface to the welding depth into Cu (w/d) is favorable to
obtain a low Ry.14. Moreover, the seam width and welding depth should be constant over the entire

length of the weld seam.

e o m—— -

Figure 4. Sketch of a cross-section of the weld seam with indication of the path of an electrical current.

3. Results

3.1. Welding Without Spatial Oscillation of the Laser Beam

Figure 5 shows images of micrographs of cross-sections from welds produced with conventional
rectilinear welding at different laser powers P.

P=175kW P=225kW P=25kW P=275kW P=3kW

Figure 5. Micrographs of cross-sections of welds produced with conventional rectilinear welding,
Vfeed = 6 M/min.

As expected, the welding depth d into the Cu sheet increases with increasing laser power. Also,
the fused area of Cu as well as the mixing of both materials increases (indicated by the dark grayish
and golden colored areas in the cross-sections). Moreover, pores and cracks can be found in the weld
seams. The cracks are located in the lower part of the weld (Cu side) and at the interface between the
two sheets. Cracks are found in welds with a welding depth into the copper sheet of more than 0.5 mm
and partial penetration of the Cu sheet. For small d or full penetration of the Cu sheet, no cracks
were observed.

Unmodulated, rectilinear laser welding of the two metals aluminum and copper itself is a highly
instable process and prone to the formation of weld defects and fluctuations of the penetration
depth [12-14]. This is also true for laser welding of the combination of the two metals as can be seen
from Figure 6, which shows micrographs of cross-sections of the same weld seam at two different
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positions. It can be seen that d and w are not constant along the seam produced by rectilinear welding,
and therefore point 3 of the above stated quality factors is not fulfilled.

Position 1 Position 2

Figure 6. Micrographs of cross-sections at two positions along the same weld seam. P = 2.5 kW;
Vfeed = 6 M/min.

The dependence of the weld seam geometry on the laser power is shown in Figure 7. Both the
width and the depth of the weld seams increase with increasing laser power. The welding depth shows
an almost linear increase with increasing laser power until full penetration of the Cu sheet is reached
at 3 kW. In contrast, the seam width shows a strong increase with laser power from 1.5 kW up to about
2.25 kW, and then is seen to converge towards an upper limit. The averaged Cu content increases in
close accordance with increasing welding depth.

12 ~ . . . 120
& Seam width at interface
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Figure 7. Seam width w at the interface (blue), welding depth d into Cu (green), and averaged Cu

content (red) as a function of the laser power for welds produced with rectilinear welding at a feed rate
of 6 m/min.
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3.2. Welding with Spatial Oscillation of the Laser Beam

Figure 8 shows optical micrographs of cross-sections from welds produced with spatial oscillation
of the laser beam for different oscillation parameters.

A, in mm
/, in Hz ™ 0.25 0.5 0.75 1.0

£ Al

200 e ‘

400 w '

600

800

1000

Figure 8. Micrographs of cross-sections from welds produced with spatial oscillation of the laser beam
with 3.25 kW of laser power and a feed rate of 6 m/min.

At the smallest amplitude of A, = 0.25 mm the weld seams resemble those obtained with
conventional rectilinear welding. They exhibit a large welding depth into the lower Cu sheet and
a strong mixing of the materials (indicated by the dark grayish and golden colored areas in the
cross-sections). With increasing amplitude, the welding depth decreases and the seam width increases.
At the same time the dark grayish and golden colored areas are significantly reduced. Cracks in
the center of the weld in the Al sheet are visible in some of the welds produced with large lateral
oscillation amplitudes. For large amplitudes and high frequencies, the laser power of P = 3.25 kW was
not sufficient to achieve a penetration into the lower Cu sheet and a connection of the two sheets.

3.3. Geometry of Weld Seams as a Function of Oscillation Parameters

The welding depth into Cu is shown in Figure 9 as a function of the oscillation amplitude A, and
frequency f,. The measured welding depth decreases with both, increasing amplitude and increasing
frequency, whereby the impact of the amplitude is stronger. Averaged over all measurements, dd/dA,,
is found to be —0.2 mm/mm and dd/ E)fy to be —0.051 mm /100 Hz. The standard deviation is highest
for the smallest oscillation amplitude, which indicates that the welding process is still instable and
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comparable to the rectilinear welding process without oscillation. This is in agreement with the highly
fluctuating results of the rectilinear welds (compare also the cross-sections shown in Figure 8 for
Ay =0.25 mm and in Figure 6 for rectilinear welding). For higher oscillation amplitudes the standard
deviations are very small, which indicates the stabilizing effect of the spatial oscillation of the laser
beam on the geometry of the weld seam. Hence, the depth can be controlled coarsely with the oscillation
amplitude and fine-tuned with the oscillation frequency.

Figure 10 shows the influence of oscillation amplitude and frequency on the seam width w at the
interface of the two sheets. The measured seam width increases with increasing amplitude as long as
the locally available energy suffices to guarantee melting of the lower Cu sheet. This depends on the
oscillation frequency. For small amplitudes the frequency has no effect on the resultant width of the
weld seam. For amplitudes exceeding 0.5 mm the width is found to decrease.

Figure 11 shows the measured widths w of the weld seams together with the respective welding
depths d into the Cu sheet. For processes without beam oscillation, the measurements are found to
lie on one curve (red markers). This indicates that the width and depth cannot be set independently.
The values for the processes with spatial beam oscillation are spread above the values of the processes
without beam oscillation. Therefore, both geometrical features can be set independently and at same
depth the generation of larger seam widths is possible in welding processes with beam oscillation.
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Figure 9. Welding depth into Cu in dependence on the oscillation frequency and amplitude. The error
bars indicate the standard deviation.
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Figure 10. Seam width at the interface in dependence on the oscillation frequency and amplitude.
The error bars indicate the standard deviation.
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3.4. Averaged Cu Content as a Function of the Geometry of the Weld Seams

In laser beam welding, the liquid joining partners are mixed due to the strong convection in the
weld pool. Therefore, the averaged Cu content in the weld seam is taken as a possible measure of the
amount of mixed materials. Figure 12 shows the averaged Cu content in the weld seam in dependence
on the welding depth d into Cu (a) and seam width w at the interface (b). It was found that the averaged
Cu content is approximately proportional to the welding depth d for both, the welding processes
with and without spatial beam oscillation. A linear regression of the averaged Cu content on the
welding depth into Cu (dotted lines in Figure 12a) yielded a coefficient of determination of R? = 0.97
for rectilinear welding and of R? = 0.94 in case of oscillated welding, respectively. This confirms
the assumption stated before, that the amount of fused Cu, and with this the averaged Cu content
in the seam, is mainly influenced by the welding depth into the lower Cu sheet. The averaged Cu
content increases rapidly with the width of the seam (because also the depth increases, see Figure 11).
The increase is less steep for welds produced with beam oscillation. Again, the results for welding
processes without beam oscillation are on one curve, whereas the results for welding processes with
beam oscillation are spread. This further indicates that welding with spatial oscillation of the laser
beam allows to independently set the geometrical features as well as the averaged Cu content of the
generated weld seams, which is not possible with welding processes without beam oscillation.
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Figure 12. (a) Averaged Cu content in the weld seam in dependence on the welding depth. The markers
indicate the measured values; the dotted lines represent a linear regression of the averaged Cu content
on the welding depth; (b) averaged Cu content in the weld seam in dependence on the width of the
seam. The error bars indicate the standard deviation.
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In Figure 13, the averaged Cu content in the weld seam is plotted together with the ratio of the
seam width at the interface to the welding depth into Cu (width/depth-ratio). The averaged Cu
content is found to decrease with an increasing width/depth-ratio. For the same share of copper in
the seam, a higher width/depth-ratio can be achieved for the welds produced with beam oscillation,
and higher width/depth-ratios can be achieved for welds produced with beam oscillation in general.
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Figure 13. Dependence of the averaged Cu content in the weld seam on the ratio of seam width to
depth for welds produced with spatial beam oscillation (blue) and rectilinear welds (red). The error
bars indicate the standard deviation.

3.5. Electrical Resistance as a Function of the Geometry of the Weld Seams

Figure 14 shows the measured electrical resistances of the generated welds as a function of the
welding depth into Cu (a) and the width/depth-ratio (b). The data measured for the welding processes
with and without spatial beam oscillation are compared.
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Figure 14. Cont.
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Figure 14. Electrical resistance in dependence on the welding depth into Cu (a) and on the ratio of
weld seam width to depth (b).

It was found that a minimum welding depth into Cu is required to obtain reasonable resistance
values. This minimum depth was found to be 0.02 mm. If the welding depth in Cu is lower than this
minimum required depth, the resistance increases (>2 pQ)) due to a lack of contact. The dependence of
0R/d(w/d) was found to be —0.17 uQ) for the welds produced with beam oscillation and —0.025 pQ)
for the rectilinear welds. For low width/depth-ratios (<3), the rectilinear welds result in lower (better)
resistances. At higher width/depth-ratios (>4), the welds produced with spatial beam oscillation
exhibit lower electrical resistances than the rectilinear welds. With spatial beam oscillation the electrical
resistance could be reduced by about 25% compared to the welding process without spatial beam
oscillation. In general, higher width/depth-ratios and correspondingly lower electrical resistances can
be achieved by welding with an oscillating beam. As a consequence, it was found that a high width to
depth ratio is favorable to obtain low electrical resistance. This ratio is found to represent a reasonable
measure for the suitability of the generated weld seams and it is proposed to merge the quality Factors
(1) and (2) stated above.

3.6. Correlation of Electrical Resistance and Mechanical Strength

Shear tests were performed on the welded samples based on DIN EN ISO 14273 and the
maximum shear strength was measured to quantify the mechanical quality of the generated junctions.
These values were correlated with the measured electrical resistances. In Figure 15, both the maximum
shearing loads together with the electrical resistances are plotted for the welds produced with and
without spatial beam oscillation.

Maximum loads of up to 3 kN were found which coincide with the lowest electrical resistance of
1.1 Q). The mechanical and electrical quality were found to correlate, thus for high shear strengths
the lowest electrical resistances were measured and vice versa. It is therefore expected that process
optimizations regarding one of these quality measures likewise optimize the other. Additionally,
a measurement of the electrical resistance, which can be performed nondestructively, allows to predict
the mechanical strength of the junction. These results are well consistent with correlations reported for
welding of thin sheets with a single-mode laser [10].
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Figure 15. Correlation between electrical resistance and tensile strength for welds produced with (blue
markers) and without (red markers) spatial beam oscillation.

4. Discussion

The presented investigations have shown that high width/depth-ratios are favorable together
with a low and constant welding depth into the lower sheet. For the used material thickness of 1 mm,
this means that weld seam widths >1 mm are required at welding depths of about 1 mm. Since the
high-reflective materials (for the laser wavelength of 1 um) aluminum and copper are used for electrical
applications, deep penetration welding is preferred to achieve high thermal efficiency. We conclude
that spatial beam oscillation is a well suited method to achieve this. For a conventional rectilinear
welding process, a respective large beam diameter of >1 mm would be required. This in turn would
lead to a higher required laser power since the threshold power for deep-penetration welding almost
linearly scales with the beam diameter, as shown in Reference [15]. Moreover, at the transition from
heat conduction welding to deep penetration welding, a step-like increase of the welding depth occurs,
which is dependent on the size of the laser spot, as stated in Reference [16]. With increasing spot size
this step also increases which makes it much more challenging to achieve low and constant welding
depths in deep penetration welding for large beam diameters. In contrast, spatial oscillation of the
laser beam allows to achieve lower and more stable welding depths in deep penetration welding
mode compared to conventional rectilinear welding, as shown in Reference [6]. In addition, the use
of two-axis scanners offers the possibility to adapt and optimize welding processes for different
material and joint configurations, with the joining of battery taps for lithium-ion batteries being one
possible application [1,2]. While the presented investigations quantified the influence of the processing
parameters on the geometry and the resultant electrical and mechanical properties of the welds,
the influence of the processing parameters on the amount and local distribution of intermetallic phases
is subject to further research. Furthermore, a correlation between the electrical resistance and the
tensile strength of the joints could be observed. The mechanical strength of the joints can therefore be
estimated by measurements of the electrical resistance. This provides the possibility of a nondestructive
method for testing the mechanical strength that is also faster and less expensive than conventional
shear strength tests.

5. Conclusions

Laser beam welding of aluminum to copper with sheet thicknesses of 1 mm in overlap
configuration was investigated using a high-power, multi-mode laser and spatial oscillation of the
laser beam. The influence of the oscillation parameters amplitude and frequency on the geometrical
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features of the resultant weld seams were determined and the implications on the electrical resistance
were examined. The averaged Cu content in the weld seam depended mainly on the welding depth
into the lower Cu sheet. The welding depth into the lower Cu sheet decreased with both, increasing
amplitude and increasing frequency, with the amplitude having a stronger influence, and the frequency
allowing for a fine-tuning. Additionally, the spatial beam oscillation allowed to set the seam width
at the interface and the welding depth into the lower Cu sheet virtually independent of each other,
which was not possible with a rectilinear welding process. With this, high width/depth-ratios can
be achieved even at low and constant welding depths into the lower Cu sheet. Low welding depths
into the lower Cu sheet in combination with high width/depth-ratios (>4) are favorable to obtain
low electrical resistances, but a minimum welding depth (>0.02 mm) is required for a reasonable
connection. These results confirm the influencing factors for a good weld stated at the beginning of
the paper.
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Abstract: Friction stir lap welding of 1.5-mm thick 6082-T6 aluminum alloy to 2-mm thick galvanized
DP800 steel (Zn-coated) was carried out. Optimal welding conditions were obtained aiming to
defect-free joints with good mechanical properties. The interfacial intermetallic compounds (IMCs)
at the stir zone and hook zone were characterized under different revolutionary pitches. With a
revolutionary pitch of 1.0 mm/rev, maximum joint strength reached 71% of that of the aluminum
alloy. In the meantime, the average thickness of IMC layer is less than 1 pm; Alz;Fe in the Al-rich
side and AlsFe; in the Fe-rich side at the interfaces of stir zone while AlgFe and nanocrystalline close
to AljpFe at the interface of the hook zone. At a relatively lower revolutionary pitch (0.5 mm/rev),
Zn was found with the aggregation of Si and Mn at the hook-zone interface, leading to the generation
of Al-Fe-Si phase thus decreasing the thickness of the IMC layer. In the stir zone, the revolutionary
pitch has a significant influence on the interfacial microstructures. The interfacial IMC layer at
1.0 mm/rev is simple and flat, but the one at 0.5 mm/rev becomes thicker and more complex.
Stir zone aluminum under different revolutionary pitches is similar in microhardness and tensile
behavior. The mechanical response of joints was modeled based on linear mixture law with an
iso-strain assumption and neglection of the IMC layer. The modeling results are in good agreement
with the experimental ones indicating the resultant interfaces act as good as the good boundaries
between dissimilar Al/steel joints.

Keywords: Al/steel dissimilar materials; friction stir welding; interface; intermetallic compounds

1. Introduction

With the increasing use of aluminum alloy for lightweighting (replacing steel) in the automotive
industry, dissimilar aluminum to steel joining has received substantial attention [1]. However,
the differences in thermal properties (i.e., melting point, heat capacity, thermal expansion, and thermal
conductivity) and formation of brittle Al/Fe intermetallics (i.e., AlFe3, AlFe, Al Fe, AlzFe, AlsFe;,
and AlgFe), welding distortion, cavities, and cracks cause fusion welding of aluminum to steel to be
challenging [2].

As a solution, the use of friction stir welding (FSW) [3] helps in reducing intermetallic compounds
(IMCs) in Al/steel joints. For example, the subframe assembly of the Honda Accord 2013 lap joined
aluminum to steel using the FSW technique [4]. Bozzi et al. [5] made friction stir spot welds of
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AA6016/1F-steel. AlzFe, AlsFe;, and Al Fe were identified within an optimal IMC layer with a
thickness of 8 um. Uzun et al. [6] friction stir welded AA6013-T4 to 304 stainless steel successfully
and the joints could reach approximately 70% base aluminum alloy with an interfacial layer less than
1 um thick.

However, there are sparse data in the open literature on the FSW of aluminum alloy to advanced
high strength steels (AHSS [7]), which are more desirable for automotive applications [8]. Liu et al. [8]
friction stir welded AA6061-T6511 (1.5 mm) to TRIP 780/800 sheets of steel (1.4 mm) in butt joint
configuration. It was reported that the maximum ultimate tensile strength (UTS) could reach 85% of
the base aluminum alloy and the interfacial IMCs layer of AlFe and AlFe; has a thickness less than
1 um. Zhao et al. [9] investigated the tool geometry effects on AA6061/TRIP 780/800 (1.5 mm thick)
FSW joints. They demonstrated the tool geometry determines the thickness of the IMC layer. With an
appropriate tool geometry, the UTS of the joint could be higher than 80% of the base Al alloy. Further,
an electrically-assisted FSW system was developed for butt joining AA6061/TRIP 780 by Liu et al. [10].

It should be highlighted that researchers mostly focused on the investigation on butt configuration,
while insufficient work has done with friction stir lap welding of Al/ AHSS [8-10]. Compared to the
butt configuration, the advantage of a lap joint is that it provides no lateral gap. As no filler wire is
used in friction stir welding, approximately 20% of the thickness in terms of maximum gap allowed is
typically required [11]. It also depends on the underfill value after welding to pass the requirements.
Also, the positioning in lap joints is more robust than in butt joints where lap joining does not need
to follow the joint line. It can be shifted off slightly without quality compromise and simplify part
positioning in production.

In the present study, AA6082-T6 and Zn-coated DP800 were friction stir lap welded for
automotive application. Various welding parameters were tested aiming for a process window
with optimal welding conditions. The resultant interfacial microstructures were then characterized
using transmission electron microscopy (TEM) in addition to optical and scanning electron microscopy
(OM and SEM) to reveal the effect of welding parameters on those results. Further, the role of interface
microstructure on mechanical properties of the FSWs was demonstrated through experiments and
modeling of a series of modified shear tests in addition to lap shear tests.

2. Experimental Procedures

The materials used in this work were 1.5-mm thick 6082-T6 aluminum alloy and 2-mm thick
galvanized DP800 dual-phase steel. These grades come from Neuman Aluminium through Europe.
The surface of DP800 was coated with a 19-pm thick zinc layer. The nominal chemical compositions
of the base metals are listed in Table 1. Welding process was carried out using a gantry friction
stir welding machine where the pin-tip of the tool slightly penetrated into the steel sheet [12,13]
(see welding setup illustrated in Figure 1). As the sub-steel is a high strength steel, it may cause
significant wear to the tool pin-tip. To avoid this, the FSW tool material was selected as WC-20%Co
with a cylindrical geometry and rounded pin end. Travel speeds were 300, 750, and 1250 mm /min,
and rotation speeds were 500, 750, 1000, 1250, and 1500 RPM. Process parameters are proprietary to the
NRC research consortium ALTec. All welded joints were prepared using an MTS I-Stir PDS gantry-type
FSW machine and specimens were extracted in the steady-state region of the welds, away from plunge
and exit zones. The welding parameters were varied in a wide range aiming for a process window
with optimal welding conditions. In addition, the longitudinal force during welding was recorded for
the potential application of robotic welding.
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Table 1. Nominal chemical compositions of base materials (wt. %).

Mg Si Mn Cu Al Fe Others

1.10 096 041 0.02 9699 043 Bal.
Si Mn Ni Cr Fe Others

0.15 0.22 1.79 003 041 97.10 Bal.

\/—\

11 mm

AA6082

DP800

Figure 1. Schematic illustration of the welding setup and details of the tool and materials.

After welding, some of the FSWs were cross-sectioned following the standard metallographic
procedure. Microstructural observations were performed via an Olympus OM and a FEI Nova Nano
650 SEM equipped with energy dispersive X-ray spectrometry (EDS). Furthermore, to characterize
the interfacial IMC, focused ion beam (FIB) milling was used to prepare the interface specimens
using the FEI Nova Nano 650 SEM. Then the specimens were characterized via a FEI Tecnai
Osiris TEM for investigation. Selected area diffraction (SAD) was used for phase identification.
Scanning transmission electron microscopy (STEM) mode using the bright field (BF) and high angle
annular dark field (HAADF) detectors were performed in combination with EDS. Vickers hardness
along the cross-centerline of Al sheet was tested every 0.5 mm using a load of 100 g with a dwell
time of 10 s. Lap shear specimens were cut in a nominal width of 25 mm and tested using an MTS
test frame.

For the mechanical behavior evaluation of joints” stir zone, a modified shear test specimen
developed by Kang et al. [14] was adopted to obtain the mechanical response of different stack-ups.
The modified shear test specimen with the shear zone central at the weld was designed as shown in
Figure 2 (volume fraction of steel is 15%). A commercially available optical strain mapping system
based on digital image correlation (DIC), Aramis, was used to follow the strain development during
the shear test. Details of this method are given in past papers [14,15]. After the testing, to measure the
actual thickness aluminum and steel in the shear zone thus calculate the actual volume fraction of each
material, the shear test specimens were cut cross the shear zone followed a standard metallographic
procedure for optical microscopy. In addition, mini-tensile specimens of stir-zone Al/steel were
designed as shown in Figure 3. All mechanical tests were carried out at a crosshead speed of 3 mm/min
at room temperature. Note that the number of the replicate mechanical test specimens is three.
Wire electrical discharge machining (WEDM) and sink EDM were used to machine these samples.
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Figure 2. A shear test specimen with a volume fraction of 15% steel and 85% Al (a) schematic illustration

of sampling location and (b) specimen geometry.
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Figure 3. Mini-tensile specimens for measuring stir zone Al mechanical responses.
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3. Results and Discussion

3.1. Welding Process Optimization

In general, process optimization mainly targets three objectives: producing defect-free welds,
maximizing joining efficiency, and minimizing welding time [16]. In the present study, for a potential
robotic welding application, the longitudinal tool force under various welding conditions was also
taken into account.

Figure 4 shows the combined effect of rotation speed and travel speed on the joint formation.
The points in black rhombuses indicate the good welds without visible macro defects by visual
inspection and optical microscopy. The points in open circle indicate the joints with volumetric defects
and the solid circle in gray color indicates the joints needing high longitudinal force for welding.
The results shown in Figure 4 indicated that the joint formation is quite dependent on the rotation
speed but independent on the travel speed. The defects mainly occurred when the rotation speed is
less than 800 RPM. Sound joints were obtained with a wide range of welding parameters: rotation
speeds ranging from 1000 to 1500 RPM and travel speeds ranging from 300 to 1250 mm/min.
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Figure 4. Process window of joint formation.

In the following discussion, we eliminate those data points with defects (points in open circles in
Figure 4). For the robotic solution of friction stir welding, the effect of the revolutionary pitch (RP)
on the longitudinal force is shown in Figure 5. The major issue with robotic FSW process is the high
loads induced by the process itself. In our study, the targeted robotic FSW equipment needs a payload
that is estimated to be less than 300 kg (3 kN). Thus, an approximate admissible load of 2.25 kN,
i.e., 75% of the payload limit, is chosen as the guideline. The joints with RP no more than 0.3 mm/rev
were produced under a low force rate, suggesting aluminum was highly plasticized with high heat
input during welding. RP ranging from 0.4 to 1.1 mm/rev resulted in a steady rate of the longitudinal
force, which almost reached the threshold of the longitudinal force in robotic FSW. It is noteworthy
that all three data points in the solid gray circle in Figure 5 were at a lower level of rotation speeds
(750-1100 RPM) compared with others joints at RP values approximately 1 mm/rev. This also means
that, with the same RP, decreasing rotation speed may significantly increase the longitudinal force
during welding processing as the rotational speed has a strong influence on the specific energy which
is related to the temperature distribution within a workpiece generated during FSW [17]. As process
temperature decreases, the longitudinal forces increase accordingly.
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._g Approximate admissible force for robotic solution (2.25 kN)
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@2 | . .
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Revolutionary pitch, mm/rev

Figure 5. Longitudinal force versus revolutionary pitch.
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Figure 6 shows the relationship between RP and joints’ lap shear performance. The maximum
lap shear strength was obtained at RP of 1.0 mm/rev, which is 71% of the respective weaker base
material (AA6082-T6). Joints with good lap shear performances (more than 360 N/mm) were obtained
at revolutionary pitches from 0.6 to 1.0 mm/rev except using rotation speeds below 1200 RPM. As seen
in Figure 5, the longitudinal force at 0.5 mm/rev is at a similar rate compared with those at 0.6 to
1.0 mm/rev.

560
| _Base metal (A, 540 N/mm__________________ ]
520
480
£
£440 P
= Max. strength, 71 % joint efficiency
= /
5,400 /
5 + o ' ]
T 360 AWS joint efficiency o - i Toahigh—""
g requirement (60%) : Optimized FSW conditions ! in-planeforce
@320 [T e T
o . . T
| Rotation speed, \__ *
280 1100 rpm Rotationspeed,
1150 rpm
240
200

01 02 03 04 05 06 07 08 09 1 11 12 13
Revolutionary pitch, mm/rev

Figure 6. Lap shear test results in a function of revolutionary pitch (RP) value.

Considering joint appearance, tool payload, and maximum joint load capacity, 0.6 to 1.0 mm/rev
were selected as the optimal revolutionary pitch range in this work. Thus, to understand the welding
condition effect on interfacial microstructures and mechanical properties of the FSW Al/steel joints,
further investigation was conducted focusing on the optimized joint with the highest RP (1.0 mm/rev).
For comparison, the one with less maximum joint load capacity (0.5 mm/rev) was also selected.
The detailed welding parameters are shown in Table 2.

Table 2. Detailed welding parameters for further investigation.

Sample  Rotation Speed, RPM  Travel Speed, mm/min  Revolutionary Pitch, mm/rev

A 1250 1250 1.0
B 1500 750 0.5

3.2. Interfacial Microstructure

Figure 7 illustrates the macrostructures of cross weld section of the two FSWs. When looking at
the steel hook on the retreating side, the widths of the thermomechanically affected zone (TMAZ) and
SZ of both specimens are different, indicating the potential different interfacial characteristics with
different welding heat input.
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(a) sample A

(b) sample B

Figure 7. Cross-sectional macrostructures of (a) specimen A and (b) specimen B. (AS: advancing side,
RS: retreating side).

Another feature seen in Figure 7 is the black crack-like layer in the hook zone. It was reported that
the hook geometry significantly influenced the joint strength [18]. In addition, the interfacial brittle
intermetallic compound plays a key role in the joints” interface strength. Borrisutthekul R et al. [19]
proposed that, in order to get satisfactory joints, the thickness of the reaction layer should be limited to
several micrometers. Therefore, a detailed SEM investigation was performed to obtain microstructures
as well as the thickness of the interfacial IMCs layers in different locations (SZ and hook-zone interfaces).
The results are shown in Figure 8. As seen in Figure 8a,b, at an RP of 1.0 mm/rev, the mean thickness
of IMC layer is less than 1 um, and the layer at the hook zone of the retreating side is slightly thicker
than the one in the stir zone. Figure 8c presents the center zone interface of 0.5 mm/rev. In comparison
with Figure 8a, this result indicates that higher revolutionary pitch results in a thinner IMCs layer
which is in agreement with previous findings. However, the mean thickness of the interface at the
hook zone of 0.5 mm/rev (see Figure 8d) is 0.97 um which is thinner than the center zone interface at
the same welding condition. More interesting is that it is approximately equal to the interface of the
hook zone at the higher revolutionary pitch (1.0 mm/rev).

mSample A

Sample B

Thickness of IMCs layer, ym
o o
o © -

1N
>

of?

4
o
[

Mean thickness =1.12 ym_ Mean thickness = 0.97 pm 0
B 1A

Stir zone Hook zone

Figure 8. SEM images for evaluating the thickness of intermetallic compounds: (a) stir zone of sample
A, (b) hook zone at retreating side of sample A, (c) stir zone of sample B, (d) hook zone at retreating
side of sample B, and (e) thicknesses of interfacial layers.

The variation of the interfacial IMCs thickness at hook zone is unreasonable in general
understanding. It was reported that zinc has a significant effect on the performance of Al/steel
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joints, but this effect may be positive or negative [20-23], suggesting Zn plays a possible influence on
interfacial IMCs. In this study, during the welding process, the pin tip was slightly inserted into the
steel sheet with a zinc coating layer. In the stir zone with drastic deformation, the zinc coating was
likely to be stirred into the aluminum matrix. That means the center interface hardly contain zinc layer.
To confirm this, EDS element distribution maps were carried out to trace the zinc element (Figure 9).
The results indicate there is no aggregation of zinc in the interfacial zone. The presence of zinc was
further checked by TEM investigation. EDS element distribution maps of the hook zone of sample A
are present in Figure 10. As seen from the results, the black crack-like layer in Figure 7 is distinguished
as the zinc coating. That is to say, at the hook zone, the zinc coating was lifting up and away from
the steel surface. The nearly intact morphology of the zinc layer indicates there was no significant
dissolution of zinc at the interfacial zone prior to the lift-up of the zinc layer.

BSE AlK FeK Zn K Mg K

Figure 9. EDS element mapping of the center interface of sample A.

BSE AlK Fe K Zn K

Figure 10. EDS element mapping of the hook zone at the retreating side of sample A.

However, the situation is different for the case with the lower revolutionary pitch (0.5 mm/rev).
It should be noted that the abnormal thickness of IMCs layer in Figure 8d was observed in the region
Iin Figure 11a. To clarify whether this is a real reflection of the specimen, the hook zone structures
and EDS element distribution maps in different regions were also investigated. Similar to Figure 10,
zinc layer rising was also observed in Figure 11a. Figure 11b,c presents the EDS element distribution
maps of regions I and II. As seen from Figure 11b, the zinc coating is highly raised up in region I and
there is no zinc left. However, as shown in Figure 11c, the rising zinc coating in region II shows signs
of dissolution in the aluminum matrix. During the welding process, in comparison with region II,
region I is relatively closer to the rotating pin that is easier to be affected by the mechanical effect of the
pin. Therefore, in the region I, the rapid rise of the zinc layer causes no dissolution at the interface
because the mechanical effect is stronger than the heat effect. In contrast, in region II, due to the limited
lifting of zinc, the dissolution of the zinc layer occurred at the interfacial zone. Since no zinc at the
interfacial in the region I as seen in the SEM analysis, the abnormal IMCs layer in this region is yet to
explain. Thus, region I was further analyzed using TEM and compared with other locations.
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FIB lift-out

Figure 11. Hook zone at the retreating side of sample B: (a) SEM image of hook zone and energy
dispersive X-ray spectrometry (EDS) element mapping of (b) region I and (c) region IL

Figure 12 shows the TEM images of the interface in SZ of specimen A. The interfacial IMCs
layer reveals a simple flat microstructure (see Figure 12a), which thanks to the high travel speed.
The HAADF image of the interface is given in Figure 12b and the relevant EDS combination map is
presented in Figure 12c. While the elemental distribution shows no zinc at the interface the thickness
of the IMCs layer is 0.5 & 0.1 pm, which is slightly thinner than the SEM results. In addition, two kinds
of IMCs were detected by SAD patterns: Alz,Fe in the Al-rich side (position d in Figure 12b) and
AlsFe; (position e in Figure 12b) in the Fe-rich side. The distribution of interfacial IMCs is consistent
with the reported results of Al/steel friction stir welded joints [12,24].

Al;,Fe [00-1] AlsFe, [314]

Figure 12. TEM micrographs of the interfacial microstructure at SZ of sample A: (a) whole view,
(b) HAADF interfacial image, (¢) EDS combination elemental map and SAD patterns of (d) Position d
and (e) Position e in (b).
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The TEM images of the SZ interfacial layer in specimen B are given in Figure 13. Similar to
specimen A (Figure 12), AlzFe and AlsFe; were also identified at the interface at the same order.
In comparison with Figure 12a, a significant difference as seen in Figure 13a is the needle-shaped
objects scattered in the aluminum matrix (higher magnification view in Figure 13b,c), which were
identified as Alz yFe. The interfacial reaction layer is thicker than that in specimen A which also agrees
with the SEM analysis (Figure 8). Note that no zinc was found in both elemental distribution maps
as shown in Figures 12c and 13c. That is to say, in the stir zone, with the pin inserted into the steel,
the zinc coating was apart from the original location and no zinc remained at the interface.

Fell \
FSWNRC-85FC 1 Al,,Fe[-572] AlsFe, [-13 5]

HAADF MAG: 14.0kx_HV: 200kV.

Figure 13. TEM micrographs of the interfacial microstructure at the stir zone of sample B: (a) low
magnification STEM images, (b) high angle annular dark field (HAADF) interfacial image, (c) EDS
combination elemental map and SAD patterns of (d) Alz,Fe and (e) AlsFe,.

Adjacent to the steel hook at the retreating side, the interfacial zone was also examined using TEM
analysis (Figures 14 and 15). As seen in Figure 14a for specimen A, the sampling position is very close
to the Zn ascent. However, from the EDS elemental map (Figure 14c), no Zn was found in the interfacial
zone. Several interfacial positions (i.e., Al matrix, IMCs layer, and steel matrix) for EDS analysis were
also investigated. The maximum Zn content was found to be 1.06% at the IMCs layer where is near
the Al-rich side. This means, with a high revolutionary pitch of 1.0 mm/rev, the low welding heat
input does not cause significant dissolution of Zn in Al. Also, as seen in Figure 14b,c, the interface
shows a flat microstructure; the EDS combination elemental map found the thickness of the IMCs
layer to be approximately 600-700 nm. The general interfacial microstructure and thickness are similar
to the interface at the stir zone (see Figure 12), indicating the similarity of the heat history at the two
positions. Two kinds of IMCs were identified by SAD: AlgFe at the Al-rich side and nanocrystalline,
which is close to Alj,Fe, at the Fe-rich side.
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Nanocrystalline
nature,
pattern close to
Al Fe

Figure 14. TEM micrographs of the interfacial microstructure at the hook zone of sample A: (a) focused
ion beam (FIB) sampling position, (b) HAADF image, (c) EDS combination elemental map and SAD
patterns of (d) Al6Fe and (e) nanocrystalline close to Al; ;Fe.

The hook zone TEM images of specimen B are shown in Figure 15. From the sampling position as
shown in Figure 15a, the Zn layer ascended under the impact of stirring pin at the steel hook zone.
Figure 15b shows the TEM overview of the FIB specimen, the red rectangle indicates the EDS analysis
location. EDS analyses of different interfacial regions in Figure 15c are presented in Table 3. Only a
very small amount of Zn (0.2%) was found at location 1, i.e., for RP of 0.5 mm/rev, the dissolution of Zn
is trivial or not in the Al matrix. Zn appeared at the interface from the EDS combination elemental map
as shown in Figure 15d. Within the IMC layer, location 4 contains 38.3% Zn, which is much higher than
the Al matrix. These results indicate that interfacial Zn is not caused by the dissolution of Zn. It could
be due to the residue of Zn-coating when it was ascending with the pin rotating. This phenomenon
does not occur in specimen A which is potentially due to the lower welding heat input of sample A.
Note that the mean thickness of the IMCs layer is about 500 nm, which is thinner than the interface at
the stir zone (see Figure 13) of sample B. It was reported that Zn promoted solid solubility of Fe in
Al, which probably contributed to decreasing the intermetallic compounds in the layer structures [23].
In this work, the solubility of Fe in the Al matrix does not significantly increase, as seen in the EDS
results (position 1). However, it is interesting to note that Si (~6%) and Mn (~1%) are found to diffuse
from the Fe-side to the Al-side which causes aggregation in the interface (Figure 15e,g). The SAD
pattern of the interface is shown in Figure 15h, but the interfacial IMC could not be identified based
on the current database. From EDS analyses (location 2 and 3), it could be speculated that the IMC
is Al-Fe-Si-based with ~6% Si. It was reported that, in Al/steel brazing joints, Si could suppress the
diffusion of Fe from the steel-side into the weld, thus reducing the thickness of the IMC layer [25,26]
and even generating Al-Fe-Si-based IMC [26]. This means the abnormal thin IMC layer could be
related to the aggregation of Si and Mn and the generation of Al-Fe-Si-based IMC in the interface.
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Figure 15. Interfacial microstructure at the hook zone of sample B: (a) FIB sampling position,
(b) TEM overview of the interfacial zone, (c) HAADF image, (d) EDS combination elemental map,

individual elemental maps of (e) Si, (f) Zn, and (g) Mn, and (h) SAD pattern.

Table 3. EDS spot analyses of the interfacial zone (see Figure 15c).

Element (at. %)

Position
Fe Si Zn Mn Cr Cu Mg
1 98.2 0.1 0.2 0.2 - - 0.9 0.4
2 74.0 17.4 59 0.1 1.1 0.1 15 -
3 75.4 15.8 5.6 0.1 15 0.1 14 -
4 18.0 21.8 0.6 38.3 0.6 - 3.5 17.3
5 0.6 93.5 0.7 - 15 0.2 35 -

3.3. Mechanical Properties

Owing to the fact that the steel is thicker and of much higher strength than aluminum, sound lap
joints are unlikely to fracture at the steel sheet. We concentrated on the microhardness distribution of
the aluminum sections and results are presented in Figure 16. In general, when friction stir welding
age-hardening aluminum alloys, due to the welding heat input, the precipitates are dissolved or
coarsened in the weld nugget and HAZ, these regions would be softer than the base metal. As seen
from the hardness profiles, similar results have been observed. The softest region in the aluminum
sheet is the junction between HAZ and TMAZ. The above results are in good agreement with the

reported study of AA6082 FSWs [27].
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Figure 16. Microhardness profiles of the aluminum sections with different RPs.

However, it is interesting to note the similar microhardness values of the stir zone at 1.0 and
0.5 mm/rev. To validate these results, a tensile test was carried out and the results are presented in
Figure 17. Although the hardness of the stir zone is significantly lower than that of the base metal,
the stir zone shows good mechanical properties. The ultimate tensile strength (UTS) of the stir zone
did not decrease significantly and the elongations were better than that of the base metal. It should
be noted that the strength efficiency of the stir zone is higher than the reported result of AA6082-T6
friction stir welded butt joints [27]. In that report, the stir zone at RP of 0.25 mm/rev performed a
strength efficiency of 77%. As a comparison, in this work, RPs of 0.5 mm/rev and 1.0 mm/rev resulted

in strength efficiencies of 87% and 89%, respectively.

Engineering stress, MPa

Figure 17. Engineering stress—strain curves of the aluminum in the stir zone compared with the

base material.

For joints at 1.0 and 0.5 mm/rev, given the strong mechanical properties of SZ and the similar
hardness profile of the welded Al sheet, the two joints are expected to exhibit similarly good lap shear
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performance considering the interfacial IMCs layers are thinner than several micrometers and possibly
enhanced the joints. However, as mentioned in Figure 6, the experimental result is different from
the above guess. Figure 18 presents the lap shear curves of the two welding conditions. As can be
seen, the maximum lap shear loads of three joints at 1.0 mm/rev are at a stable level. In contrast,
the results of the three joints at 0.5 mm/rev are fluctuant. IMC plays a key role on the mechanical
properties of the joints [28]. The thickness of the brittle IMC usually should be limited to several
micrometers or even thinner to obtain acceptable joint strength. As seen from Figures 12 and 14,
the revolutionary pitch determines the IMC thickness at the interfaces. In contrast, we also found that
the welding parameter changes have little effect on the mechanical performance of the aluminum
in the stir zone (from Figures 16 and 17). It should be noted that no interfacial fracture occurred
in the specimens of 1.0 mm/rev, but interfacial fracture occurred in the specimens of 0.5 mm/rev.
Therefore, we could conclude that revolutionary pitch determines the joint fracture location and lap
shear specimen performance by determining the interfacial microstructure.
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Figure 18. Lap shear curves at the different revolutionary pitch, joint strength expressed as the

maximum failure load per millimeter of the weld.
3.4. Estimation of Stir Zone Mechanical Behavior

With the development of FSW and the goal of understanding the joints, researchers developed
several models to predict the joint’'s mechanical properties such as hardness [29], UTS [30-32],
elongation [32], and fatigue lifetime [33]. So far, the prediction of mechanical behavior is rarely
reported. In this part, based on the experimental data of stir zone aluminum and steel, we tried
to model the stir zone mechanical behavior in different aluminum/steel thickness combinations.
According to the modeling results, the role of interface microstructure on mechanical properties of the
FSWs was demonstrated.

The most commonly used mixture law, the iso-strain assumption, is used for modeling [34].
In this assumption, the strain of each constituent is taken equally. Correspondingly, in the stir zone,
the constituents could be divided into three kinds: welded Al, welded steel, and interfacial IMCs.
For easily running the modeling, we assume that no phase transition during the deformation and
ignore the slight content of Zn in the interface. Thus, the stress equation could be given by

0(€) = Ve'0Fe(€) + Varoai(e) + (1 — Vee — Var)-omuc(e) (1

where 0pe(€), 0a1(€), and opvc(e) are the flow stresses of steel, aluminum, and IMC, respectively,
Ve and V u are the volume fractions of steel and aluminum, respectively.
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It should be highlighted that different kinds of IMCs have different mechanical responses so it is
difficult to quantify those in practice. In order to continue to simplify the modeling, we could treat
the microscale IMCs layer as the strong boundary between Al constituent and steel constituent. Thus,
the equation could be given as

0(€) = Ve 0re(€) + (1 — Vge)-oal(e) ()

By conventional tensile and modified shear testing, the stress—strain curves of basic constituents
were obtained and presented in Figure 19. It should be noted that the true strains of tensile data are
smaller than those of the shear test. For comparison, by calculating the reduction of area at fracture,
the stress—strain curves of tensile data were thus lengthened. Results clearly show that the aluminum
stresses of tensile data are higher than those of shear-test data. The mechanical behavior of welded
steel is quite dependent on the weld parameters. The experimental data of aluminum in the stir zone
was used to model the mechanical response of friction stir welded aluminum. The conventional tensile
experimental data of steel in the stir zone was used to model the mechanical response of friction stir
welded steel.

1800

1500

1200

——FSWed steel of 1 mmirev (tensile data)

——FSWed Al of 1 mmrev(tensile data)
i ——FSWed Al of 1 mm/rev (shear data)

True stress or effective stress, MPa

900 - - - FSWed steel of 0.5 mmirev (tensile data)
- - -FSWed Al of 0.5 mmrev (tensile data)
- - -FSWed Al of 0.5 mmirev (shear data)
600
300
0

0.00 0.10 0.20 0.30 0.40 0.50 0.60
True strain or effective strain
Figure 19. True and effective stress—strain curves of constituents in the stir zone obtained from tensile
and shear test.

For tests on specimens with different RPs, the modeling results are presented in Figure 20 along
with the experimental ones. It should be noted that no delamination occurred during shear testing
owing to the mentioned microscale interfacial IMCs layer. As we know, FSW process is a solid-state
welding process with intense mixing and stirring. Thus, the rotating pin has the potential to introduce
some small steel fragments from the steel matrix into the aluminum matrix. Note that the volume
fractions of the constituents are measured by OM as previously described. The local volume fractions
of two constituents may vary within the joint. In addition, we ignored the mechanical responses of
Zn and IMCs. In consideration of these factors, the modeling results are in good agreement with the
experimental ones indicating the resultant interfaces act as good as grain boundaries. This part work
prospects an easy way to estimate the joint mechanical response using a modified shear test.
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Figure 20. Linear modeling compared with the experimental results at different RPs. (a,b) at RP
of 1.0 mm/rev with different volume fractions and (c,d) at RP of 0.5 mm/rev with different
volume fractions.

4. Conclusions

The dissimilar lap joining of 1.5-mm thick AA6082-T6 sheet to 2.0-mm thick galvanized Zn-coated

DP800 sheet was successfully conducted using friction stir welding process. The interfacial IMCs
and their effect on the mechanical properties of FSWs were evaluated. The conclusions can be drawn
as follows.

It is feasible to lap join the 6082-T6 aluminum alloy to DP800 dual-phase steel sheets. Under the
welding conditions in the present study, maximum joint strength reaches 71% of that of the base
Al material with a RP value of 1 mm/rev (1250 RPM and 1250 mm /min).

In the stir zone, Alz,Fe in the Al-rich side and AlsFe; in the Fe-rich side were detected for two
welding conditions studied. In the hook zone, however, AlgFe was detected in the Al-rich side
and nanocrystalline pattern close to Alz,Fe at RP of 1.0 mm/rev. Under a relatively low RP
(0.5 mm/rev) in the hook-zone, zinc was found at the interface with the aggregation of Si and Mn
elements at the Al-rich side of the interface which leads to the generation of Al-Fe-Si phase thus
decreases the thickness of IMCs layer.

In the stir zone, RP has a significant influence on the interfacial microstructures. The interfacial
IMC:s layer at an RP of 1.0 mm/rev is simple and flat but the one at RP of 0.5 mm/rev becomes
thicker and more complex where IMCs are scattered in the Al matrix. However, the stir zone
aluminum, under different RP values, is similar in microhardness value and tensile behavior.
The iso-strain-based linear mixture law was used to model the stir zone mechanical response.
The modeling results are in good agreement with the experimental ones, indicating the microscale
IMCs act good as strong boundaries of dissimilar materials.
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Abstract: Friction stir spot welding (FSSW) of Al to Ti alloys has broad applications in the aerospace
and automobile industries, while its narrow joining area limits the improvement of mechanical
properties of the joint. In the current study, an Al-coating was prepared on Ti6Al4V alloy by
hot-dipping prior to joining, then a Zn interlayer was used during friction stir joining of as-coated Ti
alloy to the 2014-Al alloy in a lap configuration to introduce a brazing zone out of the stir zone to
increase the joining area. The microstructure of the joint was investigated, and the joint strength was
compared with the traditional FSSW joint to confirm the advantages of this new process. Because
of the increase of the joining area, the maximum fracture load of such joint is 110% higher than that
of the traditional FSSW joint under the same welding parameters. The fracture load of these joints
depends on the joining width, including the width of solid-state bonding region in stir zone and
brazing region out of stir zone.

Keywords: friction stir spot welding; friction stir spot brazing; joining area; fracture load

1. Introduction

Lightweight hybrid structures have attracted increasing attention in the aerospace and automobile
industries to enhance performance efficiency as well as to reduce environmental impact [1-4]. In this
context, the dissimilar joining of aluminum (Al) and titanium (Ti) alloys has been widely used in
the manufacturing of lightweight hybrid structures [4-6]. However, joining these two alloys is
a considerable challenge because of their different physical properties, limited mutual solubility,
and formation of brittle intermetallic phases in the Al-Ti alloying system [7-10].

Several solid-state joining processes, such as friction stir welding (FSW) [11]; diffusion
bonding [12,13]; and fusion welding with filler metals, such as laser welding [10,14,15] and arc
welding [8,16], were thus developed for dissimilar joining to overcome the difficulties mentioned
above. Among these, an innovative solid-state spot welding process, friction stir spot welding (FSSW),
is a promising method that can reduce the formation of intermetallic compounds (IMCs) because of its
low processing temperature, and has various advantages, such as a simple process, as well as being
environment-friendly and energy efficient [5,6,17]. In a typical FSSW, a rotating cylindrical pin tool is
plunged into the workpiece to be welded. Frictional heat is generated in the plunging and stirring
stages, and thus the materials adjacent to the tool are heated, softened, and mixed in the stirring stage
where a solid-state joint will be formed [18]. Up to now, many reports on FSSW of similar or dissimilar
metals mainly focus on the process, microstructural characteristics, and numerical simulations to
optimize the mechanical properties of the joint [17-21]. Unavoidably, the traditional FSSW would leave
a keyhole that reduces its bonding area [22]. Although some modified processes for FSSW, such as
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refill FSSW [23], flat FSSW [24], and short travel FSSW [25], have attempted to eliminate this visible
keyhole, they are complicated and time-consuming owing to the rigorous welding conditions and/or
complex tool design. Recently, friction stir brazing (FSSB) has been developed by using a pinless tool
and adding brazing filler metal to induce metallurgical reaction at the interface with the aid of friction
heat and forging pressure, instead of plastic flow [22]. This technique has successfully introduced a
brazing zone in dissimilar joints of steel /Al [26], Cu/Al [27], and Al /Mg [28], while FSSB of Al and Ti
alloys is yet to be reported.

This work aims to find an effective approach to improve the joining area of the Al/Ti joint by
combining FSSW and FSSB. Zinc (Zn) is an optional filler for FSSB of Al alloys as a result of its low
melting point (420 °C), high solubility in Al, as well as absence of formation of IMCs in the Al-Zn
alloying system [29-32]. During our preliminary study, a Zn interlayer was placed between the
interface of 2014 Al and Ti6Al4V alloys for the FSSB process to determine their weldability. It was
found that the high affinity of Ti towards oxygen led to the formation of non-protective oxide scales on
the Ti6Al4V [33], resulting in poor wettability of Zn to Ti alloys and, therefore, failure to join Al and
Ti alloys. Recently, using an electroplating process before the FSB process would produce a copper
layer on the surface of graphite, which converted the graphite—copper lap joint to the similar joining of
copper to copper [34]. This gives us an idea that pretreating the base metal will be a possible benefit
for FSSB of Al and Ti.

In the present paper, we utilized hot dip to aluminize T6Al4V alloys and developed a friction
stir spot joining process, called friction stir spot welding-brazing (FSSW-B), for joining of 2014-T4 Al
and aluminized T6AI4V alloys with a Zn interlayer. The effect of tool rotation speed on the interfacial
structure and mechanical properties of joints was investigated in detail and the relation between
microstructure, mechanical behavior, and process parameters was established.

2. Experimental

The substrate materials under study were aluminum alloy 2014-T4 and annealed titanium alloy
Ti6Al4V sheets, both 3-mm thick and with dimensions of approximately 80 mm x 35 mm. Table 1 lists
the nominal chemical composition of the two alloys.

Table 1. Chemical compositions of the 2014-T4 aluminum alloy and Ti6Al4V titanium alloy (wt.%).

Alloys Cu Si Mn Mg Fe Zn Ti Ni Al v C N H o
2014-T4 4.3 1.0 073 055 03 008 0.02 002 Bal - - - - -
Ti6Al4V - - - - 0026 - Bal. - 60 40 0015 0.008 0.007 0.06

A molten bath consisting of pure Al (99.9 wt.%) was used for the hot-dip aluminizing of the
Ti6Al4V alloy. Prior to the hot-dip aluminizing, the specimens were treated with an acid pickling
solution containing 10 vol.% HEF, 10 vol.% HNO3, and 80 vol.% H,O for 10-15 s followed by washing
in water and acetone, and then drying. The molten Al bath was kept at 780 °C, and the treated Ti6Al4V
specimens were immersed in the bath for 25 min. The aluminized Ti6Al4V samples were subsequently
removed from the molten bath and then dried in air. Figure 1a shows the cross-section micrograph
of the hot-dipped Al coating on the Ti6Al4V substrate. The coating has a thickness of about 200 um
and dispersed particles that have an average diameter of 5.2 um. These particles have an atomic
ratio of Ti to Al of about 1:3 (composition of 22.4 Ti-77.6 Al (in at. %)), which is consistent with the
composition of TiAl3. Furthermore, the interface between the alloy and the coating is not flat but
undulating, and a continuous TiAlI3 layer with a mean thickness of 7.3 um formed at the interface
(see Figure 1b). The content of TiAl3 in this Al coating could be controlled by varying the hot-dip
aluminizing process [35,36].
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Figure 1. Cross-sectional morphology of the hot-dip aluminized Ti6Al4V alloy; (a) low magnification
and (b) high magnification (red square marked in (a)).

Figure 2 shows the schematic illustration of the FSSW-B setup. All the FSSW-B operations were
conducted in lap joint configuration so that the Al plate was always on top of the Ti sheet with a
35 mm X 35 mm overlap between two sheets. The welding machine used in this study was modified
from an X53K milling machine (Tonmac, Nantong, China). The stir tool was made of a GH4169
superalloy, with a tool shoulder of 16 mm and a circle threaded pin 5 mm in diameter. The pin length
was 4 mm, exceeding the thickness of the Al top plate, to induce sufficient mechanical stirring in these
two base metals. Joining was performed with a tool rotation speed of 900 rpm to 1500 rpm (900 rpm,
1200 rpm, and 1500 rpm), a constant tool penetration depth of 0.3 mm, and a constant dwell time of
15s.

<z

16 mm

4 mm

MS thread profile 1

5 mm

3 mm?2014 Al 50 um Zn foil

3 mm Ti6Al4V 200 um Al coating

Figure 2. Schematic of the set-up used in the friction stir spot welding-brazing (FSSW-B) process.

To study the characteristics of the joint, the samples were sectioned transversely and polished
for metallographic examinations. The microstructure and chemical composition of the cross-section
of joints were examined using an FEI Inspect S50 scanning electron microscopy (SEM, ThermoFisher,
Hillsboro, OR, USA) equipped with an Oxford Inca X-Act energy dispersive spectrometry (EDS,
ThermoFisher, Hillsboro, OR, USA).

The tensile shear properties of the FSSW-B joint and FSSW joint at same welding conditions were
tested to compare the mechanical properties. The dimension of the specimens was 125 mm in length
and 35 mm in width. A supporting plate was placed at each end of the tensile specimen to maintain the
joint weld region parallel to the tensile loading direction. The lap-shear tensile tests were conducted at
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room temperature on a WDW-50 tensile test machine with a constant crosshead speed of 1 mm /min.
The fracture surfaces after tensile testing were examined by SEM and EDS.

3. Results and Discussion

3.1. Macrostructure

The cross-section of the FSSW-B joint produced at a tool rotation speed of 1200 rpm is shown
in Figure 3. Macroscopically, the Al coating is still visible at the interface, while the Zn interlayer is
hard to observe. Retraction of the tool caused a visible keyhole at the center of the joint and a shallow
indentation at the top of upper Al alloy. A partially bonded region (commonly referred to as the
hook [37,38]) formed by upward bending of the interface is clearly observed as well. In a traditional
FSSW joint, the distance from the tip of the hook to keyhole interface (including stir zone and hook
region) is addressed as the bond width of weld due to the existence of an unbonded region outside of
the hook [39]. In this study, another joining zone under the shoulder is detected outside of the hook as
shown in Figure 3, which is named as the brazing zone and will be analyzed in detail later.

Shallow indentation

Ke)éhole
i

Imm

Figure 3. Typical cross-sectional of the FSSW-B joint made at the rotation speed of 1200 rpm. The labeled
dimensions were measured via the optical microscope measurement.

3.2. Microstructure

Figure 4a shows the microstructure of the stir zone (region A marked in Figure 3) with several
areas of interest (51, 52, and S3) as highlighted by rectangular boxes. EDS element distribution maps
of these selected regions in the stir zone are present in Figure 5. It indicates that the darker region
consists of the Al-rich phase and the lighter region consists of the Ti-rich phase.

One of the important factors that can influence the strength of a dissimilar weld is the formation
and distribution of IMCs [40-42]. The formation of IMCs during FSW of Al and Ti alloys has been
discussed in detail elsewhere [7,43]. Generally, TiAlz IMC is preferable in FSWed Al/Ti joints because
the TiAlz phase is the only transient phase when the reaction temperature is lower than the melting
point of Al [44]. Thermodynamically, the free energy of formation of TiAl; is also the minimum among
TizAl, TiAl, and TiAlz compounds [8]. In the current study, TiAlz IMC has also been observed in the
stir zone, which exists in two features, layer-like and particle-like. The layer-like TiAl3 as marked in
Figure 4b is about 10 um in thickness, showing a mechanical interlocking with the base metals. It is
formed because of the mixing of Al and Ti at a high temperature during friction stir processing [45].
Apparently, the particle-like TiAlz in the stir zone comes from original Al coating, which has been
stirred into the Al alloy by the rotating pin. However, they aggregate at the interface outside the
hook (see Figure 4c) and the tip region of the hook (see Figure 4d) caused by vigorous mixing and
deformation. Interestingly, no Zn element was detected in these regions, indicating the added Zn
interlayer has been removed from the stir zone (see Figure 5). Therefore, the Zn interlayer and Al
coating have no significant influence in the stir zone of the FSSW-B joint.
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Figure 6 displays the microstructure of a reaction layer with an average thickness of about 22 um
between the upper Al alloy and Al coating (region B marked in Figure 3). There are numerous TiAlz
particles present in this reaction layer, and these particles maintain their original shape. EDS line
scanning results reveal that the matrix of this reaction layer mainly consists of Al and Zn elements
(see Figure 6b,c). Therefore, most of the TiAl3 particles are likely to remain intact and no obvious
IMC is generated in the reaction layer during the FSSW-B process. According to the presence of Zn
in this layer, it is reasonable to conclude that the Al alloy and Al coating were brazed with the Zn
interlayer. Moreover, the thickness of the Al coating, about 200 um (as shown in Figure 6a) in this
brazing zone, is close to that before the joining process, suggesting that this FSSW-B process could
not cause significant changes in the Al coating underneath the shoulder. At the end of the brazing
zone (region C marked in Figure 3), as shown in Figure 6d, a large amount of lamellar and island
Al-Zn eutectic structures, including the dark Al-rich phase and light Zn-rich phase, are observed.
This confirms the melting of the Zn foil during the FSSW-B process [29].

Al coating

IMC ‘particles

v d —— 50 ym
10.1 mm BSED |1.4:

Figure 4. Scanning electron microscopy (SEM) image showing different regions in the stir zone of the
FSSW-B joint; (a) high magnification view of the hook zone (region A marked in Figure 3a); (b) region
S1 indicating the interlocking; (c) region S2 indicating the tip of the hook; and (d) magnified view of
region S3. IMC—intermetallic compound.
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Region AlK TiK VK

Figure 5. Energy dispersive spectrometry (EDS) element distribution maps of selected regions in the
stir zone (red square marked in Figure 4a).

Herein, the formation process of the FSSW-B joint can be elucidated as follows: When the pin
penetrates into the upper Al sheet, the temperature at the interface underneath the stirring pin
rises rapidly with the gradual penetration as a result of the combined action of frictional heat and
plastic deformation. The Zn interlayer would melt if the local temperature reaches its melting point.
Meanwhile, the liquid Zn diffuses into the upper Al sheet and lower Al coating resulting, in the
formation of the Al-Zn eutectic. However, when the stir pin comes into contact with the top surface
of the lower Ti6Al4V sheet, most of the interfacial structure underneath the stirring pin starts to be
destroyed as the tool penetrates further. At the same time, the heated and softened material adjacent
to the pin deforms plastically, resulting in mixing and solid-state bonding between the upper Al and
lower Ti alloys. When the shoulder comes into contact with and penetrates into the upper Al alloy,
Zn foil under the shoulder melts and reacts with the upper Al sheet and lower Al coating, also resulting
in the formation of the Al-Zn eutectic. Notably, the Al-Zn eutectics formed above are created along
the interface between the upper Al sheet and Al coating. They can be squeezed into the gap out of
the shoulder area as a result of extrusion force, which would help to remove the oxides from metal
surfaces [22,46]. Finally, similar to the FSSB process [22,29,47], a brazing zone is formed underneath
the shoulder. This brazing layer has a curved interface (see Figure 6a) because of the uneven forging
force created by the shoulder [48].
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Figure 6. Microstructure of the brazing zone of the joint with (a) low magnification (region B marked
in Figure 3a) and (b) high magnification (red square marked in (a)); (¢) EDS results across the reaction
layer (red line marked in (b)); (d) microstructure of the region at the end of the brazing zone (region C
marked in Figure 3a), showing the Al-Zn eutectic structure. The thickness of the reaction layer was
based on the measured distribution of Zn element.

3.3. Mechanical Property

Thanks to the formation of such a brazing zone, an enlarged bonding area, the lap shear fracture
load of this FSSW-B joint is significantly increased compared with the FSSW joint. Figure 7a plots
typical load—displacement curves of the joint produced by FSSW-B and FSSW at the same processing
parameters (1200 rpm tool rotation speed). It can be seen that they both have no obvious yield platform,
while the fracture load and fracture strain of FSSW-B joint are higher than those of the FSSW joint.

Figure 7b depicts the fracture surface (Ti6Al4V side) of the FSSW-B joint after the tensile shear
test. It clearly reveals that the primary crack initiates from the brazing zone, then propagates through
the stir zone, and finally through the keyhole to the other side. Meanwhile, as marked in Figure 7b,
two identifiable regions are observed in the stir zone (region I and II) and brazing zone (region Il and
1IV), respectively.

Figure 8 displays the details of all four regions of the fracture surface. It can be seen that all
these four regions exhibit brittle fracture morphology, confirming the brittle fracture in the loading
curve. The EDS analysis in region I (see Figure 8a) shows 70 wt.% Ti, indicating the separation of
this region was mainly through the hook. TiAl3 particles can be observed in region II (see Figure 8b)
and III (see Figure 8c), suggesting the separation was along the hook and through the reaction layer,
respectively. The fracture surface of region IV is composed of about 36 at.% Al and 62 at.% Ti and
appears to be flatter microscopically than other regions (see Figure 8d). It suggests that the fracture
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was at the continuous TiAl; layer between Al coating and Ti6Al4V alloy. It is worth noting that the
aluminizing could help with increasing the joining area, while TiAl3 in this Al coating would affect the
mechanical properties of the joint.

(a)

Load (kN)
T

L L | L L

0
0.0 0.5 1.0 1.5 20 25

Displacement (mm) S < - 2mm

Figure 7. (a) Comparison of the lap shear fracture load of FSSW-B and FSSW joint at the same process
parameter (1200 rpm); (b) macrograph of the fracture surface of FSSW-B joint (Ti6 Al4V side). The yellow
dotted lines in (b) mark the effective joining zone.

Figure 8. Highlighting the details of the fracture surface of each region marked with the red square in
Figure 7b: (a) region I; (b) region II; (c) region III; and (d) region IV.

172



Metals 2018, 8, 922

3.4. Parametric Study

Undoubtedly, the mechanical property of joints significantly depends on the process parameters.
Generally, the heat input can be increased by increasing penetration force, angular velocity, and
sampling time [49]. As the increase of penetration depth and rotation speed could increase the
formation of IMCs [39,50], only the influence of rotation speed on the fracture load of joints was
considered in the current study.

Figure 9 compares the fracture load of joints produced by FSSW-B and FSSW, showing that the
change of failure load of FSSW-B joints is significantly greater than that of FSSW. At a low rotation speed,
900 rpm, their average fracture loads are quite close. The fracture load of the FSSW-B joint is much
higher than that of the FSSW joint when the rotation speeds are 1200 rpm and 1500 rpm, respectively.

FSSW-B
” FSSW T

Failure load (kN)

900 1200 1500
Rotation speed (rpm)

Figure 9. Comparison of lap shear fracture load of FSSW-B and FSSW joint at the same tool
rotation speeds.

To study the variation in the fracture load, Figure 10 compares the microstructure of the brazing
zone formed at the rotation speed of 900 rpm and 1500 rpm, respectively. As shown in Figure 10a,
an unbonded region exists in the reaction layer because of insufficient heat input at a low rotation speed
for the brazing process in this area, resulting in limited contribution to the fracture load increment.
A continuous brazing zone is successfully fabricated as the rotation speed is increased to 1200 rpm and
1500 rpm. The thickness of reaction layer reduces from 22 um (see Figure 6a) to 17 um (see Figure 10b)
because more liquid has been squeezed out of the brazing zone, caused by increased heat input, which
is agreement with that of the Al/Cu joint made by pinless FSW using a Zn filler [51]. Therefore,
sufficient energy input is necessary to ensure the successful brazing of Al alloy and Al coating, which
play a key role in determining the joining width of the joint.

Similar to the traditional FSSW [37,39,52], the geometrical features (including indentation depth,
hook height, and orientation) vary with rotation speed, as shown in Figure 11. When the tool rotation
speed is 1500 rpm, compared with rotation speeds of 1200 rpm and 900 rpm, the hook terminates
much closer to the keyhole. Although the tool penetration depth remains constant in the current study,
more material is drawn out with the tool as the heat input increases [53,54]. This could cause the
decreasing of the effective top sheet thickness. These varied geometrical features reduce the solid-state
bonded width of the joint and thereby reduce the failure load of the FSSW joint from 6.6 kN to 4.3 kN
(see Figure 9). Obviously, it would also affect the failure load of the FSSW-B joint.
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(b)

Figure 10. Microstructure of the brazing zone of the FSSW-B joint made at the tool rotation speed of (a)
900 rpm and (b) 1500 rpm.

1.2 mm

v. -.'"' B i

1.3 mm 5.4 mm

Ti6Al4V Ti6Al4V

Imm Imm

(a) (b)

Figure 11. Microstructure of the stir zone of the FSSW-B joint made at the tool rotation speed

of (a) 900 rpm and (b) 1500 rpm. The labeled dimensions were measured via the optical
microscope measurement.

In the current study, the joining zone is a ring-like area that extends radially from the keyhole
interface to the end of the brazing zone. Here, the diameter of this joining zone is described as the
joining width. When the rotation speed is 900 rpm, the joining width is approximately 1.3 mm as
measured in Figure 11a, which is smaller than the solid-state bonding width, 1.5 mm. This suggests
that the brazing zone is almost negligible and does not contribute to the fracture load of the FSSW-B
joint in comparison with the FSSW joint. Upon increasing the rotation speed to 1200 rpm, the joining
width increases to approximately 5.2 mm (see Figure 3). Here, the sum of this joining width (5.2 mm)
and the radius of keyhole (about 2.5 mm) is close to the radius of the used shoulder (8 mm) when the
rotation is 1200 rpm. Therefore, this size might have reached the maximum value owing to the limited
thermo-mechanically affected zone determined by the size of the shoulder. Therefore, as the rotation
speed further increases to 1500 rpm, the joining width slightly increases to 5.4 mm (see Figure 11b).
However, the reduction of solid-state bonding width, from 1.5 mm to 1.2 mm, results in the decreasing
of joining width and thereby reduces the fracture load. This fact explains why the fracture load of the
FSSW-B joint is first increased and then decreased with the increase of rotational speed.
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4. Conclusions

This study provides an improved friction stir spot joining process for the joining of Al and

Ti alloys. The following conclusions are derived:

In addition to the solid-state joining of 2014-T4 Al and Ti6Al4V alloys via the FSSW technique,
brazing between the Al alloy and Al coating on Ti6Al4V alloy was successfully introduced by the
addition of a Zn interlayer.

The Zn interlayer and Al coating have no significant influence in the stir zone of the FSSW-B joint.
Because of the extrusion force during the joining process, the introduced TiAl; particles from Al
coating are squeezed into the brazing zone, while the formed Zn—Al eutectic is squeezed out of
the brazing zone.

The formation of the brazing zone significantly increases the joining area, causing the highest
fracture load of the FSSW-B joint to be improved by 110% compared with that of the traditional
FSSW joint.

Fracture load of the joint was first increased and then decreased with increasing of the rotational
speed, which was rationalized to the varied effective joining areas.
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Abstract: Manufacturing dissimilar joints of aluminum and copper is a challenging task. However,
friction stir welding (FSW) was found to be a suitable technique to produce aluminum-copper
joints. Due to different electrical conductivities between aluminum and copper, an adjustment of
the cross-section is required to realize electrical conductors free of resistive losses. Taking this into
account, this paper presents initial results on the mechanical and electrical properties of friction stir
butt welded aluminum and copper blanks having thicknesses of 4.7 mm and 3 mm, respectively.
Three different approaches were investigated with the aim to produce sound welds with properties
similar to those of the used base materials. Friction stir welding has been conducted at a welding
speed of 450 mm/min. Subsequently, the welded specimens were subjected to metallographic
analysis, tensile testing, and measurements of the electrical conductivity. The ultimate tensile force
of the best joints was about 10 kN, which corresponds to joint efficiencies of approximately 72% of
the aluminum base material. The analysis of electrical joint properties led to very promising results,
so that the potential of FSW of Al-Cu butt joints with sheets having different thicknesses could be
confirmed by the investigations carried out.

Keywords: friction stir welding; aluminum; copper; cross-section adjustment; mechanical properties;
electrical properties

1. Introduction

Copper-based materials are increasingly used for electrical components due to the high ductility,
the excellent electrical and thermal conductivities, as well as the good creep and corrosion resistance of
copper. However, the use of copper is disadvantageous due to its high cost and weight. Since aluminum
features the most efficient ratio of electrical conductivity to density among all conducting materials
and is also significantly cheaper than copper, aluminum—copper joints offer a great potential for
reduced-cost and reduced-weight current-carrying components [1-3]. In order to produce electrical
contacts, it is well-known that firmly bonded joining techniques lead to better electrical properties
than force-locking and interlocking methods [4]. The joining of aluminum to copper by means of
conventional fusion welding is a challenging task due to the different melting temperatures, the high
thermal conductivities and the tendency to intermetallic phase formation [5]. As an alternative,
various authors report unanimously about the suitability of friction stir welding (FSW) to manufacture
dissimilar aluminum-—copper joints [6-10]. FSW is a solid-state welding method that was developed
and patented in 1991 by Wayne Thomas [11]. The principle of this joining method is based on
plasticization and local plastic deformation of the workpieces [12,13]. To achieve firm bonding,

Metals 2018, 8, 661; d0i:10.3390/ met8090661 178 www.mdpi.com/journal/metals



Metals 2018, 8, 661

a rotating cylindrical tool consisting of a shoulder and a pin is pressed between the butting edges of
the joining partners and then moved along the joint edge in order to plasticize and stir them [14].

In the field of friction stir butt welding of dissimilar aluminum—copper joints, most of the studies
focus on the influence of the welding parameters on the resultant microstructure and mechanical
properties. For example, Xue et al. [7] investigated the effect of positioning the workpieces on the
advancing side (AS) and retreating side (RS), respectively, when joining 5 mm thick 1060 aluminum
and commercially pure copper. The authors recommend placing the copper plate on the AS to ensure
the formation of sound welds with ultimate tensile strengths of up to 110 MPa. Furthermore, it was
shown in the published results that the weld quality can be improved by offsetting the FSW tool
laterally in the direction to the softer aluminum material.

Due to the differences in electrical conductivity between aluminum and copper, adjustments
of the sheet thicknesses must be considered for aluminum-copper joints with homogeneous
current-carrying behavior. In order to manufacture friction stir welds with blanks of different
thicknesses, several approaches are available in the relevant literature. The easiest way is to choose a
lap joint configuration. However, the extra material to generate the overlap and the resultant gaps that
lead to a higher risk of corrosion are found to be disadvantageous [15]. Friction stir butt welding of
aluminum sheets having different thicknesses was investigated by Fratini et al. [16]. In addition to
the usual tilt angle in friction stir welding, they used a second angle towards the thicker workpiece.
This leads to joint efficiencies up to 80% for joining partners with thickness ratios between 1 and 2.
Sahu et al. [17] mention the possibility to adapt a second nuting angle by tilting the machine bed.
Moreover, different patents and patent applications deal with friction stir butt welding of materials
having different thicknesses. The patent application EP1825946A1 [18] describes a two-step process,
in which firstly material is transferred from the thicker to the thinner workpiece by using a columnar
tool which is rotatingly moved along the butting edges. As a result, a convex substitute surface is
formed. In the second step, conventional FSW is conducted on the convex surface. Patent application
DE102014001050A1 [19] outlines an apparatus and a method for friction stir butt welding sheets of
different thicknesses using a tool which comprises a special welding shoe. Further methods for FSW of
workpieces having different thicknesses with conventional friction stir welding tools are presented in a
patent of Werz et al. [20]. It is proposed to compensate the difference regarding sheet thickness between
the joining partners by using a combined lap and butt joint configuration or by folding, wrapping or
edge bending the thinner workpiece. Based on this patent application, in this study three different
approaches were investigated to manufacture dissimilar aluminum-copper friction stir welds with
joining partners having different thicknesses.

2. Materials and Methods

In this investigation, the applied materials were EN CW008A-240 and EN AW-1050A-H14.
The chemical compositions of both materials are listed in Table 1.

Table 1. Chemical compositions of the applied copper and aluminum blanks [21,22].

Materials Al Fe Si Mn Mg Zn Ti Pb Bi Cu
EN AW-1050A  >99.50  <0.40 <0.25 <0.05 <0.05 <0.07  <0.05 - - <0.05
CWO08A - - - - - - - <0.005 <0.0005 >99.95

Dimensions of the aluminum blanks were 1300 mm, 100 mm, and 4.7 mm (length, width,
thickness). The copper blanks had an original thickness of 3 mm. To achieve a similar electrical
conductivity between the two materials it is necessary to realize a cross-section adjustment with an
approximate ratio of 1.56. Therefore, aluminum plates with a thickness of 4.7 mm were required.
Because of good availability 5 mm thick aluminum blanks were purchased. In the next step, the blanks
were milled down from 5 mm to 4.7 mm to ensure the needed cross-section adjustment. In order
to achieve the same cross-sections at the joint edge, the copper blanks were edge bent on one side.
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The friction stir welds were manufactured with a PTG Powerstir portal system from the Department
for Cutting and Joining Manufacturing Processes at the University of Kassel (Kassel, Germany).

Two different shoulder shapes were used to examine the three different approaches. One tool had
a flat and the other one had a concave shoulder. Both shoulder diameters were 14 mm and threaded
pins with diameters of 5 mm were used for all investigations. The tools were made of heat treated
steel (X40CrMoV5-1). Both types of tools were used in preliminary studies. Furthermore, a stainless
steel plate (X5CrNi18-10) was placed under the edge bent copper blank to compensate the difference
in thickness between the two workpieces.

A configuration setup for the first approach is shown in Figure 1a. This first technical examination
included to place the copper blank on the AS and to choose an offset towards the aluminum blank.
The objective was to create sound welds following similar studies that deal with conventional friction
stir butt welding of aluminum and copper. This setup contained the welding of seams 1-76. In the
second approach the effect of changed plate positions was analyzed. The aluminum blanks were
placed on the AS and the edge bent copper workpieces were positioned on the RS. For this approach
the offset was also set in the direction of the aluminum blank. The intention of this setup was to
investigate a significant material flow difference between the first and the second experimental design.
Welds 77-99 were produced with this configuration setup. A schematic setup for this described
approach is illustrated in Figure 1b.

o Welding direction ® Welding direction

Shoulder Pin Shoulder _Pin
re ria
B & ege bended blank B f S egge bended blank
& &
Copper ) ',Supportingblank Copper ',Supportingblank
(a) (b)

Figure 1. (a) Friction stir welding (FSW) setup with Cu on advancing side (AS); (b) Setup with Al on
AS; and (c) setup with chamfer on Al edge.

The third approach of this investigation examines the effect of a chamfer on the edge of the
aluminum blank. The edge bent copper was placed on the AS. Within the setup, which is shown in
Figure 1c, the abutting end of the aluminum led to a slight overlap with the edge bent copper. The idea
was to reduce the material deficit in the joining zone. The chamfers were manufactured manually by a
belt grinder and nearly achieved 45 degrees at the edge. Furthermore, the copper and aluminum blanks
were cut into shorter pieces (300 mm). This circumstance was advantageous to simplify chamfering
the aluminum blanks. Friction stir welds 100-110 were produced using this approach.

The second approach did not result in any useful samples. All parametric tests, including the change
of shoulder shapes, led to an insufficient compression of the weld seam and voids. The plasticized
material was pressed out of the weld zone during the friction stir welding process. The weld seams of
approach 2 were therefore not taken into consideration for further analyses. The used welding parameters
for approaches 1 and 3 are listed in Table 2.

Table 2. Used welding parameters for approaches 1 and 3.

Rotational Speed Feed Rate Plunge Depth  Dwell Time Tool Tilt Tool Pin Length  Tool Shoulder Offset

Approach (rpm) (mm/min) (mm) (s) Angle(®) (mm) Shape (mm)
Al 1100 450 4.25 2 4 3.7 flat 2.0
A3 1100 450 4.20 2 3 3.8 flat 1.8
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According to DIN EN ISO 25239-5 [23] transversal sections of the friction stir welds were detached
by water jet cutting to evaluate the mechanical properties. The distance to the plunging position
of the tool was 20 mm for first tensile specimen. This value deviates from the mandatory 50 mm
described in DIN EN ISO 25239-5. The shape of the samples accorded with the DIN EN ISO 4136 [24]
whereby the length was 190 mm. All specimens were slightly grinded on their sides with an abrasive
paper to avoid the influence of notches on the detached edges during tensile testing. Other than that,
no further processing of the samples was carried out. Tensile testing was conducted by a tensile test
machine Zwick 2100 (Zwick GmbH & Co. KG, Ulm, Germany) at an operating speed of 10 mm/min.
Furthermore, the results of tensile testing for the different approaches were compared to tensile test
results of the corresponding base materials.

In addition to tensile testing metallographic analyses of the weld seams were carried out to assess
the quality of the welds. Sections directly next to the extracted tensile specimens were used to prepare
the metallographic samples. Metallographic samples were hot mounted with an epoxy resin. The next
step contained the grinding of the metallographic specimens with SiC abrasive papers up to grain
sizes of 4000 um. In particular, the grinding was done by hand to avoid a shifting of copper particles
into the aluminum side. The last step of preparing the samples included an ion-milling process.

In order to examine the electrical properties of the dissimilar joints, a four point resistance
measurement method was applied (Figure 2). The specimens were also detached by water jet cutting.
The width of the rectangular samples was 37 mm and the length was 190 mm. During measurements
the edges of the dissimilar FSW joints were contacted with a copper sheet to provide the test current
of 180 A. The four measuring tips had a distance of 40 mm to each other. Via the first two tips the
resistance of the copper base material was measured while tips 4 and 5 were used to determine the
resistance of the aluminum base material. The friction stir welded seam was positioned between
measuring tips 2 and 4. This setup allowed measuring the electrical resistances of the weld seam and
of the two base materials simultaneously. The testing consisted of ten measurements for each specimen
with the determined values being averaged subsequently.

(b)

Figure 2. (a) Test specimen installed on measuring system. (b) Test setup with measuring tips.

The last part of this section describes the labelling of the samples. The label describes the approach
type, the number of the weld, the executed testing method and the removal area. More precisely,
A1.64/T/a stands for a specimen which was welded with the setup from approach 1. The investigation
is related to weld seam 64 whereby a tensile test has been carried out. The last part of the sample label
refers to the area where the specimens were detached, starting from position a at the beginning of the
weld seam with 20 mm distance to the FSW tool plunging spot. The following detached specimens
were named in an alphabetic order. For further specification Table 3 includes all the different variations.
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Table 3. Tabular list of specimen labeling.

Approach FSW No. Method Order
Al 1-76 T = Tensile testing a-i
A3 100-110 M = Metallographic analysis a—c

- - R = Electrical resistance -

3. Results and Discussion

3.1. Appearance of the Al-Cu Friction Stir Welds

Figure 3 shows a friction stir weld produced by the use of approach 3. It was evident that only a
small burr occurred on the advancing as well as on the RS. The weld seam did not show any defects at

the surface.

Figure 3. Surface morphology of Al-Cu friction stir weld seam using approach 3.

For further investigations macrographs of approach 1 and 3 were examined. Therefore, areas of
each approach were selected. Within approach 1 the specimen A1.67/M/a was analyzed. For approach
3 the samples A3.106/M/a,c were chosen. According to DIN EN ISO 25239-5 [23] a set of acceptance
criteria for friction stir butt welds has to be fulfilled. The first criterion is the underfill maximum.
The permissible value for blanks with a thickness of 4.7 mm is 0.67 mm. Furthermore, the permissible
size of cavities was determined for each sample by the thickness of the weld seam multiplied with 0.2.
The third criterion describes a complete joint penetration depth. With a lack of penetration the seam
quality is invalid. Figure 4 shows the whole weld seam area of samples A1.67/M/a, A3.106/M/a,
and A3.106/M/c. Figure 5 shows an enlarged area of the stir zone of specimens A1.67/M/a and
A3.106/M/c.

Testing device
Al1.67/M/a Keyence VHX-2000
Magnification
200 times
Analysis A1.67/M/a

Permissible underfill max.: 0.67 mm|
BRI Result 0.86 mm

— Permissible cavitiy size:  0.77 mm|
1000pum Result 1.48 mm

1[4710um ]

2 [4141um ]
Analysis A3.106/M/a

Permissible underfill max.: 0.67 mm
Result: 0.57 mm
Permissible cavitiy size: 0.82mm,
Result: none

A3.106/M/c

2 [ 4336um ]

104771um ]

Analysis A3.106/M/c
Permissible underfill max.: 0.67 mm
Result: 0.44mm

[HEOT Permissible cavitiy size:  0.86 mm
A B2t Result none|

Figure 4. Cross-sectional macrostructures of Al-Cu friction stir welds: (a) specimen A1.67/M/a;
(b) specimen A3.106/M/a; and (c) specimen A3.106/M/c.
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Specimen A1.67/M/a did not fulfill the criteria of underfill maximum. A cavity was located in
the middle of the stir zone. The size of this defect exceeded the acceptance criteria by almost twice
the value. Because of the offset in the aluminum direction the tool pin only scratched a tiny part of
the copper blank. This area can clearly be detected through the deformation at the edge bent copper.
Furthermore in Figure 5 the scratched copper particles that were transported into the aluminum
matrix can be seen. The diameter of these particles is between 0.15 mm and 0.24 mm. The penetration
depth of this seam lacked of 0.5 mm. The macrostructure for specimen A3.106/M/a in Figure 4b
shows an unsuccessful joining process. The edge bent copper blank does not show any deformation.
Consequently, the pin did not scratch the copper. This is probably due to a failure in the positioning
of the workpieces. The results for specimen A3.106/M/c show an underfill of 0.44 mm. This value
is below the maximum permissible limit. In both cross-sectional images for sample A3.106/M/c no
significant cavities are present. The observation of the joint penetration depth led to the same findings
as for approach 1. The pin stirs a greater amount of large copper particles into the stir zone which
was due to the lower offset. This can be seen by the severe material abrasion on the edge bent copper
blank. By extension, the offset and positioning of the FSW tool created a more homogeneous stir zone
compared to A1.67/M/a. Another observation of the better stirring effect can be seen in the position
of the copper particles. These are spread throughout the whole stir zone. Nevertheless the FSW seam
was inadequate because of the lack of penetration by 0.45 mm.

Testing device
Keyence VHX-2000
A4 € 152.30m —
- e Wagnicaton
400 times
P
% C2am70m 2 ‘
| Analysis A1.67/M/a
= ; Required welding
ﬁ"“ = N - “,‘; = penetration depth: complete]
- o.0 8007um ) e g BT 500.00m Result: insufficient by 0.50 mm
1€ 404.4um 1 ) /
cr SN A A /
o - Analysis A3.106/M/c
| Required welding
T s s oo oo | | penetration depth: complete|
Result: insufficient by 0.45 mm

Figure 5. Magnified view on the macrostructures of Al-Cu friction stir welds: (a) specimen A1.67/M/a
and (b) specimen A3.106/M/c.

Both approaches did not fulfill the criteria from DIN EN ISO 25239-5 [23]. Approach 1 failed with
respect to all three relevant criteria. The macrostructural analysis of the samples that were welded
according to approach 3 showed two completely different findings. While the results for A3.106/M/c
were promising, the FSW process for specimen A3.106/M/a was only performed in the aluminum base
material. An irregularity in the positioning and clamping of the blanks evidently led to insufficient
mixing of the materials in this area of the weld seam. In contrast, the evaluation of the macrostructure
of sample A3.106/M/c led to acceptable results in case of underfill and cavities. Regardless to this fact,
the lack of penetration as a criterion for exclusion led to an invalid friction stir weld quality for this
approach. However, the lack of penetration can be easily addressed in further experiments by using a
longer pin.

3.2. Results of Tensile Testing

The results of the tensile tests for each weld seam are shown in Figure 6. For all welds examined
in this study, failure occurred in the stir zone. Within the evaluation of the tensile tests the results were
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grouped into approach 1 and approach 3. In addition, Figure 6 shows mean values for each weld seam
whenever more than one tensile specimen from a weld was tested. The highest average ultimate tensile
force (UTF) of all friction stir welds was achieved by specimens A3.104/T/a-c with 10.45 kN. However,
the lowest value was also measured for a weld that was manufactured according to approach 3.
Weld seam A3.103/T/a-c obtained an average force of 6.73 kN. In general, the results for approach 1
were lower than those of approach 3. The highest overall measured tensile force was 11.09 kN. This can
be seen in the range of specimen A3.106/T/a-c while sample c achieved the highest ultimate tensile
force. The mean values for elongations at the maximum tensile forces are shown as black squares in
the diagram. The highest values are achieved with approach 3 by specimens A3.104/T/a-c (2.12 mm)
while the lowest value was as well identified for approach 3 by specimens A3.103/T/a-c (0.30 mm).
The deviation is also higher for approach 3 (0.72 mm) compared to approach 1 (0.27 mm).

16 4.0
14 D Approach 1 | | 3.5
12 % Approach 3 20—
z | E
810 o U w m | 20§
8 % %./ - 7 5
o 8 ] I ) % . % ‘ 7 0P
2 ] / % i / / S
i, aL sl %Iglglglglglﬁlg
L] " 2
SLENIN|SEE RN NN
: IE BB EREREIN

Figure 6. Ultimate tensile forces and elongations for specimens that were welded according to approach
1 and approach 3.

After the individual welds had been compared with each other, the tensile test results for the
respective approaches 1 and 3 were summarized and compared with results for the used base materials.
(Figure 7) Approach 1 reached 7.78 kN in UTF, while approach 3 led to a better result with an
average UTF of 8.89 kN. Consequently, there is a difference of 1.17 kN in terms of UTF between
approaches 1 and 3. However, the results of approach 1 were more consistent. The standard deviation
was 0.43 kN while the outcome of approach 3 indicated a standard deviation of 1.39 kN. The aluminum
base material had a mean UTF of 13.73 kN which was examined by five tensile specimens, while the
UTF of the copper base material was at 18.45 kN. The average UTF of approach 1 reached approximately
57% of the aluminum base material. In contrast, approach 3 reached a joint efficiency of 65%. Within the
analysis of approach 3 the highest measured UTF was at 81% of the aluminum base material for sample
A3.106/T/c. The tensile test results for the two different approaches represent encouraging findings.
However, especially the evaluation for approach 3 leads to the conclusion that a highly precise
preparation of the chamfer, material, and tool positioning is required. These circumstances correspond
to the macrostructural analysis of the welds. The highest individual UTF of all samples was achieved
by specimen A3.106/T/c while the value for the first part of this weld seam (A3.106/T/a) was 24%
lower due to uneven blank preparation and positioning. Excluding the two lowest values for approach
3, the UTF reached 72% compared to the aluminum base material. By using a longer tool pin resulting
into a complete penetration depth, even better results can be expected in this regard.
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Figure 7. Averaged ultimate tensile forces for approach 1, approach 3, aluminum, and copper base material.

3.3. Electrical Properties of the Friction Stir Welds

The results of the electrical resistance measurements for each sample are shown in Figure 8.
The values represent the electrical resistances of the weld seams that were determined between tips 2
and 4. It is recognizable that the electrical resistances of almost all samples that were welded according
to approach 1 are slightly higher than the resistances of approach 3. Exceptions are specimens
A1.65/R/c, A1.66/R/a and Al1.67/R/a. The range of the electrical resistances for approach 1 is
approximately between 0.0071 mQ) and 0.0078 m() while the average value for this approach is
0.0075 mQ). For approach 3 the values are in the range of 0.0067 mQ) and 0.0072 mQ). The average
value for all nine measurements of this approach is 0.0070 mQ). In comparison to the determined
resistances of the weld seams, the average electrical resistance of the copper material that was measured
between tips 1 and 2 is 0.0067 mQ). For the aluminum base material, an average electrical resistance of
0.0074 mQ) was measured. The aim of this study was to manufacture Al-Cu friction stir welds with a
homogenous current-carrying behavior on the basis of 3 mm thick copper sheets. There is a difference
in electrical resistance of 0.00071 m() between the respective base materials. Therefore it is evident,
that the applied cross-section adjustment was not sufficient. The required cross-section adjustment was
calculated following the electrical conductivities of elemental copper (58 x 10° S/m) and aluminum
(37 x 10° S/m). This leads to the conclusion that the small amount of alloying additions in the high
purity materials used influences the electrical properties in a way that the realized cross-section
adjustment was not precise enough. In order to obtain similar electrical conductivities between the
respective base materials an adjustment factor of 1.73 is required for the present material combination.
However, especially the results for approach 3 can be considered as very positive. These results
deviate only slightly from the results of the copper base material. This deviation is suspected not
to be only due to the insufficient cross-section adjustment, but also because of the underfill which
is a result of the shoulder penetration. The underfill reduces the current-carrying cross-section
which leads to an increase of the electrical resistance. Taking this into account, for a homogenous
current-carrying behavior aluminum sheets with thicknesses of at least 5.2 mm are needed when the
task is to manufacture cross-section-adjusted Al-Cu butt joints on the basis of 3 mm thick copper sheets.
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Figure 8. Electrical resistance measurement for approach 1 and approach 3.

Besides analyzing the measured electrical resistances, the electrical properties of the friction
stir welds can be assessed by calculating the resistance factor ky for each specimen. The resistance
factor permits a material- and process-independent evaluation of the electrical joint properties.
The dimensionless resistance factor ky is calculated by doubling the electrical resistance of the weld
seam and dividing the summed resistances of the respective base materials [25]:

2-Raicu
— S RAICu 1
(Ra1 + Rcu) @

The resistance factors in Figure 9 were calculated using the electrical resistances of the weld seams
and the respective base materials from Figure 8. Ideally, the resistance factor of butt joints can reach
the minimum value 1. If the resistance factor k, is lower than 1.5, the joint accomplishes the criteria of
long-term stability [26]. This criterion is met for all examined specimens. Therefore, a long-term stable
electrical behavior can be expected for both approaches 1 and 3. The highest calculated resistance factor
was 1.11 for specimen A1.76/R /b while the lowest value was calculated for specimen A3.107/R/a.
The resistance factor for this sample (0.97) and five more samples that were welded according to
approach 3 are even below the ideal limit. This indicates a higher amount of copper in the measured
area between tips 2 and 4.
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Figure 9. Resistance factors of the examined Al-Cu friction stir welds.
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4. Conclusions

In this study, the mechanical and electrical properties of cross-section-adjusted friction stir butt
welds were investigated. The applied materials were copper EN CWO008A with a thickness of 3 mm
and aluminum EN AW-1050A with a thickness of 4.7 mm. Therefore, three different approaches were
tested with the aim to produce sound welds with properties similar to those of the used base materials.

1.  Approach 1 included copper blanks that were edge bent on one side. These were positioned on
the AS. The welds were produced with a welding speed of 450 mm/min.

2. Approach 2 included copper blanks that were edge bent on one side. These were positioned on
the RS. Using this approach no sound welds could be achieved. This is the reason why samples
that were welded according to this approach were ignored for further analysis.

3. Approach 3 included copper blanks that were edge bent on one side. These were positioned on the
AS. Within this approach, the aluminum blanks were chamfered on one side to reduce the material
deficit in the joining area. The welds were produced with a welding speed of 450 mm /min.

4. The results of the macrostructural analysis showed a lack of penetration for both approaches
and inadmissible cavities for approach 1. In general, the underfill maximum was smaller for
approach 3.

5. The average UTF for samples that were welded according to approach 1 was 7.78 kN while
approach 3 achieved an average value of 8.89 kN. Compared to the aluminum base material,
the joint efficiency was 57% for approach 1 and 65% for approach 3, respectively. The specimen
with the best mechanical properties had a joint efficiency of 81%.

6.  The average electrical resistance for approach 1 was 0.0075 m() and for approach 3 the electrical
resistance was 0.0070 m(Q). The calculated resistance factor for both approaches indicated a
long-term stable behavior of the joints.

7. In general, welds with good tensile properties lead to lower electrical resistances.

Especially by approach 3, promising results could be achieved. Considering the quality criteria
from DIN EN ISO 25239-5, the lack of penetration has to be avoided. Therefore, in further experiments
a longer tool pin will be used. The chamfer on the aluminum blank led to better mechanical and
electrical joint properties due to the reduced material deficit in the joining area. However, exact
positioning of the blanks was complicated by the chamfer with the result of a few welds showing
insufficient scratching of the copper base material. Further investigations with standardized chamfer
geometries and seam tracking could even improve the results.
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Abstract: Dissimilar CuNiCrSi and CuCrZr butt joints were successfully frictionstirwelded at constant
welding speed of 150 mm/min and rotational speed of 1400 rpm with the CuCrZr alloy or the
CuNiCrSi alloy located on the advancing side (AS). The microstructure and mechanical properties of
joints were investigated. When the CuCrZr alloy was located on the AS, the area of retreating material
in the nugget zone was a little bigger. The Cr solute-rich particles were found in the nugget zone on
CuCrZr side (CuCrZr-NZ) while a larger density of solute-rich particles identified as the concentration
of Cr and Si element was found in the nugget zone on CuNiCrSi side (CuNiCrSi-NZ). The Cr
precipitates and 0-Ni,Si precipitates were found in the base metal on CuNiCrSi side (CuNiCrSi-BM)
but only Cr precipitates can be observed in the base metal on CuCrZr side (CuCrZr-BM). Precipitates
were totally dissolved into Cu matrix in both CuCrZr-NZ and CuNiCrSi-NZ, which led to a sharp
decrease in both micro-hardness and tensile strength from BM to NZ. When the CuNiCrSi was located
on the AS, the tensile testing results showed the fracture occurred at the CuCrZr-NZ, while the fracture
was found at the mixed zone of CuNiCrSi-NZ and CuCrZr-NZ for the other case.

Keywords: dissimilar joints; friction stir welding; microstructure; mechanical properties

1. Introduction

Copper alloys are widely used in industries for its high electrical conductivities. However,
the strength of conventional copper alloys is usually limited in contrast with its high electrical
conductivity [1]. CuCrZr and CuNiCrSi are excellent and unique copper alloys, which possess a
desirable combination of high strength and good electrical conductivities after solution treatment and
aging process. The ultimate tensile strength (UTS) and electrical conductivity of CuCrZr alloy can
reach to more than 530 MPa and 80% IACS [1]. In comparison, the CuNiCrSi alloy shows a higher
ultimate tensile strength of 600-800 MPa but a lower electrical conductivity of about 45% IACS due
to different additions [2]. The dissimilar joints of CuCrZr and CuNiCrSi alloy with good balance of
strength and electrical conductivity can be widely applied to many industries, such as large generator
rotor and international thermo nuclear experiment reactor (ITER) components [3,4].

Owing to the impacts of oxygen and impurity, copper alloys are usually hard to be welded by
conventional fusion welding techniques, such as the arc welding and the electrical beam welding.
Zhang et al. [5] reported that the welding speed should be very slow in order to combat the high thermal
diffusivity during the arc welding of copper joints, which contributed to the coarse microstructure
in the heat affected zone (HAZ) and limited mechanical properties of joints. Kanigalpula et al. [6]
reported that the mechanical properties of CuCrZr joints were limited by interdendritic micro-cracks
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and voids formed in the fusion zone during the electrical beam welding process. In contrast, friction
stir welding (FSW), as a solid-state joining process, can overcome these metallurgical difficulties of
conventional fusion welding [7]. Amarnath et al. [8] made a comparative study of gas tungsten art
welding (GTAW) process and FSW process on electrolytic tough pitch (ETP) copper. They found that
the mechanical property of FSW joints was superior to that of GTAW joints due to the generation of
fine equiaxed grains. Jau-wen et al. [9] carried out a comparative study of tungsten inert gas welding
(TIG) process and FSW process on pure copper. The result revealed that the mechanical property of
FSW joints was better than that of TIG joints.

In recent years, substantial studies have been conducted on the microstructure and mechanical
properties of friction-stir-welded copper joints. Mironov et al. [10] studied the relationship
between microstructure evolutions and the rotational speeds ranging from 200 rpm to 1000 rpm
in friction-stir-welded pure copper joints. The grain structure development was found to be
predominantly controlled by continuous recrystallization in the welds produced at welding speeds
of 200-500 mm/min, and fine-grained (1-2 um) microstructure was obtained in the stir zone.
Heidarzadeh et al. [11] found that the UTS of pure copper joints firstly increased up to maximum
value (about 260 MPa) with the increasing of tool rotational speed, welding speed and tool axial force,
and then decreased until the finish of the FSW process. Liu et al. [12] studied the effects of the tool
rotational speeds (300, 400, 600, 800 and 1000 rpm) on microstructure and mechanical properties of
friction-stir-welded copper joints. They observed that the grain size and the UTS were significantly
affected by the tool rotational speeds. When the rotational speeds increased from 300 to 1000 rpm,
the grain size increased while the UTS firstly increased to the maximum (277 MPa) and then decreased.
Shen et al. [13] investigated the microstructure and mechanical properties of friction-stir-welded
copper joints under different welding speeds (25, 50, 100, 150 and 200 mm /min). They found that
defect-free joints were obtained at lower welding speeds and the maximum value of UTS of welded
joints was 275 MPa. In order to improve the strength of copper joints, Xue et al. [14] used flowing water
as additional rapid cooling method to lower peak temperature during the process of FSW. The joints
using this method kept the microstructure with a high dislocation density so that the UTS of joints
could reach to 340 Mpa, which was nearly equal to the strength of base metal.

Compared with substantial study on FSW of conventional copper joints, the reports on FSW of
copper joints with high strength and good electrical conductivity were rather scarce. Sahlot et al. [15]
studied the wear of the tool using in the FSW of CuCrZr, but he didn’t discuss the characteristics of the
joints. Jha et al. [16] and Lai et al. [17] investigated the characteristics of the CuCrZr joints welded by
FSW. They both found that the properties of joints were primarily depended on Nano-precipitates.
To the best of authors” knowledge, there have been no studies on microstructure and mechanical
properties of the dissimilar CuCrZr and CuNiCrSi joints fabricated by FSW. Therefore, the present
study mainly investigated the microstructure evolution and mechanical properties of dissimilar CuCrZr
and CuNiCrSi joint. In particular, the relationship between microstructure and mechanical properties
was studied as well.

2. Materials and Methods

In this study, the dimensions of CuCrZr and CuNiCrSi plates are 300 mm x 100 mm x 3 mm.
The CuCrZr alloy was subjected to solution (920 °C for 0.5 h) and aged (440 °C for 2 h) treatments.
The CuNiCrSi alloy was also treated through solution (800 °C for 2 h) and aged (450 °C for 5 h) process.
The chemical compositions of these two alloys are listed in Table 1.

Table 1. The chemical compositions of CuCrZr alloy and CuNiCrSi alloy.

Alloy Cu Al Mg Cr Ni Zr Fe Si
CuCrZr Bal 0.25 0.1 0.8 - 0.3 0.09 0.04
CuNiCrSi Bal - - 0.5 2.0 - <0.15 0.5
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2.1. Friction Stir Welding Process

Dissimilar CuCrZr and CuNiCrSi joints were friction stir welded by a tool at constant welding
speed of 150 mm/min and constant rotation speed of 1400 rpm. The position-related microstructure
and mechanical properties were also taken into consideration. The FSW tool had a concave shoulder
10 mm in diameter and a conical pin 2.8 mm in length, the pin with 4.5 mm in the top diameter
and 3.5 mm in the bottom diameter was machined from H13 steel. The tool rotated in the clock
wise direction with a fixed tool tilt angle of 2.5°. The plunging depth and plunging speed of the pin
were selected as 0.1 mm and 0.05 mm/s. The laboratory equipment, experimental setup, schematic
presentation of friction stir welding process and dimensions of FSW tool are shown in Figure 1.

Figure 1. The laboratory equipment, experimental setup, schematic presentation of friction stir
welding process and dimensions of FSW tool. (a) The laboratory equipment; (b) experimental setup;
(c) schematic presentation of friction stir welding process and dimensions of FSW tool.

After the welding, these joints were cut into strips perpendicularly to the welding line. Specimens
for metallographic observation and mechanical testing were made from these strips.

2.2. Microstructural Characterization

Specimens for microstructure analysis were etched in a solution of 40 mL H,O, 10 mL HCl and
2 g Fe3Cl after standard polishing process. The microstructure of different regions including the
base metal on CuCrZr side (CuCrZr-BM), the nugget zone on CuCrZr side (CuCrZr-NZ), the base
metal on CuNiCrSi side (CuNiCrSi-BM) and the nugget zone on CuNiCrSi side (CuNiCrSi-NZ)
was observed on a confocal laser scanning microscope (CLSM) and a VHX-5000 3D microscope.
To further study the microstructure of the nugget zone, a scanning electron microscope (SEM) was
used. The SEM specimens were slightly etched to clarify CuCrZr-NZ and CuNiCrSi-NZ in the
microscope. A transmission electron microscopy (TEM, Tecnai G2 F20) was also applied to analysis
samples from CuCrZr-BM, CuCrZr-NZ, CuNiCrSi-BM and CuNiCrSi-NZ.

2.3. Mechanical Testing

Tensile tests were conducted on a universal electronic tensile testing machine (MTS Systems
Corporation, Eden Prairie, MN, USA) with a testing speed of 2 mm/min. The tensile testing specimens
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have a gauge length of 150 mm and a width of 25 mm. Three tensile testing specimens were taken
to repeat the experiments. The Vickers hardness was measured using a Vickers hardness machine
(Huayin Testing Instrument Co., Ltd., Yantai, China) with a load of 100 g and a dwell time of 10 s.
The measurement was carried out along the centerline and the distance between neighboring measured
points was 0.5 mm.

3. Results

3.1. Microstructure of Dissimilar CuCrZr/CuNiCrSi Butt Joints

Figure 2 shows surface morphologies and cross-section macrographs of dissimilar CuCrZr/
CuNiCrSi butt joints with the CuCrZr alloy located on the advancing side (AS) or the retreating side
(RS), respectively. No defects were found on both the surface morphologies and the cross-section
macrographs. From cross-section macrographs, it can be found that the area of retreating materials
in the nugget zone (NZ) is a little bigger when the CuCrZr alloy is placed on the AS. Three distinct
regions, the base metal (BM), the NZ, the thermo-mechanically affected zone (TMAZ), can be identified
from macrographs.

Surface morphologies Cross-section macrographs

CuNiCr
Si on
the AS

CuCrZr _
on the
AS

Figure 2. The surface morphologies and the cross-section macrographs of dissimilar CuCrZr/CuNiCrSi
butt joints with the CuCrZr alloy or the CuNiCrSi alloy located on the advancing side (AS).

Figure 3 portrays magnified grain structures of the NZ, BM and TMAZ with the CuCrZr alloy
or the CuNiCrSi alloy located on the AS. One thing to be noted is that the heat affected zone (HAZ)
was not observed at the present study, which can be attributed to the high heat dissipation of copper
alloy [18]. In Figure 3, it is seen that non-uniform distribution of coarse size grains exiting in the two
base metals are completed transformed into even distribution, showing as equiaxed grains in the
nugget zone after the FSW process. The average grain sizes of different zones measured by the mean
linear intercept method are shown in Table 2. The grain size of CuNiCrSi-BM is a little bigger than
that of CuCrZr-BM. Considerable numbers of coarse particles distribute randomly in both BM and
NZ. Additionally, the density of coarse particles is larger in CuCrZr-NZ and CuCrZr-BM than that of
CuNiCrSi-NZ and CuNiCrSi-BM. The chemical compositions of these coarse particles are analyzed by
EDS which will be discussed in detail below.

Table 2. The average grain size of different zones.

Grain Size/um

Conditions
CuNiCrSi-BM CuNiCrSi-NZ CuCrZr-BM CuCrZr-NZ
CuNiCrSi on the AS 48+ 25 1.5+0.2 31+41 0.8+0.2
CuCrZr on the AS 47 +4.2 14+£05 30 £3.6 09+0.3
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Figure 3. The magnified grain structures of the nugget zones (NZ), base metals (BM) and the thermo-mechanically
affected zone (TMAZ) with the CuCrZr alloy or the CuNiCrSi alloy located on the AS.

Figure 4 shows the dislocation structures and sub-boundaries of grains in CuNiCrSi-NZ with the
CuCrZr alloy on the AS. Figure 4a shows some grains are dislocation-free, while Figure 4b shows that
there is a network structure containing high density of dislocations in some grains. This phenomenon
means that the final grains in the NZ experiencing dynamic recovery at different degrees. As shown in
Figure 4c, sub-grain boundaries are formed by absorbing dislocations. From Figure 4d, it can be found
that some grains are passed through by sub-boundaries.

193



Metals 2018, 8, 325

Figure 4. Dislocation structures and sub boundaries of grains in CuNiCrSi-NZ with the CuCrZr alloy
on the AS. (a) Grains are free of dislocation; (b) Grains have high density of dislocation; (c) Dislocations
are absorbed into sub-boundaries; (d) Grains are traversed by sub-boundaries.

Figures 5 and 6 are EDS images showing the analyses of elemental concentration in coarse particles
distributing in CuCrZr-NZ and CuNiCrSi-NZ with the CuCrZr alloy on the AS. In Figure 5, it can be
seen that the coarse particles in CuCrZr-NZ are composed of Cr element (green colour), the statistical
result further reveals that these Cr element enriched particles contains 96.8 wt. % Cr and 3.2 wt. % Cu.
In comparison, Cr element (green colour) and Si element (red colour) concentrate on coarse particles in
CuNiCrSi-NZ. Besides, the EDS analysis (Figure 6) suggests that the atomic ratio of Cr and Si in these
coarse particles is 3:1.

Figure 7 shows the bright field TEM micrographs as well as the relevant selected area electron
diffraction (SAD) patterns of samples from CuCrZr-BM and CuCrZr-NZ with the CuCrZr alloy on the
AS. The micrographs and SAD patterns are obtained with the incident beam parallel to the direction of
[011]Cu. Figure 7a shows the lobe-lobe contrast precipitates homogeneously dispersing in Cu matrix
are about 5-8 nm in length. The SAD pattern in Figure 7b reveals the reflections spots from Cu matrix
and precipitates. The reflection spots of precipitates reveal that they are the FCC Cr precipitates.
After the welding, no precipitates are detected in bright field TEM micrographs of samples from
CuCrZr-NZ (Figure 7c), which is also confirmed by the corresponding SAD pattern (Figure 7d).
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Figure 5. EDS images showing the analyses of elemental concentration in coarse particles distributing

in CuCrZr-NZ with the CuCrZr alloy on the AS. (a) Micrograph of the surface revealing the presence of
coarse particles; (b) copper; (c) chromium; (d) EDS analysis revealing the elements of coarse particles.
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Figure 6. EDS images showing the analyses of elemental concentration in coarse particles distributing
in CuNiCrSi-NZ with the CuCrZr alloy on the AS. (a) Micrograph of the surface revealing the presence
of coarse particles; (b) copper; (¢) chromium; (d) silicon; (e) EDS analysis revealing the elements of
coarse particles.
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Figure 7. The bright field TEM micrographs as well as the relevant selected area electron diffraction
(SAD) patterns of samples from CuCrZr-BM and CuCrZr-NZ with the CuCrZr alloy on the AS. (a) TEM
micrographs showing the Cr precipitates in CuCrZr-BM; (b) SAD pattern of (a) in [011]Cu direction;
(c) TEM micrographs showing the dissolution of precipitates in CuCrZr-NZ; (d) SAD pattern of (c) in
[011]Cu direction.

Figure 8 reveals the bright field TEM micrographs with relevant SAD patterns of samples from
CuNiCrSi-BM and CuNiCrSi-NZ with the CuCrZr alloy on the AS. Figure 8a shows that the lobe-lobe
contrast Cr precipitates can also be defected in CuNiCrSi-BM. However, the reflection spots of Cr
precipitates cannot be found from the relevant SDA pattern (Figure 8b) parallel to [011]Cu. Another
type of precipitates which are rod-shaped in [011]Cu direction (Figure 8a) and disc-shaped in [111]Cu
direction (Figure 8c) can also be found in CuNiCrSi-BM. Moreover, the corresponding SAD patterns
parallel to [011]Cu direction (Figure 8b) and [111]Cu direction (Figure 8d) reveal the precipitates have
a 5-Ni2Si crystal structure [2]. However, it is similar to samples from CuCrZr-NZ, no precipitates
are detected in samples from CuNiCrSi-NZ based on bright field TEM micrographs (Figure 8e) and
relevant SAD pattern (Figure 8f).
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Figure 8. The bright field TEM micrographs with relevant SAD patterns of samples from CuNiCrSi-BM
and CuNiCrSi-NZ with the CuCrZr alloy on the AS. (a) TEM micrographs showing the Cr and
-Ni2Si precipitates in CuNiCrSi-BM; (b) SAD pattern of (a) in [011]Cu direction; (¢) TEM micrographs
showing the -Ni2Si precipitates in CuNiCrSi-BM; (d) SAD pattern of (c) in [111]Cu direction; (e) TEM
micrographs showing the dissolution of precipitates in CuNiCrSi-NZ; (f) SAD pattern of (e) in
[111]Cu direction.

Figure 9 reveals that the dislocations are pinned by Nano-precipitates in both CuNiCrSi-BM
(Figure 9a) and CuCrZr-BM (Figure 9b) with the CuCrZr alloy on the AS, via which way the strengths
of both CuNiCrSi alloy and CuCrZr alloy are improved.
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Figure 9. The dislocations are pinned by nano-precipitates in both CuNiCrSi-BM and CuCrZr-BM.
(a) CuCrZr-BM; (b) CuNiCrSi-BM with the CuCrZr alloy on the AS.

3.2. Mechanical Characterization of CuCrZr/CuNiCrSi Butt Joints

Figure 10 shows the micro-hardness distribution of dissimilar CuCrZr/CuNiCrSi joints.
The micro-hardness of CuNiCrSi-BM and CuCrZr-BM is 225 HV and 155 HV, respectively. However,
it is seen that the micro-hardness decreases sharply to 150 HV and 125 HV in CuNiCrSi-NZ and
CuCrZr-NZ. Besides, the micro-hardness profile distributes asymmetrically along the measuring line,
which is a consequence of the different mechanical properties of CuCrZr and CuNiCrSi alloy.
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Figure 10. The micro-hardness of dissimilar CuCrZr/CuNiCrSi joints.

Figure 11 demonstrates the mechanical properties of dissimilar joints, whose detailed values are
also listed in Table 3. It seems that the tensile strength of joints with CuCrZr located on the AS is a little
bigger than that with the inverse material position. One thing to be noted is that the highest value of
tensile strength is about 450 MPa in all welds, which indicates a decrease of mechanical properties
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compared with that of two aged base metals. However, the joints obtained at present study still exhibit
a higher strength than most friction-stir-welded copper joints mentioned at previous study.
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Figure 11. The mechanical properties of dissimilar joints.

Table 3. The mechanical properties of base metals and dissimilar joints.

Conditions UTS (MPa) € (%) Failture Location
CuNiCrSi-BM 725+ 8 95+ 1.1 -
CuCrZr-BM 550 + 10 115+ 0.6 -
CuNiCrSi on the AS 405 +7 250+0.8 CuCrZr-NZ
CuCrZr on the AS 450 £ 8 243+04 Mixed zone

Figure 12 shows the failure locations of tensile testing specimens. Obviously, all the welds failed
at the stir zone. It is noted that the tensile specimens failed at the CuCrZr-NZ with CuNiCrSi located
on the AS but at the mix zone of CuCrZr-NZ and CuNiCrSi-NZ with the inverse material position.

Fracture location Cross-section macrographs

CuNiCrSi
on the AS

CuCrZr
on the AS

Figure 12. The failure locations and cross-section macrographs of tensile testing specimens with the
the CuCrZr alloy or the CuNiCrSi alloy located on the AS.

Figure 13 shows the SEM micrographs of fracture surface of the dissimilar joints with the the
CuCrZr alloy or the CuNiCrSi alloy located on the AS. Figure 13a shows the fracture surface of welds
with the CuCrZr alloy on the AS while Figure 13c shows that with the inverse material position.
Figure 13b,d show the magnified views of selected zones in Figure 13a,c, respectively. It can be found
that the fracture surfaces both consist of fine populated dimples, which confirms that the dissimilar
joints fail in the ductile mode of failure. No significant difference in the fracture mechanism with
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different material positions. Both selected samples experience extensive plastic deformation during
the process of failure in these two conditions.

- b
SEM HV: 20.0 KV WD: 16.81 mm T WD: 16.81 mm
SEM MAG: 80 x Det: SE SEM MAG: 1,00 kx Det SE

4
A
i3 & 3 el
SEM HV: 20,0 KV WO: 17,53 mm MIRAS TESCANI  SEM HV: 20.0 KV WD: 17.48 mm | MIRA3 TESCAN
SEM MAG: 80 x Det: SE 1mm SEM MAG: 1.00 kx Det SE

Performance in nanaspace Porformance In nanospace

Figure 13. The SEM micrographs of fracture surface of the dissimilar joints with the the CuCrZr alloy
or the CuNiCrSi alloy located on the AS. (a) the fracture surfaces of welds with CuCrZr alloy on the AS;
(b) the magnified view of selected zone in (a); (c) the fracture surfaces of welds with CuNiCrSi alloy on
the AS; (d) the magnified view of selected zone in (c).

4. Discussion

4.1. The Analysis of Microstructure of Dissimilar CuCrZr/CuNiCrSi Butt Joints

Figure 2 shows that the area of retreating materials in the NZ is seen to be a little bigger with
the CuCrZr alloy placed on the AS. This is mainly because the higher flow stress of harder CuNiCrSi
alloy. As the rotational pin starts to move through the base metals, the material in front of the pin is
moved to rear side along the circular path. Zhu et al. [19] reported that both the material flow velocity
and the friction force are reduced in this process. Moreover, the flow velocity and friction force of
material on the rear advancing side come to the minimum. All these make it difficult for the material
to move from the retreating side to the advancing side. When the CuNiCrSi alloy is located on the AS,
the softer CuCrZr alloy needs to overcome bigger resistance as it is pushed to the advancing side by
the rotational tool. Besides, both the velocity and friction force of CuCrZr alloy are reduced in this
process. So it is difficult for CuCrZr alloy to penetrate into the advancing side. However, the results
are reversed when the CuCrZr alloy is located on the AS. The area of retreating materials is larger
in the NZ since it is easier for CuNiCrSi to move to the advancing side. Similar results can be found
in other dissimilar friction-stir-welded joints, such as dissimilar joints of AA6061 and AA7075 [20].
They found that the material flow is more difficult when harder AA7075 was located on the AS.

Figure 3 shows the pancake-like grains in the BM are transformed into fine equiaxed grains in the
NZ. It is because the dynamic recrystallization occurred in the NZ due to the thermal cycle and plastic
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deformation. Figure 4 shows the final grain structure of nugget zone is comprised of grains experiencing
both dynamic recrystallization and partial dynamic recovery process. Su et al. [21] reported that
repeated introduction of dislocations after dynamic recrystallization initiates partial recovery in the
NZ, so the final grains are in state of dynamic recrystallization and partial dynamic recovery. What’s
more, it is observed that sub-grains grow with dislocations absorbed into sub-boundaries in the
NZ from Figure 3¢,d, which means the dynamic recrystallization process is a continuous dynamic
recrystallization process [22].

In Figures 5 and 6, the coarse particles distributing in CuCrZr-NZ and CuNiCrSi-NZ with the
CuCrZr alloy on the AS were analyzed. It is to be noted that the analyses are similar for welds with
the inverse material location. From Figures 5 and 6, it is seen that the coarse particles in CuCrZr-NZ
are primarily consisted of Cr element while Cr and Si element mainly concentrate on coarse particles
in CuNiCrSi-NZ. Actually, these coarse particles are solute-rich particles which are formed during
the solidification of the alloy due to the limited solubility of Cr and Si elements in Cu matrix [23].
Obviously, these coarse particles even cannot be solved during the process of FSW. No previously
related study with similar experimental results can be compared by one to one but Jha et al. [16],
who studied the FSW of aged CuCrZr alloy plates, reported the relevant results, and also found coarse
particles in the NZ were identified as Cr concentration, However, these coarse particles are not effective
on increasing strength any more [24]. In contrast, these coarse particles may act as internal stress
concentrators which make the alloy easier to fracture [25].

In Figures 7 and 8, the Nano-precipitates distributing in welds with the CuCrZr alloy on the
AS are studied, the results are the same in welds with the CuNiCrSi located on the AS. In Figure 7,
Cr precipitates are observed in CuCrZr-BM. In fact, these Cr precipitates are found to generate from
the aging process of CuCrZr alloy. These Cr precipitates can pin the movement of dislocations so
that they are responsible for precipitation hardening of CuCrZr alloy [25]. From the previous studies,
Jha et al. [16] also found Cr precipitates in the BM of 4-mm thick CuCrZr joints but he didn’t offer the
relevant SAD pattern. Lai et al. [17] found Nano-precipitates in the BM of butt-welded CuCrZr joints
and offered the relevant SAD pattern, but the SAD pattern didn’t reveal diffraction spots from fine
precipitates. In contrast, Cr precipitates can also be defected in CuNiCrSi-BM but cannot be found in
the relevant SAD pattern in Figure 8. It can be explained by the larger grain size of CuNiCrSi-BM as
illustrated in Figure 3, which limit the choice of the diffraction conditions because only two or three
grains could be examined in the visual field around the perforation [25]. Then the Cr precipitates
coherent with Cu matrix are difficult to find in SAD pattern due to the limited specimen tilt. In addition
to Cr precipitates, 6-NiySi precipitates can also be found in CuNiCrSi-BM. Similar results can also be
found in previous works about CuNiCrSi alloy [26,27]. All these precipitates can improve the strength
of the CuNiCrSi alloy by pinning the movement of dislocations. Figures 7 and 8 shows the precipitates
are dissolved in both CuNiCrSi-NZ and CuCrZr-NZ. It is because that high welding temperature and
thermal cycling during FSW process can result in the dissolution of Nano-strengthening precipitates
into the Cu matrix in the NZ. In general, there is always a higher demand on heat-input during the
FSW process of Cu joints due to the high thermal conductivity of copper alloy. Jha et al. [16] found
that the peak temperature was more than 800 °C in the friction stir welding of aged CuCrZr plates.
The high heat-input in the NZ produces a supersaturated solution condition, which can result in the
dissolution of strengthening precipitates into the Cu matrix in the NZ. Similar results can also be
found in the friction stir welding of other precipitates hardening alloys, such as 6063 aluminum [28],
7075 aluminum [29], and thick CuCrZr plates [17].

4.2. The Relationship of Microstructure and Mechanical Characterization

From Figures 11 and 12, it can be concluded that the relative material position affected both
failure location and tensile strength. Tensile specimens all failed at CuCrZr-NZ when the CuNiCrSi
alloy was located on the AS, as shown in Figure 12. This phenomenon can be explained from two
aspects. On the one hand, the micro-hardness is lowest in CuCrZr-NZ, which means CuCrZr-NZ is
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the softest zone in the whole joint. On the other hand, there is a larger density of coarse particles in
CuCrZr-NZ, which may make CuCrZr-NZ an originating place to fracture by acting as internal stress
concentrators. However, when the CuCrZr alloy is located at the AS, the CuNiCrSi alloy on the RS are
stirred to the AS easily as before mentioned, so the specimens failed at the mixed zone of CuCrZr-NZ
and CuNiCrSi-NZ with inverse material position. Since the strength of CuNiCrSi alloy is higher than
CuCrZr alloy, the UTS of joints with the CuCrZr alloy located at AS is a little higher than that of joints
with the opposite material position.

In Figures 10 and 11, both the micro-hardness and the tensile strength of joints are lower than those
of two base metals. It is well-known that both the hardness distribution and tensile strength is directly
dependent on the distribution of precipitates. The precipitates in CuNiCrSi-NZ and CuCrZr-NZ,
which can pin the movement of dislocation and thus improve the strength of alloy, were both dissolved
into Cu matrix. In this case, the dissolution of precipitates can lead to the decrease of both the
micro-hardness and the tensile strength.

5. Conclusions

In the present study, the microstructure and mechanical properties of dissimilar CuNiCrSi and
CuCrZr joints are investigated. The relationship between the microstructure and mechanical properties
is studied as well. The following conclusions can be drawn:

(I)  Defect-free joints are obtained under the constant welding speed of 150 mm/min and constant
rotational speeds of 1400 rpm. The area of retreating materials in the NZ is bigger when the
CuCrZr alloy was placed on the AS.

(II) Considerable numbers of coarse particles are found to distribute randomly in both BM and NZ.
In CuCrZr-NZ, Cr solute-rich particles are detected, while concentration of Cr and Si element
with larger density is found in CuNiCrSi-NZ.

() The Cr and 4-NiySi precipitates are observed in CuNiCrSi-BM while only Cr precipitates are
found in CuCrZr-BM. All these precipitates are dissolved in both CuCrZr-NZ and CuNiCrSi-NZ
due to the high temperature, leading to the lower micro-hardness and tensile strength of joints
when compared to base metals.

(IV) When the CuNiCrSi alloy was located on the AS, the fracture occurred in the CuCrZr-NZ due to
the existence of larger density of coarse particles. However, failure was found at the mixed zone
of CuNiCrSi-NZ and CuCrZr-NZ when the CuCrZr alloy was located on AS.
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Abstract: Many lightweight materials, including aluminum alloy, magnesium alloy, and plastic, have
been used for automotives. Aluminum alloy—the most commonly utilized lightweight metal—has
poor resistance spot weldability owing to its inherent properties, which demand the development of
welding solutions. Various welding techniques are utilized to improve the resistance spot weldability
of aluminum alloy, including DeltaSpot welding. However, the technological development for
welding dissimilar metals (aluminum alloy and steel) required for vehicle body assembly is still in
its nascent stages. This study proposes DeltaSpot welding (a resistance spot welding process with
spooling process tapes) using the alloy combination of 6000 series aluminum alloy (Al 6K32) and
440 MPa grade steel (SGARC 440). The welding characteristics of the main process parameters in
DeltaSpot welding were analyzed and the weldability of the combination of the aluminum alloy,
Al 6K32, and 440 MPa grade steel was evaluated. In addition, the characteristics of the intermetallic
compound layer between the 440 MPa grade steel and Al 6K32 sheets were identified via scanning
electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDS).

Keywords: DeltaSpot welding; spooling process tape; aluminum alloy; dissimilar metal welding;
lobe curve

1. Introduction

The automotive industry has recently invested intensive and extensive research and development
efforts to apply lightweight materials, such as high-strength steel, plastic, aluminum alloy, and
magnesium alloy, to vehicle body structures for various purposes; for example, to reduce greenhouse
gas and exhaust emissions to satisfy increasingly rigorous environmental regulations, to improve
fuel efficiency in the face of rising oil prices due to energy resource depletion, to provide electronic
equipment for user convenience, and to ensure durability and safety [1-10]. Aluminum, in particular,
is about one-third the weight of steel and has excellent shock absorption, high specific strength,
and high corrosion resistance owing to the passivity layer formed on the surface, and studies have
attempted to apply it to vehicle body structures [11,12]. Aluminum alloys applied to vehicle body
structures can be joined by several methods in mechanical joining, such as resistance spot welding
(RSW), self-piercing rivet, friction stir welding, clinching, and adhesive spraying [13-20]. In the case of
RSW, however, when copper (as an electrode material) is alloyed with aluminum alloy by RSW, the
electrode is prone to contamination and a short service life, necessitating frequent electrode dressing.
Furthermore, it is difficult to ensure resistance spot weldability owing to the low resistivity and high
thermal expansion coefficient of aluminum. These aluminum-specific properties of high electrical and
thermal conductivities make it a considerable challenge to secure appropriate RSW conditions for
aluminum alloy. In general, welding is performed by applying a high heat input and short welding
time. The oxide film formed on the surface of aluminum alloy causes welding defects, such as voids
and cracks, in the joints [21-26].
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Numerous studies have been conducted on the RSW of aluminum alloys. For instance, Thornton
et al. studied the effects of the weld nugget diameter and the quality on weld strength in terms of
the fatigue life of the joint in RSW [27]. Sun et al. examined the contact area change pattern and
nugget formation process, focusing on the interfacial contact behavior during welding [28]. Senkara
et al. analyzed the crack formation mechanism to investigate the causes of cracking in RSW and
the effect of cracking on weld strength [29]. Subsequently, Browne et al. determined the process
parameters influencing nugget formation during welding by performing a simulation considering
electrical, thermal, and mechanical processes [30], and they presented the contact resistance values that
facilitate RSW by analyzing the effect of the contact resistance on the base metal and estimating the
contact resistance based on shunt resistance [31]. In their studies on RSW joining of two dissimilar
metals, Qiu et al. examined the relationship between the thickness of the intermetallic compound (IMC)
layer and the weld strength between aluminum alloy and steel [32], and the relationship between
the IMC layer and weld zone location as well as welding current and material combination during
the RSW of dissimilar metals using a cover plate [33]. Mortazavi et al. analyzed the fracture shape
and IMC layer formation according to the welding current, as well as the failure modes and IMC
layer formation depending on the welding current [34]. However, research on welding technology for
dissimilar metals—steel and aluminum alloy—remains necessary, especially regarding solutions to
improve the weldability of these metals.

In this study, a DeltaSpot welding machine using spooling process tapes was employed to improve
the weldability of aluminum alloy and steel. The characteristics of the main parameters associated with
weld strength and welding defects were investigated and the weld lobe curve was derived through
welding experiments. A welding experiment was performed using a 6000 series aluminum alloy (main
components: Magnesium and silicon) and steel. In addition, scanning electron microscopy/energy
dispersive X-ray spectroscopy (SEM-EDS) analysis was performed to investigate the relationship
between the weld strength and the IMC layer properties of coated vs. uncoated steel.

2. Experimental Procedure

2.1. Equipment

The DeltaSpot machine (Fronius, Wels, Austria) used in this study is mounted with a servogun to
enable electrode force control. Furthermore, the DeltaSpot welding machine fundamentally differs
from other spot welding machines in that a process tape runs between the base metal and the electrode.
This process tape protects the electrode from contamination by the aluminum alloy, considerably
extending the service life of the electrode. The process tape also increases weldability owing to its
high electrical resistance, which compensates for the low resistivity of aluminum alloy and facilitates
the resistance control of the weld zone. Figure 1 shows the schematic of a DeltaSpot welding process
using process tapes. When the first welding is completed, the process tape between the electrode and
the sheet advances. In the second welding, a new process tape is supplied and the welding proceeds.
In the same way as the second welding, the third welding is supplied with a new process tape to
proceed with the welding. This unique feature of DeltaSpot welding prevents electrode contamination
and welding expulsion, and it increases the input heat by generating more resistance between the base
metal and the electrode compared with other spot welding machines.
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Process tape

Figure 1. DeltaSpot welding process with process tape.

Figure 2 illustrates the resistance and temperature profiles in the spot welding area. Figure 2a
shows the resistance and temperature profiles of a general spot welding area; Figure 2b shows those
for a DeltaSpot welding area. As depicted in Figure 2b, significantly greater heat input can be obtained

from the additional resistances occurring between the process tape and the electrode and between the
process tape and the base metal.

(a)

Temp. (°C)

-—

Figure 2. Spot welding resistance and temperature distribution: (a) General spot welding; (b) spot
welding with process tape.

2.2. Materials and Experimental Method

The materials used in this study were 6000 series aluminum alloy (Al 6K32) and 440 MPa grade
steel (SGARC 440). Their chemical compositions are presented in Table 1.

Table 1. Material compositions of Al 6K32 and SGARC 440 (wt %).

Mg Si Fe Cu Mn Cr Zn Ti
Al 6K32 0.02 1.0 0.13 0.01 0.07 0.01 0.01 0.01
SGARC Si Cu Mn Cr Ni Mo v C
440 0.14 0.1 14 0.1 0.1 0.05 0.01 0.09

To compensate for the difference in resistivity between steel (higher) and aluminum (lower), two
types of process tape were used: PT1407 with a lower resistance between the steel specimen and the
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electrode and PT3000 with a higher resistance between the aluminum specimen and the electrode.
Table 2 summarizes the basic properties of these two types of process tapes.

Table 2. Process tape types.

Base Metal Process Tape Tape Material Heat Input from Outside
Al 6K32 PT 3000 CrNi High
SGARC 440 PT 1407 Steel Medium

The tensile lap-shear test specimens were prepared in the shape illustrated in Figure 3, with
a steel sheet fixed underneath an aluminum alloy sheet with an overlap length of 40 mm and the
following sheet thicknesses: SGARC 440, 1.4 mm and 1.0 mm; Al 6K32, 1.6 mm and 1.0 mm. Three
pairs of specimens for the tensile shear test, peel test, and cross-sectional examination were prepared.
The experiment was repeated three times under the same welding conditions.

40 mm

SGARC 440 D / Al 6K32

A o

125 mm

Figure 3. Spot welding specimen size and method.

Figure 4 shows an electrode (type R) with the Cr-Cu component used in the experiment. The radius
of the electrode was 100 mm and the diameter of the electrode was 16 0 (Figure 4a); Figure 4b shows

the image of the electrode.

Radius
(100 mm)

Diameter

(16 9)

Figure 4. Electrode used in DeltaSpot: (a) electrode size; (b) electrode shape.

2.3. Weldability Evaluation Method

It is difficult to examine and measure an IMC layer, which is a significant factor in determining
the weld quality of the dissimilar welding of aluminum alloy and steel, using non-destructive testing
methods, such as X-ray testing, ultrasonic test, and computed tomography (CT). This is more difficult
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in RSW. Therefore, in this study, weldability was evaluated based on the magnitude of the tensile shear
strength (TSS) measured by tensile shear testing. Furthermore, the nugget size of the weld zone was
measured by examining its cross-section. For industrial applications, the lobe curve is used as the
evaluation standard, as illustrated in Figure 5.

>
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strength

Current (kA)V

Figure 5. Schematic diagram illustrating the acceptable welding range (weld lobe). The vertical axis
represents welding time or electrode force; the horizontal axis represents welding current.

As shown in Figure 5, the lobe curve is determined based on the permissible TSS for the minimum
acceptable weld zone, whereby the weld strength fails to meet the strength requirement if it is smaller
than the permissible TSS or if the nugget diameter measured by the peel test is 4 Vi — 5V or smaller
relative to the base metal thickness, t (mm). The maximum acceptable weld zone is determined by the
occurrence of expulsion during welding by overheating. In general, the wider the acceptable weld
zone, the better is the weldability. For the lobe curve used in this study, the horizontal axis represents
the current and the vertical axis represents the current time and electrode force.

3. Results and Discussion

In our preliminary test, the up-slope time had significant effects on the weld strength and surface
contamination of aluminum alloy sheets, and had a suitable condition to guarantee high tensile shear
strength and improved surface quality of the weld below 150 ms. The down-slope time below the
condition of 450 ms turned out to be a significant parameter for reducing weld defects of aluminum
alloy sheets. It was also found that the pre-force time and hold time have significant effects on the weld
surface quality and weld defects in certain test ranges: From —50 to 50 ms for the pre-force time and
from 0 to 150 ms for the hold time. However, since force 2 did not have significant effects on both weld
strength and weld defects below 5 kN, force 2 was fixed to 5 kN. Since the welding current, force 1,
and main current time were found to be the most significant parameters among the eight parameters,
and are usually adjusted in automotive assembly lines to improve welding quality, these parameters
were selected and used for deriving suitable welding ranges. In addition, the welding schedules and
specifications of actual automotive assembly lines were considered in order to select and set the test
range of all eight process parameters.

3.1. Effect of DeltaSpot Welding in Improving Weldability

In this study, a weldability comparison was performed between inverter direct current (DC)
spot welding and DeltaSpot welding. The materials used in this experiment are presented in Table 1;
the sheet thickness was 1.4 mm for SGARC 440 and 1.6 mm for Al6K32. The basic properties of the
DeltaSpot welding process tapes are presented in Table 2. Figure 6 shows the welding machines used
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for the comparison experiment: (a) and (b) are the inverter DC spot welding machine (Harm-Wende,
Hamburg, Germany) and DeltaSpot welding machine (Fronius, Wels, Austria), respectively.

Figure 6. Experimental equipment: (a) Inverter direct current (DC) spot welding machine; (b) DeltaSpot
welding machine.

The comparison experiment was performed under the welding conditions summarized in Table 3,
which shows that the electrode force was fixed at 2 kN and the main current time and current
were varied.

Table 3. Welding conditions.

Profiles of Welding Current and

Welding Conditions Electrode Force
Current (kA) 9,11,13
Up slope time (ms) 0
Main current time (ms) 166, 332, 500
Down slope time (ms) 0
Force 1 (kN) 2
Force 2 (kN) 0
Pre-force time (ms) 0 Main current ime
Hold time (ms) 0 A Time (ms)

Table 4 presents images of the fracture modes and cross-sections of the inverter DC spot weld
zones of the test specimens welded under the conditions described in Table 3. Table 5 summarizes the
fracture modes, expulsion, nugget diameter, and TSS.

In Table 4, when the main current time was 166 ms, interfacial fracture occurred at all current
conditions and expulsion occurred at the current condition of 13 kA. At 332 ms, the plug fracture
occurred at all current conditions, and the expulsion occurred at current conditions of 11 kA and 13 kKA.
At 500 ms, interfacial fracture occurred at all current conditions, and expulsion occurred at current
conditions of 11 kA and 13 kA.

Table 6 shows images of the fracture modes and cross-sections of the DeltaSpot weld zones of the
test specimens welded under the same welding conditions, and Table 7 presents the fracture modes,
expulsion, nugget diameter, and TSS.
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Table 4. DC spot weld fracture shape and cross-sectional image.

Main Current Current Level (kA)
Item

Time (ms) 9 11 13

Fracture mode

166
Cross Section
Fracture mode
332
Cross Section
Fracture mode
500
Cross Section
Table 5. Weldability analysis of DC spot welding according to conditions.
Main Current Current Level (kA)
. Item
Time (ms) 9 11 13
Fracture mode Interfacial Interfacial Interfacial
166 Expulsion - - expulsion
Nugget diameter (mm) - - -
TSS (kN) 12 2.7 2.4
Fracture mode Plug Plug Plug
332 Expulsion - expulsion expulsion
Nugget diameter (mm) 3.8 4.6 6.5
TSS (kN) 2.1 2.9 3.8
Fracture mode Interfacial Interfacial Interfacial
500 Expulsion - expulsion expulsion
Nugget diameter (mm) - - -
TSS (kN) 2.8 34 34
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Table 6. DeltaSpot weld fracture shape and cross-sectional image.

Main Current Current Level (kA)
. Item
Time (ms) 9 11 13

Fracture shape

166
Cross Section
Fracture shape
332
Cross Section
Fracture shape
500
Cross Section
Table 7. Weldability analysis of DeltaSpot welding according to conditions.
Main Current Current Level (kA)
. Item
Time (ms) 9 11 13
Fracture mode Interfacial Interfacial Interfacial
166 Expulsion - - -
Nugget diameter (mm) - - -
TSS (kN) 12 19 52
Fracture mode Plug Plug Plug
33 Expulsion - - expulsion
Nugget diameter (mm) 7.4 7.2 7.5
TSS (kN) 438 47 4.0
Fracture mode Interfacial Plug Plug
500 Expulsion expulsion expulsion expulsion
Nugget diameter (mm) - 6.5 7.7
TSS (kN) 2.5 4.6 45

In Table 6, when the main current time was 166 ms, interfacial fracture occurred at all current
conditions, but no expulsion occurred. At 332 ms, plug fracture occurred at all current conditions and
expulsion occurred at the current condition of 13 kA. At 500 ms, interfacial fracture occurred at the
current condition of 9 kA, and expulsion occurred under all current conditions.

The experimental results in Tables 5 and 7 show that the DeltaSpot specimen was welded at a lower
current and had a wider plug fracture case than that of the inverter DC specimen. Since DeltaSpot can
obtain sufficient weld quality at a lower current range, the DeltaSpot equipment can apply a welding
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transformer with a smaller capacity compared to that of conventional inverter DC welding equipment,
which leads to a cost reduction of the welding equipment and system. In addition, the nugget diameter
of the welding condition under which the plug fracture occurred is larger than that for DC spot welding.
Further, it can be confirmed that DeltaSpot welding achieves better weld strength than inverter DC
spot welding even at a relatively low welding current. Thus, the comparative experiments confirm that
DeltaSpot welding can be performed with a relatively larger suitable welding range and better weld
quality. That is, DeltaSpot welding achieves a wider suitable welding range, which is attributed to the
effect of compensating for the resistivity difference when welding dissimilar metals using a process
tape with lower resistance for the steel electrode and that with a higher resistance for the aluminum
alloy electrode.

3.2. Effects of DeltaSpot Welding Parameters

In this study, eight welding parameters, which are defined in Figure 7, were selected based on
previous studies [35,36]. The up-slope time, main current time, down-slope time, and current level
are related to the profile of the welding current. The profile of the electrode force was determined by
setting the force 1, force 2, hold time, and pre-force time. In particular, the pre-force time is defined as
the positive value when the magnitude of the electrode force changes from force 1 to force 2 during
the main current time. Conversely, the pre-force time has a negative value when the magnitude of
the electrode force changes from force 1 to force 2 after the main current time. To investigate the
effects of the welding parameters, the basic welding conditions were set as indicated in Table 8, which
presents the reference conditions for the experiment established based on the results of [35] regarding
the DeltaSpot welding of aluminum alloy specimens with the same thickness. Force 2 was applied at
the end of the welding process to reduce the resistivity loss through the high electrode force and to
prevent welding defects during the current passage time, whereby force 2 should be at least 5 kN to
have the effect of removing weld zone defects [35]. Therefore, force 2 was set at 5 kN.
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Figure 7. Schematic diagram illustrating the process parameters of DeltaSpot welding with test values.

Table 8. Reference conditions.

Parameter Level
Current (kA) 10
Up-slope time (ms) 50
Main current time (ms) 300
Down-slope time (ms) 300
Force 1 (kN) 2
Force 2 (kN) 5
Pre-force time (ms) 0
Hold time (ms) 100
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The characteristics of the process parameters associated with dissimilar metal welding were
evaluated by welding aluminum alloy and carbon steel sheets of the same thickness (1.0 mm) using the
DeltaSpot welding machine. In this study, based on the results of pre-tested aluminum alloy DeltaSpot
welding, experiments were conducted under the welding conditions summarized in Table 9 to evaluate
the characteristics of the process variables [35,36].

Table 9. Welding conditions according to parameters.

Parameter Level
Current (kA) 10 (fixed)
Up-slope time (ms) 0, 50, 100, 150
Main current time (ms) 200, 300, 400, 500
Down-slope time (ms) 0, 150, 300, 450
Force 1 (kN) 2,3,4,5,
Force 2 (kN) 5 (fixed)
Pre-force time (ms) 50, 0, —50
Hold time (ms) 0, 50, 100, 150

The experimental results for each process parameter are presented in Table 10. The weldability
was evaluated in terms of expulsion, TSS, and fracture mode.

Table 10. Experimental results for DeltaSpot welding of 6000 series aluminum alloy (Al 6K32)/440 MPa

grade steel (SGARC 440).
Parameter Level Expulsion TSS (kN) Fracture Mode
0 X 3.66 Interfacial
. 50 X 3.47 Plug
-sl
Up-slope time (ms) 100 X 323 Plug
150 X 3.01 Interfacial
200 X 2.79 Plug
. . 300 X 3.47 Plug
Main current time (ms) 400 o 353 Plug
500 (@) 1.42 Plug
0 X 2.93 Plug
. 150 X 3.38 Plug
D -slope t
own-slope time (ms) 300 X 347 Plug
450 X 3.38 Plug
2 X 347 Plug
3 X 2.39 Plug
Force 1 (kN) 4 X 2.66 Interfacial
5 X 241 Interfacial
50 X 2.85 Interfacial
Pre-force time (ms) 0 X 347 Plug
-50 X 3.44 Plug
0 X 3.89 Plug
. 50 X 3.19 Plug
Hold time (ms) 100 X 347 Plug
150 X 3.02 Plug

The effects of the individual process parameters on the weldability of aluminum alloy with carbon
steel via DeltaSpot welding were analyzed. The welding conditions were derived based on the analysis
results; the up-slope time should be reduced to the minimum possible level because the weld strength
decreases as the up-slope time increases. The experimental results reveal that a high weld strength and
satisfactory button size were achieved at 50 ms. Given that the weld strength is determined in the initial
welding phase, the main current time does not need to be long. The experimental results demonstrate
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that expulsion occurs when the main current time exceeds 400 ms. Accordingly, the optimum condition
was set to 300 ms. The down-slope time should be maintained for at least 300 ms to ensure welding
defect removal. At 450 ms, no button fracture and expulsion occurred; however, the reference weld
strength was not achieved. Accordingly, the optimum condition was set to 300 ms. The optimum force
1 was set to 2 kN, because the highest weld strength and satisfactory button size were obtained at 2 kN.
The application of the pre-force time was found to lower the weld strength. The hold time, which is
the time to maintain the electrode force after the current has passed to prevent cracking during the
cooling-induced contraction of the weld metal, was found to satisfy the weld strength and button
size at 100 ms. Table 11 outlines the optimum conditions of the individual process parameters for
DeltaSpot welding of dissimilar metals as derived from the analysis of the experimental results.

Table 11. Optimum welding conditions.

Parameter Level
Up-slope time (ms) 50
Main current time (ms) 300
Down-slope time (ms) 300
Force 1 (kN) 2
Force 2 (kN) 5
Pre-force time (ms) 0
Hold time (ms) 100

3.3. Weldability Evaluation with Respect to the Main Current Time and Force 1

The main current time plays an important role in the RSW of aluminum alloy to steel. Its effect
on weldability was analyzed, given its importance as a parameter, allowing sufficient time for the
molten aluminum alloy to ensure good wetting of the surface of the heated carbon steel. The related
experimental conditions are outlined in Table 12. All process parameters except for main current time,
force 1, and current were set to the values listed in Table 11.

Table 12. Welding conditions according to main current time.

Parameter Level
Current (kA) 5-14
Up-slope time (ms) 50
Main current time (ms) 300, 400, 500
Down-slope time (ms) 300
Force 1 (kN) 145
Force 2 (kN) 5
Pre-force time (ms) 0
Hold time (ms) 100

Tables 13-15 are lobe curves as functions of the main current time. The values within the green
outline are those satisfying the standards for the permissible TSS (= no expulsion) and button size.
No TSS values are provided for the areas affected by expulsion.

At a main current time of 300 ms (Table 13), the interfacial fracture was the main welding defect
due to insufficient heat input in the low-current range. This characteristic made the weldability
sensitive to the electrode force in the welding current range of 8 to 9 kA; however, a very stable weld
zone was achieved at welding currents greater than 10 kA. An acceptable weld zone was achieved
at currents exceeding 14 kA as well. In contrast, as the main current time increased, an acceptable
weld zone was achieved in the low-current range, but expulsion occurred in the high-current range of
13 to14 kA due to excessive input heat. In addition, an overall tendency of the acceptable weld zone
to move from the high- to low-current range was observed, whereby no acceptable weld zone was
formed at currents less than 7 kA despite this change. These results indicate that the RSW of aluminum
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alloy to carbon steel is possible at a current >7 kA. Furthermore, increasing the main current time did
not result in any significant increase in weld strength.

Table 13. Lobe curve according to main current time (300 ms).

Current
4.5 - - - - - 3167 3791 3279 3460 3975
4 - - - - 2456 | 3167 3073 3132 3868 3051
3.5 - - - 2074 2752 | 2863 3756 3213 3353 -
3 - - 2312 2317 2875 3144 3209 3065 3548 -
Force1| 25 - - -
2 - 1349 -
1.5 - 2813 -
1 - 3052 - - - - - - - -
5 6 7 8 9 10 11 12 13 14
Table 14. Lobe curve according to main current time (400 ms).
Current
4.5 - - - 2948 3203 § 3066 3237 3371 3440 -
4 - - 2033 3286 2988 || 3194 3493 3469 3716 -
3.5 - - 2292 2221 3148 3229 3379 - - -
3 — 2008 § 3234 3569 3408 3510 3529 - - -
Forcel| 2.5 - 2241 3212 3662 3514 - - -
2 2078 2093 f 3580 3469 - - - - -
1.5 2448 2771 | 3586 - - - - - -
1 3018 r - - - - - - - -
5 6 7 8 9 10 11 12 13 14
Table 15. Lobe curve according to main current time (500 ms).
Current
4.5 - - - - 2750 | 3374 3575 3317 - -
4 - - - 2771 3031 3245 3386 339 - -
3.5 - - 2386 | 2923 3254 3371 3701 3957 - -
3 - - 2023 §| 2395 3293 3804 3711 4219 - -
Force1l| 25 - - 2894 3321 3762 - -

2 - 2705 3405 - - - -
1.5 - 2940 - - - - -
1 537 3286 - - - - - - - -

5 6 7 8 9 10 11 12 13 14
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3.4. Evaluation of Coating-Dependent Dissimilar Metal Welding Characteristics

In the RSW of aluminum alloy to carbon steel, the aluminum alloy melts and the carbon steel is
heated at the aluminum alloy melting point or lower. The molten aluminum alloy provides wetting of
the surface of heated carbon steel to form a new alloy layer, namely, an IMC layer, which acts as a
bonding layer equivalent to a nugget in same-metal welding.

For comparison, the weld zone characteristics of dissimilar metal welding with zinc-coated and
uncoated steel sheets, which are widely used in industrial settings, were evaluated. Weldability was
evaluated under the experimental conditions outlined in Table 12. The lobe curve in Table 16 shows
the resulting weldability characteristics.

Table 16. Lobe curve for non-coating steel.

Current

45 - - - 651 976 1625 237 - -

4 - - - 95 445 1786 1172 263 - -

3.5 - - - X 739 1119 721 195 - -

3 - - - 344 1220 513 1426 1177 - -

Forcel| 2.5 415 - - 389 1553 336 839 - - -
2 561 X - 799 1093 145 1256 - - -

1.5 477 X X - - - - - - -

5 6 7 8 9 10 11 12 13 14

Table 16 shows that the weld strength was very low and no button fracture appeared in the RSW
of aluminum alloy to uncoated steel, demonstrating the existence of weldability problems without
any regularity that would allow the identification of the effects of welding conditions on weldability.
From this finding, it may be assumed that the zinc in the zinc-coating layer plays an important role
in dissimilar metal welding of aluminum alloy onto carbon steel. This role may be explained by the
fact that zinc, which has a melting point similar to that of aluminum alloy, melts during the welding
process and forms an IMC layer, thus improving the bonding force; this effect cannot occur when
aluminum alloy is welded onto uncoated steel without a zinc layer.

Figure 8a illustrates the results of the SEM-EDS analysis performed at different points in dissimilar
metal RSW of zinc-coated steel: Figure 8b at point 1 inside the zinc-coated steel sheet (SGARC 440);
Figure 8c at point 2 inside the IMC layer; and Figure 8d at point 3 inside the aluminum alloy sheet
(Al 6K32). The results of component analysis at each point are summarized in Table 17.

Table 17. SEM-EDS components of zinc coating steel.

Element (Wt %)
Position
Al-k Fe-k Zn-k
Point 3 98.30 - 1.70
Point 2 69.04 30.30 0.65
Point 1 - 100.00 -

Figure 9a outlines the components of the aluminum alloy sheet, IMC layer, and uncoated carbon
steel sheet as analyzed by SEM-EDS at three points in the two base metal sheets and the IMC layer:
Figure 9b at point 1 inside the uncoated steel sheet (SPRC 440); Figure 9c at point 2 inside the IMC layer
close to the uncoated steel sheet; Figure 9d at point 3 inside the IMC layer close to the aluminum alloy
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sheet; and Figure 9e at point 4 inside the aluminum alloy sheet (Al 6K32). The results of component
analysis at each point are summarized in Table 18.
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Figure 8. Energy dispersive X-ray spectroscopy (EDS) analysis locations in the welded section: (a) SEM
image of dissimilar spot welds of aluminum alloy/zinc-coating steel.; (b) zinc-coating steel base metal
point 1; (¢) intermetallic compound (IMC) layer point 2; (d) aluminum alloy base metal point 3.
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Figure 9. Energy dispersive X-ray spectroscopy (EDS) analysis locations in the welded section: (a) SEM
image of dissimilar spot welds of aluminum alloy/non-coating steel. (b) Non-coating steel base metal
point 1; (c) close to non-coating steel intermetallic compound (IMC) layer point 2; (d) close to aluminum
alloy IMC layer point 3; (d) aluminum alloy base metal point 4.
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Table 18. SEM-EDS components of non-coating steel.

. Element (Wt %)
Position
Al-k Si-k Fe-k
Point 4 97.17 2.83 -
Point 3 74.36 - 25.64
Point 2 20.44 - 79.56
Point 1 - - 100.00

The zinc-coated steel was analyzed to have the following components. The IMC layer zone (point
2) contained a compound with a mixing ratio of Al(69.04%):Fe(30.30%):Zn(0.65%). In the case of
uncoated steel, a compound was extracted from the IMC layer closer to the aluminum alloy sheet (point
3), which was analyzed to have a mixing ratio closer to that of aluminum alloy, Al(74.36%):Fe(25.64%),
and the compound extracted from the IMC layer closer to the uncoated steel sheet (point 2) was
analyzed to have a mixing ratio of Al(20.44%):Fe(79.56%). These SEM-EDS analysis results suggest
that the difference in the bonding force between coated and uncoated steel sheets is attributable to the
presence of zinc in the IMC layer.

Figure 10 shows the difference in the thickness of the IMC layer between the zinc-coated steel
(Figure 10a, SGARC 440) and uncoated steel (Figure 10b, SPRC 440) sheets: 3.264 pm vs. 2.390 um.
In general, a thinner IMC layer, which is highly brittle, has a higher strength. In the case of uncoated
steel, however, a simple thickness comparison is not a good basis for the comparative evaluation of
weld strength because of the different chemical compositions of the compounds extracted from the
IMC layer [37].

SGARC 440 SPRC 440

Figure 10. Intermetallic compound (IMC) layer thickness measurement: (a) Zinc-coating steel;
(b) non-coating steel.

4. Conclusions

In this study, RSW between aluminum alloy (Al 6K32 1.0t) and carbon steel (SGARC 440 1.0t),
which could not be solved using conventional RSW processes, was achieved by using a DeltaSpot
welding system, and the RSW characteristics for different base metal combinations of aluminum alloy
and various steel types were analyzed. The findings of this study can be summarized as follows:

(1)  Inthe RSW of aluminum alloy to steel, lobe curve comparison verified the superiority of DeltaSpot
welding to inverter DC spot welding in terms of the acceptable weld zone and weld stability
owing to the effects of the process tape.
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(2)  The optimum values of six DeltaSpot welding process parameters were derived from the analysis
results for the welding characteristics of eight process parameters selected based on the results of
an earlier study on the RSW of an aluminum alloy (Al 6K32) of the same thickness.

(3) Weldability was evaluated as a function of the main current time, a main parameter along with
the current level and force 1. The results of the lobe curve analysis revealed an overall tendency
of the acceptable weld zone to move from the high- to low-current range, whereby no acceptable
weld zone was formed in the range lower than 7 kA.

(4) Weldability of aluminum alloy to different steel types was evaluated in order to enhance its
applicability to different welding process conditions based on the steel types used in vehicle body
assembly. The comparison of the weldability of aluminum alloy to zinc-coated and uncoated
steel sheets revealed its weldability to uncoated steel sheets to be very low. This low weldability
seems to be attributable to the fact that zinc melted onto the surface of the zinc-coated steel sheet
forms a compound in the IMC layer, thus improving the bonding force. The difference in the zinc
content in the IMC layer was verified by SEM-EDS analysis.

The significance of this study lies in the fact that a method of improving the weldability in the
dissimilar metal weld zone was developed for applications to aluminum alloy for industrial use as a
lightweight material. Furthermore, the developed methodology can be used to analyze the weldability
of various combinations of weld materials with the aim of establishing a database to strengthen
DeltaSpot’s applicability in the automotive industry.
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Abstract: The microstructure and properties of a Cu/304 stainless steel dissimilar metal joint brazed
with a low silver Agl6.5CuZnSn-xGa-yCe braze filler after aging treatment were investigated.
The results indicated that the addition of Ce could reduce the intergranular penetration depth
of the filler metal into the stainless steel during the aging process. The minimum penetration depth
in the Ag16.5CuZnSn-0.15Ce brazed joint was decreased by 48.8% compared with the Ag16.5CuZnSn
brazed joint. Moreover, the shear strength of the brazed joint decreased with aging time while the
shear strength of the AgCuZnSn-xGa-yCe joint was still obviously higher than the Ag16.5CuZnSn
joint after a 600 h aging treatment. The fracture type of the Ag16.5CuZnSn-xGa-yCe brazed joints
before aging begins ductile and turns slightly brittle during the aging process. Compared to all the
results, the Ag16.5CuZnSn-2Ga-0.15Ce brazed joints show the best performance and could satisfy the
requirements for cost reduction and long-term use.

Keywords: Ag-Cu-Zn; Rare earth; aging treatment; microstructure; mechanical properties

1. Introduction

The increasing demand for advanced manufacturing has required equipment with complex
structures and diversified properties. This demand has made the use of mixed-materials an
urgent need in various fields. For example, brass has excellent electrical and thermal conductivity,
but the low strength of brass joints can’t satisfy the requirements of industrial applications, such as
bearing compressing loads. Meanwhile, stainless steel posseses high strength but has poor thermal
performance [1-3]. Therefore, a combination of brass and stainless steel could possibly satisfy
requirements for both conductivity and mechanical properties. Currently, the composite structure of
brass and stainless steel has been widely used in the fabrication of cooling equipment, pressure vessels,
liquid cryogenic storage tanks, and heat exchangers [4-6].

Brazing has been proved to be an efficient way to achieve the joining of dissimilar metals by
using appropriate filler metals. Currently, the Ag-Cu-Zn series filler metal possess a number of
advantages: excellent wetting performance, excellent mechanical properties, outstanding conductivity,
and corrosion resistance. Therefore, Ag-Cu-Zn series filler metals have been commonly used in brazing
various ferrous metals and most non-ferrous metals, including steel to steel, copper to steel, copper
to copper, and titanium alloy to steel [5-8]. To further improve the performance of a brazed joint,
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a series of trace additions including Ca [9], In [10], Ni [11], and rare earth elements [12] has been
used to improve the mechanical properties and reliability of a Ag-Cu-Zn brazed joint. However, with
increasing competitive pressures in the manufacturing industry, silver-based filler metals are unable
to satisfy present requirements, due to the high cost of Ag (>30 wt.%). Therefore, the research of low
silver filler metal without sacrificing the properties of Ag-Cu-Zn based filler metal has become an
urgent issue.

Present research mainly focuses on improving the properties of Ag-Cu-Zn based filler metals
and the microstructure of joints through micro alloying [13-15], while research on the brazed joints
of brass/stainless steel, especially on their mechanical properties during the aging process, is still
rare. Considering the reliability of a brass/stainless steel joint in long-term service, filler metals with
designed additions of Ga and Ce were prepared in this paper. The effect of Ga and Ce addition on
the microstructure, properties, and fracture morphology of a brass/stainless steel joint after aging
treatment was investigated, and the relationship between the microstructure and its mechanical
properties was analyzed.

2. Experimental Procedure

All alloys were made from pure Ag (99.95 wt.%), pure Cu (99.95 wt.%), pure Zn (99.95 wt.%),
pure Sn (99.95 wt.%), pure Ga (99.95 wt.%), and pure Ce (99.5 wt.%). Raw materials of Ag, Cu, Zn, and
Ga were first melted in a medium induction furnace. Then, Sn-5Ce master alloy ingots were added
into the melted liquid alloy, which was held for 15 min, and mechanical stirring was performed every
5 min. Based on the previous research [16,17], the designed additions of Ga and Ce in the filler metal
are listed in Table 1.

Table 1. Compositions of filler metals (wt.%).

No. Ag Cu Zn Sn  Ga Ce

1 16.5 Bal. 35.44 2 0 0
2 16.5 Bal. 34.60 2 2 0
3 16.5 Bal. 34.26 2 0 0.15
4 16.5 Bal. 32.70 2 2 0.15

Figure 1 shows the geometry and dimensions of the brazing specimens for the shear strength test.
According to China’s National Standard, GB/T 11363-2008 [18], H62 brass and 304 stainless steel were
used as base metals and were cut into plates with dimensions of 80 mm x 25 mm x 3 mm. The brazed
joint specimens were prepared through automatic torch brazing using FB102 flux (B,O3(35 wt.%)
+ KBF4(23 wt.%) + KF(42 wt.%)). All specimens were cleaned in an ultrasonic batch using DI
water for 20 min after brazing. The strength of the brazed joints was tested on a SANS-CMT5105
electromechanical universal testing system (MTS, Minnesota, MN, USA) at room temperature, with a
constant crosshead speed of 2 mm/min. To ensure the accuracy of the results, each test was conducted
five times under the same conditions, and the average value was taken as the final result.

According to the test method, the military standard for microelectronics, MIL-STD-883 [19],
the specimens were placed in an oven maintained at a constant temperature for performing a high
temperature storage (HTS) test to determine the reliability of the brass/304 stainless steel brazed joints.
The aging temperature was 150 °C and the storage time was 0 h, 200 h, 400 h, and 600 h. The cross
sections of the brass/304 stainless steel joints were prepared by standard polishing techniques and
subsequently etched with etchant solutions ((NH4)2S,05(15 g) + H>O (100 mL) + NH3-H2O (2 mL)).
Microstructure observations were conducted with an optical microscope and a thermal field emission
scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) equipped with energy dispersive X-ray
spectroscopy (EDS) (Hitachi, Tokyo, Japan).
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Figure 1. Brazing specimens for shear strength test.

3. Results and Discussion

3.1. Effect of the Aging Treatments on the Interfacial Microstructure of the Brazed Joints

Figures 2 and 3 illustrate the interfacial microstructure of the brazed joints near the stainless
steel side after various aging times. The major composition of the brazing seams consisted of a Cu
based solution, a Cu-Zn phase, and a Ag-rich phase. It can be seen that the major composition in the
interfacial microstructure and morphology of the brazing seams had no significant change after aging
treatment. Moreover, the intergranular penetration phenomenon from the filler metal into the stainless
steel could be evidently observed, and the penetration depth increased with aging time. Moreover,
the white phase appeared in the brazing seam, and the interfacial microstructure became more bulky
over time.

| s V&S
E_snmr

Figure 2. Interfacial microstructure of the Ag16.5CuZnSn-xGa brazed joints after aging treatment:
(a—c) Agl6.5CuZnSn, (d-f) Ag16.5CuZnSn-2Ga.

Stainless steel

Figure 3. Cont.

226



Metals 2019, 9, 198

Figure 3. Interfacial microstructure of the Ag16.5CuZnSn-xGa-yCe brazed joints after aging treatment:
(a—c) Ag16.5CuZnSn-0.15Ce, (d-f) Ag16.5CuZnSn-2Ga-0.15Ce.

Figure 4 illustrates the EDS results of the Ag16.5CuZnSn-2Ga brazed joints near the stainless steel
side after a 400 h aging treatment. As a result of intergranular penetration of the filler metal into the
stainless steel, it can be found that Ag accumulated at the grain boundary, but no obvious accumulation
of elements Fe and Cr was observed near the stainless steel side. Intergranular penetration has proven
to be the key factor which affects the microstructure and mechanical properties of a brazed joint.
Extensive intergranular penetration may significantly deteriorate the strength and plasticity of the
brazed joint, resulting in fractures and connection failures [20,21]. Hence, the intergranular penetration
depth during the aging process was calculated to further determine the reliability of the brazed joints
after aging treatment.

Figure 4. EDS results of the Ag16.5CuZnSn-2Ga brazed joints after 400 h: (a) Cross section morphology
of brazed joints, (b) surface scanning, (c) Ag, (d) Cu, (e) Zn, (f) Ga, (g) Fe, (h) Cr, (i) Ni.

3.2. Effect of the Aging Treatment on Intergranular Penetration Depth in the Brazed Joints

Figure 5 shows a diagram of intergranular penetration depth calculation. The intergranular
penetration depth H from the filler metal into the stainless steel was calculated by H = S/d, where S
represents the penetration area, which was analyzed by image process software, and 4 was measured
as the width of the interface. Figure 6 shows the average intergranular penetration depth in the
Agl6.5CuZnSn-xGa-yCe brazed joints during aging. It can be seen that the intergranular penetration
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depth from the filler metal into the stainless steel increased with aging time. Compared to the original
Agl6.5CuZnSn filler metal, the intergranular penetration depth was greatly affected by the addition
of Ga/Ce during the aging process. After a 600 h aging treatment, the maximum intergranular
penetration depth was obtained in the Ag16.5CuZnSn-2Ga brazed joint, with a value of 5.258 pm,
while the minimum penetration depth in Ag16.5CuZnSn-0.15Ce was about 1.6 um. The penetration
depth in the Ag16.5CuZnSn-2Ga-0.15Ce brazed joint reached 2.044 um after a 600 h aging treatment,
which decreased by 48.8% compared to the original Agl16.5CuZnSn brazed joint. From the results
above, it can be concluded that the addition of Ce could reduce the intergranular penetration depth of
filler metal into stainless steel during the aging process. Previous studies have proven that the pining
effect caused by moderate intergranular penetration could be beneficial to the mechanical properties
of brazed joints [22]. However, excessive intergranular penetration would destabilize the interfacial
layer in the brazed joint near the stainless side, resulting in the formation of voids and fractures in the
non-planar interfacial layer, which would greatly reduce the mechanical properties of the brazed joint.
Therefore, the penetration depth is expected to be well controlled.

Brazing seam

| width d ,

Figure 5. Diagram of intergranular penetration depth calculation.
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Figure 6. Effect of the aging treatment on intergranular penetration depth in the Ag16.5CuZnSn-xGa-yCe
brazed joints.

3.3. Effect of the Aging Treatment on the Microstructure of the Brazing Seam

Figure 7 illustrates the microstructure of the Agl16.5CuZnSn-2Ga brazing seam after aging for
600 h. After a long time aging, a white phase appeared in the brazing seam; the composition of this
white phase consisted of Cu: 11.01 at.%, Zn: 26.05 at.%, and Ag: 60.40 at.%, based on the EDX result
in Figure 7c. Therefore, it can be concluded that the white phase is a Ag-rich phase. Moreover, a
bulk-like phase was found in the Ag16.5CuZnSn-0.15Ce brazing seam after 600 h of aging, as shown
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in Figure 8a. These intermetallic compounds(IMCs) were surrounded by a white phase. From the
EDX results in Figure 8b—f, the white phase consisted of a Ag-rich phase, while the composition of
the bulk-like phase, which can be interpreted as an RE-phase, consisted of elements Ce, Sn, and Ag.
According to the Hume-Rothery theory, the element Ce possess a large atomic radius and prefers to
form an intermetallic compound, instead of a solution, with Sn, Ag, and Cu, due to the large deviation
of its atomic radius [23]. Furthermore, formations of these IMCs tend to accumulate ahead of the solid
liquid interface during the brazing process, resulting in an increase of the under-cooling rate of the
filler metals; hence, the microstructure of the brazing seam is refined.
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Figure 7. Microstructure of the Agl6.5CuZnSn-2Ga brazing seam after aging treatment for 600 h:
(a) microstructure of Agl16.5CuZnSn-2Ga brazing seam, (b) EDX result of spot A, (c) spot B, (d) spot C.

Figure 8. EDX result of the RE-phase in the Ag16.5CuZnSn-0.15Ce brazed joint after aging treatment
for 600 h: (a) microstructure of the RE-phase, (b) Ag, (c) Zn, (d) Sn, (e) Ce, (f) Cu.
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3.4. Effect of the Aging Treatment on the Mechanical Properties of Brazed Joints

Figure 9 illustrates the effect of an aging treatment on the mechanical properties of the
brazed joints; it can be seen that the shear strength of the brazed joints decreases with aging
time. After an aging treatment for 600 h, the shear strength of Ag16.5CuZnSn, Ag16.5CuZnSn-2Ga,
Ag16.5CuZnSn-0.15Ce, and Agl6.5CuZnSn-2Ga-0.15Ce was lowered by 16.5%, 18.99%, 13.1%, and
15.0% respectively. Based on the results from Figures 7 and 8, since the Ag-rich phase possessed
higher hardness compared to the phases in the brazing seam, the detached Ag-rich phase during
the aging process caused defects due to the difference of physical properties with the surrounding
microstructure [24], which led to the deterioration of the mechanical properties of the brazed joints.

Moreover, the shear strength of the brazed joints bearing Ga/Ce was still obviously higher than
the original Ag16.5CuZnSn joint. It can be concluded that the addition of Ga and Ce could significantly
improve the mechanical properties of Ag16.5CuZnSn brazed joints after an aging treatment. Therefore,
brazed joints could satisfy the requirements for long-term use.
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Figure 9. Shear strength of Ag16.5CuZnSn-xGa-yCe after the aging treatment.
3.5. Effect of the Aging Treatment on the Fracture Morphology of Brazed Joints

The fracture morphology of brazed joints can describe the effect of Ga and Ce additions
on the mechanical properties of filler metals. Figure 10 illustrates the fracture morphology of
Agl6.5CuZnSn-2Ga, Ag16.5CuZnSn-0.15Ce, and Agl6.5CuZnSn-2Ga-0.15Ce brazed joints with and
without aging treatment. It can be seen that the fracture morphology of brazed joints before aging
showed a dimpled structure, which means that the fracture type was ductile. Meanwhile, the fine
and uniform dimples in the fracture of the Ag16.5CuZnSn-2Ga-0.15Ce brazed joint showed excellent
performance compared to the other joints. Moreover, the microstructure of the fractures in the brazed
joints became coarse; there were particles and cracks observed in the fracture after aging treatment for
600 h, resulting in a slightly more brittle fracture type. The EDX results of spot A and B illustrate that
the main composition of the fracture microstructure consists of Ag, Cu, and Zn, which demonstrates
that the fracture occurred in the brazing seam. Based on the results in Figures 6-8, the transformation of
the microstructure, including intergranular penetration and the detached Ag-rich phase, could be the
main factor that deteriorated the mechanical properties of the brazed joints during the aging process.
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Figure 10. Fracture morphology of Ag16.5CuZnSn-xGa-yCe brazed joints after a 600 h aging treatment.
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4. Conclusions

(1) The addition of Ce could reduce the intergranular penetration depth from filler metal to
stainless steel during the aging process. The minimum penetration depth in the Ag16.5CuZnSn-0.15Ce
brazed joint was 1.6 um after a 600 h aging treatment, which was decreased by 48.8% compared to the
original Ag16.5CuZnSn brazed joint.

(2) The shear strength of brazed joints decreased with aging time, and the brazed joints bearing
Ga/Ce possessed notably higher mechanical properties than the original Ag16.5CuZnSn joint after a
600 h aging treatment. The optimum shear strength was obtained in the Ag16.5CuZnSn-2Ga-0.15Ce
brazed joint.

(3) The fracture type of the Ag16.5CuZnSn-xGa-yCe brazed joints before aging began ductile and
turned slightly brittle during the aging process. The Ag16.5CuZnSn-2Ga-0.15Ce brazed joint showed
optimum performance compared to the other joints.
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Abstract: This study investigated the microstructure of the dissimilar metal welding of Inconel 625
and AISI 316L using Continuous Current Gas Tungsten Arc Welding (CCGTAW) and Pulsed Current
Gas Tungsten Arc Welding (PCGTAW) processes with ERNiCr-3, TIG 316L and twisted (ERNiCr-3 and
TIG 316L) fillers. Microstructure examinations were carried out using an optical microscope and
Scanning Electron Microscopy (SEM)/Energy Dispersive X-Ray (EDAX). The results of the study
showed the existence of a partially melted zone (PMZ) on the AISI 316L side. Weld zone (WZ)
analysis showed the existence of a multi-directional grain growth on the 316L side in all specimens,
although less growth was found on the Inconel 625 side. Grain growth almost disappeared using
PCGTAW with twisted fillers. SEM/EDAX investigations indicated that secondary deleterious
secondary phases were tiny and white in five experiments. However, a meager amount of
precipitates occurred in PCGTA welding with twisted fillers. Moreover, these were particularly
innocent precipitates, represented by black dots in images, whereas other tiny white secondary
phases are known to be brittle. As a result, PCGTA welding with twisted fillers exhibited the best
metallurgical properties.
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1. Introduction

Inconel 625 is a nickel-based super alloy, which has good corrosion resistance properties at
cryogenic as well as very high temperatures. Thus, it is the preferred material in many heavy industries.
It is used in the reactor-core of nuclear power plants, boilers, piping, exhaust systems of racing cars,
impellers of chemical vessels, power plant turbine blades, aerospace engine components, etc. [1-3]. It is
often used as dissimilar joints, with several metals in field applications. For example, bimetallic joints
of Inconel 625 and AISI 304 L are used in high temperature media in thermal power and nuclear power
plants to cryogenic applications [4]. Bimetallic joints of Inconel 625 and duplex stainless steel pipes are
used in sub-sea manifolds [5]. Bimetallic combinations of Inconel 625 and austenitic stainless steels
were used by NASA for manufacturing of sub-scale boilers [6]. The bimetallic joints of Inconel 625 and
austenitic stainless steel AISI 316 L are used in the chemical process at very high temperatures, especially
the chromic acid calcining process, which contains a diluted acidic environment. Therefore, many
researchers have studied it during last decade [7-11]. One of the main reasons is that it reduces cost of
materials, and the other is that it improves design as a result of operating environment requirements [12].
Different metals have different chemical and physical properties; hence, the dissimilar metal welding
process has some disadvantages. A weld pool consists of a molten metal mixture, which has unknown
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chemical and mechanical properties [13,14]. Thus, some specific parameters, such as proper filler metal
and current type selection, could minimize weld defects.

Gas Tungsten Arc Welding (GTAW) is one the preferred dissimilar welding technique in the
manufacturing industry due to its high development, ease of use, low investment value and low
operating cost. The main disadvantage of GTAW is that the welding of thick parts requires a multi-pass,
which causes a higher heat input. This causes a Laves phase formation as a result of the segregation of
Nb and Mo at a high temperature. This leads to a change in the microstructure and mechanical properties
of both the heat affected zone (HAZ) and weld zone, leading to a decreased corrosion resistance [15].

Because of the content of Nb and Mo elements, Inconel 625 exhibits a precipitation disposition
in welding treatment. The solidification of Inconel 625 starts at nearly 1368 °C. During fusion weld
overlay solidification, NbC carbides (LE — y + NbC) and austenite forms occur at 1250 °C, and an
austenite and brittle intermetallic Laves phase (LE — v + Laves phase) occurs at 1150 °C. If the alloy
has a high Si and low C content, an additional carbide (M6C) could occur during solidification [16].

Ramkumar et al. [10] studied the corrosion behavior of the similar and dissimilar TIG welding
of Inconel 718 and SS 316L. Both similar weldments of Inconel 718 and SS 316L possessed a lower
hardness value than that of dissimilar weldments. A higher hardness occurred as a result of the brittle
phases of Cr and Ni precipitation in HAZ. Corrosion tests showed that the maximum weight loss was
found in dissimilar weldments, which backed up the thesis that carbides decrease corrosion resistance.
In some studies, various improvements were recommended for minimizing micro-segregations and
precipitates in a liquid nitrogen aided cooling system for GTAW [17], double shot laser shock peening
on the fusion zone [18], and a post weld heat treatment (PWHT) [16,19]. PWTH reduces residual
stresses, although it causes increasing precipitations [20] in some cases.

One of the major parameters for dissimilar welding is the selection of appropriate filler metals
for both base metals. Prabu et al. [21] studied the effects of two filler materials, ErNiCrMo-4 and
ERNiCrCoMo-1, on the dissimilar welding of Inconel 625 and AISI 904L using GTAW. Researchers
found that the segregated zone is wider and more visible in ERNiCrCoMo-1 welding compared
with ERNiCrMo-4 welding, because of the migration of C. Ni-based filler metal and AISI 904 L have
different chemical compositions, and a wider unmixed zone occurred on the AISI 904 L side rather
than on the Inconel 625 side. This is evidence of the importance of the similarity between base and
filler metals in the welding process. Moosavy et al. [22] investigated the microstructural evolutions
of the dissimilar welding of AISI 310 and Inconel 657 using four types of filler metals: Inconel 82,
Inconel A, Inconel 617 and type 310 SS. Thus, the presence of a high Mo content of Inconel 617 filler
generated brittle phases. Likewise, 310 SS led to continuous precipitates. Inconel 82 generated NbC
precipitates, whereas Inconel A did not show the formation of NbC in the interdentric region. PWHT
ensured the removal of the unmixed zone of Inconel 657 on the base metal side. Mortezaie and
Shamanian [9] studied the dissimilar welding of Inconel 718 and AISI 310S using GTAW with three
different filler metals. According to their results, Inconel 82 exhibited the best corrosion resistance
and highest energy impact in a V-Charpy test. Ramkumar et al. [23] researched the influence of filler
metal and welding techniques on the dissimilar welding of Inconel 718 and AISI 316L. The authors
used two filler materials, ER2553 and ERNiCu-7, and two welding techniques, Continuous Current
Gas Tungsten Arc Welding (CCGTAW) and Pulse Current Gas Tungsten Arc Welding (PCGTAW).
They controlled the precipitations through PCGTAW. Furthermore, the Nb free ErNiCu-7 filler did
not cause precipitations. Hejripour and Aidun [24] conjoined Inconel 718 and AISI 410 by GTAW.
Researchers selected the twisted filler metals of 718-410 and 82-410. Secondary phase formations
formed a higher volume in the 718-410 weld zone than in the 82-410 weld zone because of the higher
Nb content.

Kumar et al. [25] investigated metallurgical and mechanical properties of bimetallic joints of
Inconel 625 and AISI 316L materials. Researchers used CCGTA and PCGTA welding processes
employing ERNiCr-3 and ER2209 filler metals. Microstructural investigations showed that
secondary phases were occurred at the HAZ of Inconel 625 employing ERNiCr-3 filler metal.
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However, PCGTA welding minimized secondary phases formation. Tensile tests present all fractures
occurred at the parent metal of AISI316L. And both welding techniques employing ERNiCr-3 exhibited
better mechanical properties. Researchers recommend PCGTA welding employing ERNiCr-3 for
bimetallic joints of Inconel 625 and AISI 316L. In another study focused on dissimilar welding of
Inconel 625 and AISI 316 L, Kournadi and Haghighi [26] investigated the effects of different welding
methods on metallurgical and mechanical properties. Authors used shield metal arc welding (SMAW)
and GTA welding employing ERNiCrMo-3 and TIG 316L filler metals and an electrode NiCrMo-3.
Results showed that SMA welding reduced metallurgical and mechanical properties. GTA welding
employing ERNiCrMo-3 exhibited the best properties for welding Inconel 625 and AISI 316L.

There are several welding methods, such as laser beam (LB), electron beam (EB), friction stir,
explosion welding (EW), etc., for joining various dissimilar metals. Xie et al. [27] investigated interface
characteristics of explosive welded and hot rolled TA1/X65 bimetallic plate. In the vortex zone
brittle intermetallic compounds and cracks were detected. Topolski et al. [28] studied the properties
of Ti6Al4V /Inconel 625 Bimetal obtained by EW. Results showed that chemical composition was
clearly changed in the fusion line and elemental transfer was obtained between the metals. The main
disadvantage of EW is its use of thin sheets. Mohammed et al. [29] studied the fiber laser welding
of duplex stainless steel 2205 and austenitic stainless steel 304. From the SEM results, formation of
micro-voids confirmed the ductile mode of fracture. Small HAZ obtained between metals and rapid
solidification in the fusion zone improved the mechanical properties of the weldments. Shakil et al. [30]
investigated electron beam welding of dissimilar Inconel 625 and AISI 304L. Columnar and cellular
dendritic microstructures were observed in the fusion zone. Ni and Fe elements transferred from
Inconel 625 to FZ and from FZ to AISI 304L. These technological welding types provide some
advantages on metallurgical and mechanical properties of weldments. However, there are similarly
some problems, such as undesirable elemental transfers, presence of brittle structures, etc. On the other
hand, they have weaknesses such as thickness limits, as well as investment and operating costs.
Therefore, GTA welding is commonly used with cheap costs and wider thickness limits.

Although bimetallic joints of Inconel 625 and AISI 316L metals used several applications,
limited studies focused on the dissimilar metal welding of Inconel 625 and AISI 316L.
Furthermore, studies that focused on the dissimilar metal welding of Inconel and stainless steel
experimented with thin plates in general. In this investigation, 20 mm thickness Inconel 625 and AISI
316L, conjoined with CCGTA and PCGTA welding processes with ERNiCr-3, TIG 316L and twisted of
both filler metals, was studied. TIG 316L is a Nb free filler, which is expected to prevent the Laves
phase. Metallurgical characterizations were carried out using Optical Microscopy (OM) and Scanning
Electron Microscopy (SEM), and compositional analysis was carried out using Energy Dispersive
Spectroscopy (EDS). The results of microstructural tests are presented in corresponding sections.

2. Materials and Methods

The chemical composition of the as-received solution of annealed Inconel 625 and AISI 316L base
metals and filler metals are given in Table 1. Base metals were machined to rectangular samples with the
following dimensions: 200 mm x 60 mm x 20 mm. Standard double V-Butt configurations (with a root
face thickness of 1 mm, a 2 mm gap, and with a 60° angle) were employed for the samples. Two filler
wires were selected: ERNiCr-3 and TIG316L (thickness 3.2 mm). However, both wires combined and
created a third filler metal for welding. Three of the samples were welded using CCGTA welding,
whereas the other three samples were welded using the PCGTA welding process.

Welding parameters are given in Table 2. High purity argon gas (99.9%) was used as a shielding
gas at 15 L per minute. Samples were welded using the semi-automatic GTAW (automatic welding
speed with manual filler feeding) setting of the Fronius Magicwave Synergic 2200 (Fronius International
GmbH, Wels/ Austria) welding machine (shown in Figure 1) in continuous and pulsed current modes.
After welding, samples were sliced to several coupons for mechanical and metallurgical tests.
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Control Unit

Semi-Auto
Welding
Machine

Figure 1. Semi-automatic Gas Tungsten Arc Welding (GTAW) setting.

Table 1. Chemical composition of the base and filler metals (wt %).

Base/Filler C Cr Si Ni P Mn Nb+Ta Mo Fe Other
Cu—0.05
Inconel Al—0.11
5 0.04 2212 015 Rem. 0.012 0.09 3.38 832 448 Ti—0.21
Co—0.3
AISI 316L 0.02 1725 0.04 1038 0.039 1.78 - 215 Rem. S—0.004
Ti—0.40
ERNiCr-3 0.04 20.0 0.09 73.00 0.003 2.8 2.4 - 15 5—0.002
' ' : ' : : : © Cu—003

Other < 0.5

Cu—0.75

TIG316L 0.02 18 0.45 12 0.04 1.70 - 2.3 Rem. S 003
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Table 2. Process parameters employed in Continuous Current Gas Tungsten Arc Welding (CCGTAW)
and Pulse Current Gas Tungsten Arc Welding (PCGTAW).

Current (A) Frequency Welding Speed

Weldin; Filler Pass —— Voltage (V)  Duty Cycle
& Peak Back 8 (Hz) (mm/s)
Root 1 110 - 14 - - 0.56
Pass1 110 . 17 . . 071
, Capl 110 . 18 . . 0.95
ERNiCr3 poot2 110 . 15 . . 0.65
Pass2 110 . 17 . - 0.82
Cap2 110 : 20 - ; 1.09
Root 1 110 - 15 - - 0.62
Pass1 110 . 17 . . 0.79
Cap1 110 - 19 - - 1.02
CCGTAW P
TIG316L  poot2 110 . 13 . . 0.78
Pass2 110 . 16 : : 0.92
Cap2 110 - 18 - - 1.18
Root 1 120 - 16 - - 0.81
Pass1 120 . 19 . . 1.02
Capl 120 - 20 - - 115
TWISTED  pogt2 120 . 14 . . 0.95
Pass2 120 : 16 . : 113
Cap2 120 - 18 - - 1.29
Root1 170 100 12 50% 6 0.56
Pass1 170 100 15 50% 6 0.71
, Capl 170 100 16 50% 6 0.95
ERNiCr3  poot2 160 90 13 50% 6 0.65
Pass2 150 85 14 50% 6 0.82
Cap2 150 85 16 50% 6 1.09
Rootl 170 100 11 50% 6 0.62
Pass1 170 100 15 50% 6 0.79
Capl 170 100 17 50% 6 1.02
PCGTAW P
TIG316L  poot2 160 90 10 50% 6 0.78
Pass2 150 85 14 50% 6 0.92
Cap2 140 80 16 50% 6 118
Root1 180 110 13 50% 6 0.81
Pass1 170 100 15 50% 6 1.02
Capl 170 100 17 50% 6 115
TWISTED  pogt2 170 100 12 50% 6 0.95
Pass2 160 90 14 50% 6 113
Cap2 150 85 15 50% 6 1.29

Each sample has been studied with respect to both parent metals, both heat affected zones (HAZ),
and a weld zone in five sections. Specimens were polished using the sandpaper sheets of silicon carbide
(SiC) with various grit sizes from 150 to 1000, then by a final mechanical polishing with 2 um polishing
paste. To display the microstructures at the specified zones of weldments, a mixture of 10% oxalic acid
was used for electrolytic etching, with a 6 DC supply for 20 s at room temperature. Optical investigations
were carried out using Carl Zeiss brand Axio Imager M2M model optical microscope (Carl Zeiss,
Cambridge, UK). The microstructural and element distribution analysis were carried out using Carl Zeiss
brand Evo MA10 model Scanning Electron Microscope (SEM) (Carl Zeiss, Cambridge, UK) equipped
with an Ametek brand Apollo X model Energy Dispersive Spectrometer (EDS) (Ametek, Mahwah,
NJ, USA). Both point and line mapping analyses were implemented to reveal elemental displacements
across weldments.
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3. Results

3.1. Macrostructure of the Weldments

The photographs of both the CCGTAW and PCGTAW dissimilar weldments of Inconel 625 and
AISI 316L metals are shown in Figure 2. Weld seams are free of slags. The cross-section macrographs
of the CCGTA and PCGTA welded samples are shown in Figure 3.

/2 Wob ;’ 0 Ne\u
Inconél 625 Pacgd
Nee J ¢

Inconel
625

1

Figure 3. Cross-section macrographs of the CCGTA (a—c) and PCGTA (d-f) weldments of Inconel 625
and AISI 316 L.

According to visual testing (VT) and ultrasonic testing (UT), all experiments present full
penetration without any lack, porosities, spatters, etc.

3.2. Microstructural Investigation

3.2.1. Microstructure of the CCGTA Welding

Interfacial microstructures of the CCGTA welded samples are shown in Figure 4. Investigations
revealed that secondary phases prominently present as an unmixed zone (UZ) on all Inconel 625
sides (Figure 4b,d,f). The UZ on the Inconel 625 side welded with an ERNiCr3 filler has disappeared,
although no aging treatment was performed. A partially melted zone (PMZ) was observed in the
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interface on the AISI 316L side with TIG 316L and twisted fillers (Figure 4c,e). Additionally, equi-axed
and columnar dendrites were observed in the weld zone (WZ) microstructure on the AISI 316L sides.

ERNICe3

TIG316L

ERNICr3 +
TIG316L

ERNICr3 +
TIG316L

Figure 4. Microstructures of bimetallic joints of Inconel 625 and AISI 316L obtained by CCGTA welding,
employing ERNiCr3 (a,b), TIG 316L (c,d), Twisted Fillers (ef).

3.2.2. Microstructure of the PCGTA Welding

Interfacial microstructures of the PCGTA welded samples are shown in Figure 5. Secondary phases
of UZ were also obtained in PCGTA welding. Particularly on the Inconel 625 side of 316L welding with
twisted fillers (Figure 5d,f), UZ is clearer. On the AISI 316L side, equi-axed and columnar dendrites
were observed in WZ. Twisted fillers presented PMZ on the AISI 316L side, and UZ disappeared on
the Inconel 625 side. However, minimum grain coarsening was observed in WZ, which indicates
improved metallurgical properties.
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ERNICr3

ERNiCr2

TIG316L

TIG316L

ERNiCr3 +
TIG316L

Figure 5. Microstructures of bimetallic joints of Inconel 625 and AISI 316L obtained by PCGTA welding,
employing ERNiCr3 (a,b), TIG 316L (c,d), Twisted Fillers (e,f).

3.2.3. Line Mapping Analysis of the CCGTA Welding

Line mapping analysis of the CCGTA welding process is represented in Figure 6. Major elemental
transfers has been detected as Ni, Fe and Cr. As can be seen in Figure 6a—c, Fe moved from AISI 316L
to WZ or vice versa, and Ni moved from WZ to AISI 316L, in all filler types. Nb and Mo transfers
occurred from Inconel 625 to WZ relatedly. Cr migration is meager in all experiments.
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Figure 6. Line mapping analysis of bimetallic joints of Inconel 625 and AISI 316L obtained by CCGTA
welding, employing ERNiCr3 (a), TIG 316L (b), Twisted Filler (c).

3.2.4. Line Mapping Analysis of the PCGTA Welding

Line mapping analysis of the PCGTA welding process is represented in Figure 7. In all cases,
the element Fe migrated from AISI 316L to WZ and vice versa, and the element Ni migrated from WZ
to AISI 316L, as shown in Figure 7d e f. A meager amount of Cr migration from both Inconel 625 to
WZ and from AISI 316L to WZ was observed for all fillers. Maximum amount of Nb migration was
observed from Inconel 625 to WZ employing TIG 316L.
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Figure 7. Line mapping analysis of bimetallic joints of Inconel 625 and AISI 316L obtained by PCGTA
welding, employing ERNiCr3 (d), TIG 316L (e), Twisted Filler (f).

3.2.5. SEM/EDAX Analysis of CCGTA Welding

The presence of tiny secondary phases, which are represented in white in Figure 8, was observed
in the SEM/EDAX spot analysis of the weld zones of CCGTA welding. Analysis showed that these
secondary phases in the fusion zone consisted of an enriched amount of Nb, Cr, Mo, Ni and Nb.
The pitting points, Spot 4 and Spot 6, contain a restricted element, whereas other shiny white spots
contain a great number of elements. Secondary phases were found to be continuous in all weldments.
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Element Weight % Atomic %
Spot 1 cK 39.37 66.36
oK 11.63 14.72
siK 3.47 2.50
NbL 3.76 0.82
: CaK 3.56 1.80
al ! " . crk 8.74 3.40
“H1T ' e 3 FeK 13.34 4.83
m 1“ L J - [ NiK 16.13 5.56
Element | Weight % Atomic %
cK 60.54 84.95
Spot 2 oK 5.55 5.84
PK 2.31 1.26
NbL 11.03 2.00
Mol 2.37 0.42
= R crk 6.29 2.04
-l FeK 5.30 1.60
Loa ~a NiK 6.60 1.90
Element | Weight% | Atomic %
Spc{t 3 oK 17.25 45.09
NbL 19.84 8.93
. Mol 6.00 2.62
- Crk 21.36 17.18
FeK 23.57 17.65
. NiK 11.97 8.53
o
spOt 4 Element Weight % Atomic %
Mol 1.44 0.83
" crk 25.79 27.65
i FeK 49.50 49.42
. & l NiK 23.27 2210
o |
: ‘ s A A‘ i
Element | Weight% | Atomic %
cK 113 28.27
NK 743 15.53
OK 10413 19.32
NbL 15.59 5.12
TiK 13.90 8.85
crk 10.68 6.27
FeK 10.90 5.96
NiK 20.56 10.69
. SpOt 6 - Element | Weight% | Atomic %
SK 3.60 6.15
- . crK 22.07 23.23
FeK 27.33 26.79
1 NiK 47.00 43.83
h ‘ "nw

Figure 8. SEM/EDAX point analysis of the dissimilar CCGTA welding of Inconel 625 and AISI 316L,

employing ERNiCr-3 (a), TIG 316L (b), Twisted Filler (c).

3.2.6. SEM/EDAX Analysis of PCGTA Welding

SEM/EDAX point analysis results of PCGTA welding zones are given in Figure 9.
Secondary phases contain an enriched amount of Al, Nb, Ni, Cr and Ti, and they are found to
be continuous. In ERNiCr3 and TIG 316L filler results, only a specific element was determined.

The twisted filler created more element movement at WZ.
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Element Weight % Atomic %

AlK 22.54 37.06
NbL 17.25 8.24

TiK 45.72 42.35
CrK 14.49 12.36

Element Weight % Atomic %

' oK 6.33 19.39
CrK 22.94 21.61
NiK 70.73 59.00

->:

Element W.eight % Atomic %

il & NbL 19.46 12.52
= Crk. 26.33 30.28
FeK 38.04 40.73

NiK 16.17 16.47

Element Weight % Atomic %

OK 16.50 37.39
SiK 10.97 14.15
Crk 23.42 16.32
MnK 23.58 15.56

FeK 25.54 16.58

1%

Element Weight % Atomic %
OK 19.88 42.64
AIK 1243 15.81
NbL 7.31 2.70
TiK 18.08 12.95
CrK 11.91 7.86
FeK 9.40 5.78
NiK 20.98 12.26

N

Element Weight % Atomic %
OK 20.66 40.88
MgK 2.37 3.08
AIK 20.23 23.74
NbL 417 1.42
TK 12.56 8.30
CrK 10.71 6.52
FeK 9.25 5.24
NiK 20.04 10.81

Figure 9. SEM/EDAX point analysis of the dissimilar PCGTA welding of Inconel 625 and AISI 316L,
employing ERNiCr-3 (a), TIG 316L (b), Twisted Filler (c).

3.3. Mechanical Investigation

3.3.1. Hardness Tests

The micro-hardness measurements were made by using Vickers hardness tester. Hardness
studies were carried out across the entire width of the weldments vis-a-vis cap, filler and root passes.
Results are given in Figure 10. The average weld hardness for CCGTA welding was found minimum
in the root pass 265.16 HV, 245.10 HV, 250.85 HV employing ERNiCr-3, TIG 316L and twisted fillers
respectively. Peak hardness value was measured (385.30 HV) at the cap pass employing ERNiCr-3
filler metal. The average weld hardness for whole weldment was found to be its maximum (281.72 HV)
employing ERNiCr-3 filler metal.
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Figure 10. Micro hardness results for CCGTA welding employing ERNiCr-3 (a), TIG 316L (b), Twisted
Filler (c), and PCGTA welding employing ERNiCr-3 (d), TIG 316L (e), Twisted Filler (f).

The average weld hardness for PCGTA welding was found minimum in the root pass similar
with CCGTAW, with values 255.34 HV, 246.33 HV, 244.78 HV employing ERNiCr-3, TIG 316L and
twisted fillers respectively. Peak hardness value was measured (389.63 HV) at the filler pass employing
ERNiCr-3 filler metal. The average weld hardness for whole weldment was found maximum (275.08
HV) employing ERNiCr-3 filler metal.

3.3.2. Tensile Test

Tensile test was carried out on the dissimilar weldments obtained from the CCGTA and PCGTA
welding techniques employing ERNiCr-3, TIG 316L and twisted fillers, and are shown in Figure 11.
Results of CCGTA weldments clearly depicted that the fractures occurred at WZ employing ERNiCr-3
and TIG 316L, whereas fracture occurred at parent metal of AISI 316L side employing twisted fillers.
Results of PCGTA weldments have shown that the fracture occurred at WZ employing ERNiCr-3,
whereas fractures occurred at parent metal of AISI 316L side employing TIG 316L and twisted fillers.
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CCGTAW

Figure 11. Tensile test results CCGTAW employing ERNiCr-3 (a), TIG 316L (b), Twisted Filler (c), and
PCGTA welding employing ERNiCr-3 (d), TIG 316L (e), Twisted Filler (f).

The average tensile test properties of the CCGTA and PCGTA weldments are represented in
Table 3. As it seen from the results, ductility measured in terms of percentage elongation at the break
load 34%, 32% and 36% (CCGTAW emp. ERNiCr-3, PCGTAW emp. TIG 316L, PCGTAW emp. twisted,
respectively) which fractures occurred at parent metal of AISI 316L.

Table 3. Tensile Test Results of CCGTAW and PCGTAW

Yield Strength Tensile Strength

Weldment (MPa) (MPa) Elongation (%)  Fracture Zone
CCGTAW emp. ERNiCr-3 442 674 34 AISI 316L
CCGTAW emp. TIG 316L 389 529 13 4

CCGTAW emp. Twisted 437 567 19 A4
PCGTAW emp. ERNiCr-3 401 532 17 A4
PCGTAW emp. TIG 316L 446 661 32 AISI 3161

PCGTAW emp. Twisted 451 687 36 AISI 3161

4. Discussion

Non-Destructive Testing (NDT) analysis and macro-photograph observations show that all
weldments were free from gap, lack of penetration, spatter, defects, etc. This indicated that all
techniques and filler metals were proper for the dissimilar welding of Inconel 625 and AISI 316L.

The interfacial and weld zone microstructures of CCGTA and PCGTA welding are given in
Figures 4 and 5, respectively. Employing TIG 316L and twisted fillers, clear PMZs were observed in the
HAZ of CCGTA welding (Figure 4c,e). PMZ generally formed right next to the exterior of the fusion
zone, where the material is over-heated by the eutectic temperature [31]. PMZ could cause cracking,
and this is an undesirable result. Figure 8c depicts an obvious crack. It is clear that widest PMZ’s
are concretized cracking. Figures 4 and 5 show CCGTA and PCGTA welding microstructures; widest
PMZ'’s were determined in CCGTA welding employing twisted fillers (Figure 4e,f). Employing twisted
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filler by using CCGTA welding might cause unknown chemical composition at WZ, which leads to
PMZ, hence cracking. However, UZs were obviously determined at the HAZ of Inconel 625 with TIG
316L and twisted fillers (Figure 4d,f). In the dissimilar welding process, UZ formation is an expectation
when the melting range of base and filler metals is largely varying. In this connection, the heat input
was not able to provide a proper welding pool, leading to the formation of an unmixed zone [8,32].
Researchers observed that the UZ area is greater on the nickel-based Inconel 625 side compared with
that on the AISI 316L side. Dev et al. [8] exhibited similar results in their study, and they attributed
them to the melting-solidification rate of the nickel element. UZs were also confirmed in the HAZ
on the PCGTA welding Inconel 625 side, as shown in Figure 5d,e. It is confirmed that the current
type could not prevent the formation of UZ. Multi-pass welding might cause a multi directional grain
growth, however, PCGTA welding could control grain growth at WZ [23]. In PCGTA welding, peak
and back currents provide a fluctuation of temperature in the weld pool, which effects the grain
configuration during solidification. It can be seen in Figure 5 that PCGTA welding controls the grain
growth, excepting the TIG 316L welded specimen. Naffakh et al. [22] subjected dissimilar weldments
of Inconel 657 and AISI 310 to heat treatment after welding. UZs disappeared as a consequence of
the heat treatment. CCGTA welding with ERNiCr-3, shown in Figure 4a, and PCGTA welding with
the twisted filler, shown in Figure 5f, indicate that UZs also disappeared without any heat treatment.
Researchers tend to agree that a homogeneous cooling rate might occur in these regions. In PCGTA
welding with ERNiCr-3, shown in Figure 5b, Migrated Grain Boundaries (MGBs) were clearly observed
at WZ. According to DuPont et al. [15], an Ni-rich filler ensures a fully austenitic phase in WZ in
addition to multi-pass welding, which would likely cause MGBs.

Line mapping analysis demonstrated a migration of elements on both sides. In CCGTA welding,
Fe movement from AISI 316L to WZ or vice versa, and Ni movement from WZ to AISI 316L,
was observed. Due to similar chemical compositions (Table 1), Ni and Cr movements from Inconel 625
to WZ were minimal, as shown in Figure 6. A meager amount of Cr migration from AISI 316L to WZ
for all fillers ERNiCr3 and TIG 316L fillers has been observed. Due to the difference in the chemical
composition of the metals, Ni migrated from Inconel 625 to WZ (Figure 6d). In PCGTA welding,
a miserable Cr movement was observed with ERNiCr-3 and twisted fillers, as shown in Figure 7d,f.
Employing twisted fillers reveals the dramatically edged migrations of Fe and Ni elements, which tend
to mix the two metals.

SEM/EDAX analysis indicated that the formation of Nb-, Ti-, Cr-, Mo-, Min- and Ni-rich phases
occurred in the WZs. Similar precipitations were observed at the HAZ of Inconel 625 and HAZ of AISI
316L for all specimens. It is well-known that deleterious secondary phases may reduce the corrosion
resistance of weldment [24]. The formation of Nb-rich secondary phases was observed on the GTA
welds with ERNiCr-3 because of its Nb content. As expected, the formation of Nb-rich phases in
CCGTA welding with an ERNiCr-3 filler can clearly be seen in Figure 8a. However, secondary phase
formation was slightly reduced with PCGTA welding, as shown in Figure 9a. Kumar et al. [25] also
found similar microstructural results in their study. Nevertheless, Nb, Ti, Ni and Cr precipitates were
located, which also reduces the corrosion resistance [10]. The TIG 316L filler material does not contain
Nb in the chemical composition, although an Nb-rich formation was confirmed. Nb migrated from
Inconel 625 to WZ. This caused the formation of a Laves phase, as can be seen in Spot 3. In Figure 8c,
an enriched amount of Nb, Ti, Cr and Ni precipitates occurred in CCGTA welding with twisted fillers.
Ti and Ni elements at a high temperature using the welding process are prone to form TiN [33]. The TiN
phase was inert when the Laves phases occurred. Nb-, Cr-, Ni- and Mn-rich precipitation is illustrated
in Figure 9b. The analysis of PCGTA welding with twisted fillers is demonstrated in Figure 9c.
According to the figure, the absence of white secondary phases was observed. However, differently
viewed, infrequent secondary phases represented by black dot shapes also occurred. These phases
contain a rich amount of Al, Ti, Cr and Ni. This is the lowest density formation compared with the other
experiments. The main welding parameter was current type. In the experiments, pulse current leads
to control solidification phases. Therefore, PCGTA welding ensures the minimization of secondary
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phase formation. These results support the study of Kumar et al. [25]. In sum, the OM results also
support the SEM results that PCGTA welding with twisted fillers has the best metallurgical properties.

When welded metals cool slowly, they cause the extension of micro-segregation. To minimize
micro-segregation heat input should be reduced. In other words, minimum heat input would increase
cooling rate, and this helps to reduce segregation of Nb and Laves phase [26]. CCGTA and PCGTA
welding processes have nearly the same heat input with stationary welding parameters as base metal
filler, current etc. Researchers observed Laves Phases PCGTA welded specimens. Authors suppose
that high current range could cause high heat input and so form Laves phases.

It is evident from the hardness tests that maximum WZ hardness magnitudes were detected
at ERNiCr-3 welded specimens for both CCGTA and PCGTA welding (Figure 10). This could be
formation of secondary phases. PCGTA welding hardness results are lower that CCGTA welding
results. It is clear from the micro hardness results that PCGTA welding reduces the formation of
secondary phases, which improves the properties of weldments. Fracture occurred at WZ in three tests.
The obvious crack, which can be seen at SEM analysis, was cause to reduced weld tensile strength.
The researchers observed micro-cracks in the WZ which was due to the segregation of Nb. These micro
cracks were caused due to fractures at WZ during tensile test of PCGTA welding employing ERNiCr-3.
This result is conflict with the study of Kumar et al. [25], which could be peak current differences
between the studies. Authors commented that peak-base current for ERNiCr-3 was selected high.
Tensile test results show that sample PCGTA welding employing twisted fillers exhibits the highest
tensile strength and elongation.

5. Conclusions

This study investigates the microstructural properties of the dissimilar metal welding of
a nickel-based super alloy, Inconel 625, and an austenitic stainless steel, AISI 316L, obtained by
CCGTA and PCGTA welding with ERNiCr-3, TIG 316L and twisted (ERNiCr-3 and TIG 316L) fillers.
The results of the study can be summarized as follows:

e  Successful weldments obtained for all specimens in terms of macrostructure, without any lack of
penetration, crack, spatter, etc.

e Microstructural investigations illustrated that in CCGTA welding with TIG 316L and twisted
fillers, PMZs were obtained, which may cause cracking. TIG 316L filler metal weldments
showed grain coarsening and twisted fillers could produce a laxer chemical composition with
CCGTA welding process. However, CCGTA welding with ERNiCr-3 demonstrated almost regular
boundaries on both sides. PCGTA welding with twisted fillers showed PMZ on the AISI 316L
side and caused UZ to disappear on the Inconel 625 side. PCGTA welding reduced PMZ and UZ
employing twisted fillers and minor grain coarsening.

e WZ microstructural analysis exhibited the existence of multi-directional grain growth in all
specimens on the AISI 316L side. Grain growth was less on the Inconel 625 side and almost
disappeared on the Inconel 625 side in PCGTA welding with twisted fillers.

e It was observed that the formation of Ni-, Ti-, Nb-, Mo-, Mn- and Cr-rich secondary precipitates
appeared in all specimens. However, in PCGTA welding with twisted fillers, a meager amount of
precipitates occurred. Moreover, these are particular precipitates that are represented by black
dots in images, whereas others are tiny white secondary phases.

e  Hardness and tensile test results show that PCGTA welding improve mechanical properties.
Twisted fillers exhibit the best mechanical properties for bimetallic joint for Inconel 625 and
AISI 316L.

e According to the study results, for the dissimilar metal welding of Inconel 625 and AISI 316L,
the best process is PCGTA with twisted fillers (ERNiCr-3 and TIG 316L).

The results of the study will be very useful for the Original Equipment Manufacturers (OEM) in
producing equipment with bimetallic joints.
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Abstract: The present work is focused on the investigation of isothermal ageing effects on
room-temperature tensile properties and the failure of quenched and tempered martensitic/austenitic
weldments between T92 and TP316H heat-resistant steels. The dissimilar weldments were produced
by gas tungsten arc welding technique using a Ni-based Thermanit Nicro 82 filler metal. The welded
joints were subjected to unconventional post-welding heat treatment consisting of the welds
solutionizing (1060 °C/30 min), followed by their water quenching and final stabilization tempering
(760 °C/60 min). The treatment was completed by spontaneous air cooling within a tempering furnace.
The welds in their initial quenched and tempered condition were subsequently aged at 620 °C for
up to 2500 h. Apart from room-temperature tensile tests performed for all the welds material states,
additional cross-weld hardness measurements were carried out on longitudinal sections of broken
tensile specimens. The applied thermal exposure resulted in recognizable deterioration of plastic
properties, whereas their effects on strength properties were rather small. The welds tensile straining
and fracture evolution exhibited competitive behavior between the austenitic TP316H region and
Ni-based weld metal. The observed failure locations showed significant hardness peaks due to
intensive, necking-related strain hardening effects occurred during the tensile tests.

Keywords: dissimilar weld; ageing; tensile properties; hardness; failure mode

1. Introduction

Dissimilar welded joints between tempered martensitic and austenitic heat-resistant steels are
typically used in high temperature steam circuits of ultra-supercritical (USC) power-plant boilers;
e.g., for inter-linking header equipment with superheater tubes. Previous findings of several published
studies (e.g., [1-4]) indicated the use of Ni-based weld metal (Ni WM) to be suitable means to suppress
undesirable carbon diffusion across dissimilar metal weld interfaces and thus to retard local creation
of carbon-depleted and carbon-enriched microstructural regions. It has been generally accepted
that fusion welded joints of martensitic creep-resistant steels require the application of post-welding
heat treatment (PWHT) in order to reduce thermally-induced and transformation-induced residual
welding stresses and also to produce thermally more stable tempered martensitic microstructures
with sufficient toughness [5-9]. In contrast, the welded joints of austenitic heat-resistant steels do not
generally require any specific PWHT. In the case of Ni-based transition weldments between tempered
martensitic and austenitic heat-resistant steels, an application of PWHT is necessary to be performed
according to specifications applicable for martensitic steels welded joints [10-12]. Classical conception
for PWHT processing of martensitic/austenitic weldments is based on their subcritical tempering;
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i.e., the tempering below Acl critical transformation temperature of ferrite-to-austenite phase
transformation of tempered martensitic steel base material. Conventionally established procedure
for fabrication of Ni-based transition weldments between ferritic (incl. tempered martensitic) and
austenitic boiler steels” pipes of greater diameters consists of an initial deposition of Ni-base alloy
buttering layer onto a prepared welding edge of ferritic steel pipe [13-16]. The segment of ferritic steel
base material with prepared Ni-based buttering layer is commonly subjected to conventional PWHT;
i.e., subcritical tempering below the steel Acl critical transformation temperature. After performing
this PWHT, final multi-pass welding of Ni-buttered ferritic steel segment with its austenitic steel
counter-part is performed using Ni-based electrode to complete the dissimilar welded joint without the
need for any further heat treatment [13-16]. However, in the case of dissimilar welds between ferritic
and austenitic boiler tubes with smaller diameters, direct welding with Ni-based electrode is performed
without Ni-alloy pre-buttering and then the whole weldment is subjected to PWHT [10,11,17-20].

Our previous works [18-20] were focused on the comparison between the effects of
conventional “tempering PWHT” (“T PWHT”) and unconventional “quenching-and-tempering
PWHT” (“QT PWHT”) of T92/TP316H martensitic/austenitic weldments on their high-temperature
creep resistance, room-temperature hardness, impact toughness, and notch-tensile properties of
thermally exposed T92 steel heat-affected zone (T92 HAZ) in relation to its long-term microstructure
evolution. It has been found out that after the “QT PWHT” the microstructures and properties of all
materials regions within the whole T92/TP316H weldment became homogenized in comparison to
those of the weldment after the “T PWHT”. The initial microstructural heterogeneity of T92 HAZ
region was completely suppressed after the “QT PWHT” thanks to the weld full re-austenitization.
Thus, the creep resistance of the weldments after the “QT PWHT” notably increased as a result of
premature “type IV creep failure” elimination [18,19].

In contrast to our previous works on T92/TP316H martensitic/austenitic weldments with
Nirod 600 Ni WM [18-20], the present study representing our continuous research work deals with
isothermal ageing effects on room-temperature tensile properties and failure behavior of notch-free,
quenched, and tempered T92/TP316H martensitic/austenitic weldments with Thermanit Nicro
82 Ni WM. The characterization of the overall tensile deformation and fracture behavior of the
weldments without artificial stress concentrators in dependence of applied ageing exposure is
presented. The correlation between thermally induced microstructural changes and mechanism
of mechanical properties degradation is discussed.

2. Materials and Methods

The experimental Ni-based transition weldments between the tubes (outer diameter 38 mm,
wall thickness 5.6 mm) of T92 tempered martensitic and TP316H austenitic heat-resistant steels were
prepared in the company SES a. s. Tlmace, Slovakia by gas tungsten arc welding (GTAW) using
“Inconel-type” filler metal Thermanit Nicro 82. The preparation of welding edges and sequence of
welding passes are schematically shown in Figure 1.
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Figure 1. The preparation of welding edges (a) and sequence of welding passes (b). All dimensions are

in mm. The “n” represents the number of welding passes in range from 2 to 3.
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The welding conditions included welding current in the range from 70 to 110 A, voltage from 12 to
17 V, and heat input from 9 to 12 k] /cm. The electrode diameter was 2.4 mm. The chemical composition
of dissimilar base materials and Ni-based filler metal used for fabrication of the investigated dissimilar
weldments is shown in Table 1.

Table 1. Chemical composition (wt.%) of individual materials used for fabrication of T92/TP316H
dissimilar weldments with Ni-based weld metal.

Material C N Si Mn Cr Mo W B Ni Ti v Nb Fe

T92 011 0.05 038 049 9.08 031 157 0002 0.33 - 0.2 0.07  rest
TP316H 0.05 - 051 177 1676 2.05 - - 11.13 - - - rest
NiwM#* 001 - 0.07 321 2071 0.004 - - rest  0.37 2.6 0.31

# Thermanit Nicro 82.

The produced tubular segments of T92/TP316H weldments were subjected to unconventional
QT PWHT including the welds full re-austenitization at 1060 °C for 30 min, their water quenching
and subsequent subcritical tempering at 760 °C for 1 hour, completed by passive air cooling within
electric resistance furnace LAC PKE 18/12R (LAC, s.r.0., Rajhrad, Czech Republic). The heating rate
for obtaining individual stages of QT PWHT was maximally 150 °C/h. All further experimental work
was performed using cca. 60 mm long cross-weld (c-w) samples prepared from the tubular weldments
using spark erosion machine EIR-EMO 2N (Emotek s.r.0., Nove Mesto nad Vahom, Slovak Republic).
Schematic c-w sampling is shown in Figure 2.

T92 TP316H

Thermanit Nicro 82

c-w sample /

Figure 2. Schematic cross-weld (c-w) sampling.

One series of c-w samples was investigated in its initial QT PWHT state which was considered as
the reference state. The second series and the third series of c-w samples were isothermally exposed
at 620 °C for 500 and 2500 h, respectively. All the three material states (QT PWHT, QT PWHT +
620 °C/500 h, QT PWHT + 620 °C/2500 h) were subjected to room-temperature c-w tensile testing.
Uniaxial room-temperature tensile tests of conventionally machined M6 threaded cylindrical tensile
specimens (see Figure 3) were carried out by employing TIRATEST 2300 universal testing machine
(TIRA GmbH, Schalkau, Germany) at a cross-head speed of 0.05 mm/min. Three individual c-w tensile
test specimens were tested for each material state of the studied weldments. From recorded engineering
stress-strain curves the average values of yield stress (YS) and ultimate tensile strength (UTS) were
determined. The individual values of YS were graphically estimated as 0.2% proof stress. The average
values of total elongation at fracture (EL) and reduction of area at fracture (RA) were obtained from
micrometrical measurements performed directly on the broken tensile specimens. The evaluation of
c-w tensile properties included the calculation of their standard deviations.

In order to indicate local strain hardening effects in investigated dissimilar weldments during
the tensile tests, c-w Vickers hardness measurements were performed on plain surfaces of prepared
longitudinal sections of broken tensile specimens after the tensile tests. The hardness measurements
were performed using a Vickers 432 SVD hardness tester (Wolpert Wilson Instruments, division of
INSTRON DEUTSCHLAND GmbH, Aachen, Germany) with 98 N loading for 10 s per measurement.
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The reference material state was represented by the original unstrained c-w specimen (i.e., the specimen
that was not subjected to tensile testing) in its initial QT PWHT condition.

& Thermanit Nicro 82
/
l W ________________________________________ ©
T92 TP316H =
10 40 10

Figure 3. The tensile test specimen for cross-weld tensile testing of dissimilar weldments. All
dimensions are in mm.

Microstructure, fracture path, and fracture surface analyses of the selected representative samples
corresponding to individual material states were performed using light optical microscope OLYMPUS
GX71 (OLYMPUS Europa Holding GmbH, Hamburg, Germany), scanning electron microscope JEOL
JSM-7000F (Jeol Ltd., Tokyo, Japan) with an energy-dispersive X-ray spectroscopy (EDX) analyzer
INCA X-sight model 7557 (Oxford Instruments, Abingdon, Oxfordshire, UK), and environmental
scanning electron microscope EVO MA15 (Carl Zeiss Microscopy GmbH, Jena, Germany), respectively.

3. Results and Discussion

3.1. Microstructure in Initial QT PWHT State

Figure 4 shows general view on microstructural profile comprising of individual material regions
of dissimilar T92/TP316H weldment with Thermanit Nicro 82 Ni-based weld metal (Ni WM) in its
initial QT PWHT condition. In accordance with our previous studies about the effects of various
PWHT regimes on a very similar type of dissimilar T92/TP316H weldments with Nirod 600 Ni
WM [18-20], the microstructures of all material regions of the presently investigated weldment are
clearly coarse-grained and homogenized without the presence of traditionally heterogeneous T92 HAZ
microstructural gradient, as a result of performed re-austenitization; i.e., the solutionizing stage of
performed two-step QT PWHT.

(b)

Figure 4. The general view on individual microstructural regions of T92/TP316H dissimilar weldment
with Ni-based weld metal: T92/Ni WM region (a); Ni WM/TP316H region (b).
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This means that the T92 steel region next to the Ni WM (Figure 4a) does not consist of several
microstructural sub-regions such as coarse-grained HAZ (CGHAZ), fine-grained HAZ (FGHAZ),
intercritical HAZ (ICHAZ), and subcritical HAZ (SCHAZ), which are commonly present within the
HAZ regions of ferritic steels” welded joints subjected to conventional single-step “T PWHT” [17-22].
Figure 4b shows the general view on QT microstructures of NIWM and TP316H austenitic regions
exhibiting polygonal grains with secondary phase precipitates. Figure 5 shows the detailed
microstructure of the T92 region of the investigated weldment formed of homogenized and tempered
martensite, typically consisting of tempered martensitic laths inside the blocks and packets structures
within prior austenitic grains. In accordance with numerous research studies focused on normalized
and tempered grade 92 steels (e.g., [6-11,23-25]), the phase composition of the T92 steel region of the
investigated weldment in its initial QT PWHT condition consists of ferrite matrix and secondary phase
precipitates, namely intergranular My3Cg (M = Cr, Fe, ... ) carbides and intragranular MX (M =V, Nb;
X=C, N) carbo-nitrides.
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Figure 5. Scanning electron microscope (SEM)-micrograph of T92 steel region of the investigated
T92/TP316H dissimilar weldment in “QT PWHT” condition and typical energy-dispersive X-ray
spectroscopy (EDX)-spectra from spot-EDX analyses of M»3Cq and MX secondary phase particles.

Figure 6 shows the initial QT PWHT microstructure of Thermanit Nicro 82 Ni WM, which consists
of so-called “nickel-austenite” matrix with randomly distributed, blocky primary precipitates, namely
(TiNb)(C,N) or (Ti,Nb,B)(C,N) carbo-nitrides, (Nb,B)C carbides and secondary precipitates of Cry3C¢
carbides and NbC carbides located on grain boundaries as well as in grain interiors.

(Ti,Nb,B)(C,N)

Intensity [a.u.]

NbC
s
<
B
2
2 cr
1=
on '~ Fe Ni

Figure 6. SEM-micrograph of Ni-based weld metal (Ni WM) region Thermanit Nicro 82 of the
investigated T92/TP316H dissimilar weldment in “QT PWHT” condition and typical EDX-spectra
from spot-EDX analyses of primary (Ti,Nb,B)(C,N) and secondary NbC precipitate particles.
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Since Thermanit Nicro 82 filler metal does not contain any boron and nitrogen, the presence of
these two elements in the primary precipitates is likely to be a result of Ni WM dilution effect due to

its m
elem

ixing during the welding with T92 base material, which contains both a B and N micro-alloying
ents (see Table 1). In agreement with our previous works [18-20], the initial microstructure of

the TP316H steel region of the studied weldment in a QT PWHT state is formed of polygonal, fully
recrystallized austenitic grains with only very fine discontinuous films of Mp3Cg carbide precipitates
on grain boundaries (see Figure 7).
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Figure 7. SEM-micrograph of TP316H steel region of the investigated T92/TP316H dissimilar weldment
in “QT PWHT” condition and typical EDX-spectra from spot-EDX analyses of the steel matrix and
M,3C¢ secondary phase precipitates.

This clearly indicates that the TP316H base material (BM) has not been thermally sensitized

during performed QT PWHT.

3.2. Ageing Effects on Room-Temperature Tensile Properties and Hardness

The effects of isothermal ageing at 620 °C up to 2500 h of the studied weldments on their

room-temperature tensile properties are shown in Figure 8.
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Figure 8. Ageing effects at 620 °C on room-temperature tensile properties of T92/TP316H dissimilar
weldments with Ni-based weld metal.

It can be seen that applied thermal exposure of the weldments resulted only in negligible effects

on their yield stress (YS) and ultimate tensile strength (UTS). In contrast, the welds ageing effects
were manifested by recognizable decrease of the both measured plastic properties, namely reduction
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of area at fracture (RA) and total elongation (EL), whereby the RA values showed more significant
deterioration at greater value scattering. Similar behavior has also been observed in our former
studies [20,26-28] about ageing effects on microstructure and properties of several different types
of boiler steels and their weldments. For the sake of comparison, Figure 9 shows three selected
engineering stress-strain curves representing characteristics of tensile deformation behavior related to
individual material states of the welds under investigation.

600

400

200

¢ QT PWHT
= QT PWHT + 620 °C/500 h
A QT PWHT + 620 °C/2500 h

Engineering stress ¢ [MPa]

(0] 10 20 30
Engineering strain € [%]

Figure 9. Ageing effects at 620 °C on tensile deformation behavior of T92/TP316H dissimilar
weldments with Ni-based weld metal.

The reason for decreasing plasticity during thermal ageing is generally related to coarsening of
secondary phase precipitates. Typical examples of currently observed mechanisms of the plasticity
deterioration will be demonstrated and discussed in section 3.3. Figure 10 shows four selected graphs
depicting the results of c-w hardness profile measurements related to individual material states of the
studied weldments.
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Figure 10. The effects of 620 °C isothermal ageing and subsequent room-temperature tensile testing on
cross-weld hardness profiles of T92/TP316H dissimilar weldments with Ni-based weld metal.
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The original undeformed c-w sample (i.e., the sample that was not subjected to tensile testing)
in its initial QT PWHT state clearly shows that the T92 quenched and tempered martensitic part
of the studied dissimilar welded joint exhibits the highest hardness values compared to the rest of
the austenitic regions (Ni WM and TP316H). In addition, the T92 region does not exhibit a typical
steep hardness gradient which is well-known in ferritic steels” weldments subjected to conventional T
PWHT regime [3,13,14,18-20]. By contrast, it exhibits smooth equalized course of hardness values as
a result of homogenization effect of performed QT PWHT. Visible interruptions within the next c-w
hardness profiles (Figure 10) indicate the failure locations of broken test specimens after conduction of
room-temperature tensile tests. It is worth noting that the austenitic regions (TP316H and Ni WM) of
c-w samples after all performed tensile tests show notably increased hardness values that are even
higher than those of the T92 tempered martensitic weld portions. This observation can be directly
related to significantly higher strain hardening effects in the austenitic weld regions than those in the
T92 tempered martensitic weld part. Figure 10 also indicates negligible deformability of the tensile
samples” head portions. The complete overview of room-temperature tensile properties and all failure
locations occurred after the tensile tests are summarized in Table 2.

Table 2. The complete overview of room-temperature tensile properties and failure locations of
T92/TP316H dissimilar weldments with Ni-based weld metal for individual material states.

Specimen Material YS UTS EL RA Failure Location
Number State [MPa] [MPal [%] [%]
1 258 545 25 69 TP316H BM
2 QT PWHT 265 562 27 74 TP316H BM
3 285 561 27 74 TP316H BM
4 289 610 25 52 Ni WM
5 Qr fggloTO;&O 304 636 21 51 Ni WM
6 292 562 14 25 Ni WM/TP316H interface
7 287 517 8 14 T92/Ni WM interface
8 QTOPCVygth()ZO 274 602 25 61 TP316H BM
9 290 634 22 37 Ni WM/TP316H interface

According to the obtained results it can be stated that the tensile deformation and failure
behavior of investigated dissimilar weldments clearly exhibited competitive manifestations between
the austenitic TP316H region and Ni-based weld metal. In addition, all the fracture locations showed
significant hardness peaks due to the locally most intensive, necking-related strain hardening effects
occurred during the tensile tests (Figure 10). Moreover, these increased strain hardening effects
were often observed not only at the final fracture location (in either TP316H or Ni WM region)
but also at the location of concurrent necking area (i.e., complementarily in either Ni WM or
TP316H region). Figure 11 shows photo-macrographs of selected longitudinal sections of broken
tensile specimens’ counterparts indicating three different tensile failure locations for the investigated
dissimilar weldments in their individual material states.

T92 N T92 NiWM TP316H T92 Ni WM TP316H

= S | | — |
Smm Cc e

Figure 11. Photo-macrographs of broken tensile specimens’ counterparts showing different failure
locations after room-temperature tensile tests of T92/TP316H weldments in their individual material
states: “QT PWHT” (a); “QT PWHT + 620 °C/500 h” (b); “QT PWHT + 620 °C/2500 h” (c).

At a macroscopic scale, three different failure locations of the investigated dissimilar weldments
can be distinguished, namely the failure in BM of TP316H austenitic steel (Figure 11a), the failure in
central part of Ni WM Thermanit Nicro 82 (Figure 11b), and finally the interfacial failure at T92 BM/Ni
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WM interface (Figure 11c). The detailed discussion on the fracture behavior of the studied weldments
in relation to their microstructure will be provided in the following section.

3.3. Ageing Effects on Fracture Behavior in Relation to Microstructure

As already indicated in Table 2 and Figures 9-11, the room-temperature tensile deformation
and failure behavior exhibited competitive manifestations between the austenitic TP316H steel and
Thermanit Nicro 82 Ni WM regions. This observation seems to be reasonable because of generally
known higher deformability of austenitic alloys compared to the ferritic (also tempered martensitic)
ones. In general, the higher deformation ability of austenitic alloys at room temperature than that of
the ferritic ones can be related to the existence of close packed crystallographic planes and thus higher
number of active slip systems in austenitic alloys with face-centered cubic (f.c.c.) crystal structure
compared to ferritic alloys with base-centered cubic (b.c.c.) crystal structure without the close packed
planes [29,30]. As already discussed in previous section (Figure 10), the hardness profile of undeformed
c-w sample of studied T92/TP316 welded joint before the tensile test, clearly showed lower hardness
values for both the austenitic weld portions (i.e., Ni WM and TP316H) compared to T92 tempered
martensitic part. However, the applied tensile loading during the tensile tests resulted in intensive
strain hardening effects in both the austenitic weld regions. Thus, the preferential deformation of
the austenitic weld regions (TP316H, Ni WM) during tensile straining at room temperature gave
rise to their higher propensity for local plasticity exhaustion and final failure occurrence. In order
to analyze mutual correlation of the weld failure location (Table 2) and the results of tensile tests
(Figures 8 and 9), microstructural features just beneath fracture path and fracture surface characteristics
for three different failure locations are documented in Figures 12-14. In initial QT PWHT state with
a final failure location in TP316H base material, the appearance of a fracture path indicates the mixed
intergranular/transgranular fracture mechanism (see Figure 12a). The austenitic grains of TP316H
material beneath fracture location are significantly deformed as a result of intensive necking-related
local tensile deformation. A corresponding SEM-fractograph in Figure 12b shows typical dimple
tearing areas and pronounced tear ridges observed on the fracture surface within the austenitic
TP316H BM region.

Figure 12. Fracture analysis of the failure in TP316H steel region after room-temperature tensile test of
T92/TP316H dissimilar weldment in “QT PWHT” condition: Fracture path and microstructure beneath
the failure (a); Fracture surface with tear ridges and dimple areas (b).

Figure 13a shows a typical microstructure beneath fracture occurred in central region of Ni WM
of tensile tested weldment after its isothermal ageing at 620 °C for 500 h. It preserves its original
features already characterized in Section 3.1 (Figure 6); i.e., it exhibits coarse-grained blocky primary
Ti-Nb or Ti-Nb-B carbo-nitrides and secondary NbC and Crp3Cg carbides on migrated high-angle grain
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boundaries. The observed fracture path in Figure 13a and corresponding SEM-fractograph in Figure 13b
indicate mixed intergranular/transgranular characteristics of the fracture. Clear decohesion features
can be observed at particle/matrix interfaces on grain boundaries of Ni WM (Figure 13a) that represent
one example of the mechanism of the documented plasticity degradation (Figures 8 and 9). The major
fracture micro-mechanism refers to the microvoid coalescence resulting in the dimpled morphology of
the fracture surface (Figure 13b). However, in comparison with the fracture in TP316H region with
significantly pulled-out dimples (Figure 12b), the dimpled fracture in the central region of Ni WM
(Figure 13b) contains a higher amount of smaller shallow dimples indicating the material plasticity
deterioration. The detailed SEM-micrograph in Figure 13c clearly shows two typical mechanisms of
the plasticity deterioration, namely the cracking of the secondary phase particles and the intergranular
decohesion related to the cracking at the intergranular particle/matrix interfaces.

Figure 13. Fracture analysis of the failure in Ni WM central region after room-temperature tensile test
of T92/TP316H dissimilar weldment in “QT PWHT + 620 °C/500 h” condition: Fracture path and
microstructure beneath the failure (a); Fracture surface showing dimple areas (b); Detailed view of the
mechanisms of plasticity deterioration (c).

The sub-fracture microstructure of tensile tested weldment thermally exposed at 620 °C for 2500 h
is visualized in Figure 14a,b. The detailed observation revealed that the macroscopically classified
interfacial failure (Figure 11c) did not occur directly at the T92 BM/Ni WM interface but the fracture
ran partly through T92 BM and largely through precipitation-depleted zone (PDZ) of Ni WM located at
a distance of about 5-8 pum from the fusion boundary (see Figure 14a,b). The occurrence of PDZ in Ni
WM can presumably be related to specific welding metallurgy phenomena such as weld metal dilution,
the presence of unmixed or partially melted zone, and/or type II boundaries formation [4,13,31-35].
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It should be stated that all of these phenomena have been indeed noticed at several locations of
Ni WM/T92 BM dissimilar weld interface of the welds investigated. However, the detailed study
of Ni WM and specifically its interfacial microstructures including the characterization of densely
distributed fine precipitates next to the PDZ will the subject of our separate investigation. It is
worth noting that the typical mechanisms of the plasticity deterioration, namely the cracking of
secondary phase particles and decohesion at particle/matrix interfaces were also clearly observed
in T92 region of Figure 14b. However, since the majority of the fracture occurred in PDZ of Ni WM,
a corresponding SEM-fractograph is visualized in Figure 14c. It clearly shows visible signs of thermal
embrittlement represented by shallow dimples combined with indications of fine quasi-cleavage areas.
This observation correlates well with the lowest plasticity determined by the tensile tests for the weld
material state with the highest duration of thermal exposure (Figures 8 and 9). Complementarily to
the fracture path analysis (Figure 14a,b) and fracture surface analysis (Figure 14c), an EDX analysis
(Figure 14d) from the sub-fracture area confirmed that substantial portion of the fracture was located
within Ni WM dilution area.
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Figure 14. Fracture analysis of the failure occurred in vicinity of T92 BM/Ni WM interface after
room-temperature tensile test of T92/TP316H dissimilar weldment in “QT PWHT + 620 °C/2500 h”
condition: Fracture path and microstructure beneath the failure (a,b); Fracture surface showing dimple
and intensive shear areas (c); Typical EDX spectrum of Ni WM dilution area at the fracture location (d).

The detailed SEM microstructure beneath the fracture path in Figure 15 clearly shows all
indicated mechanisms of plastic properties degradation after the longest studied thermal exposure
(620 °C/2500 h) of the investigated dissimilar weldment. When considering the room-temperature
tensile deformation behavior of the studied dissimilar weldments, it is reasonable to expect the failure
occurrence in the region with the lowest tensile strength for a given weld material state. Furthermore,
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it has been clearly evidenced (Figure 10) that the effects of strain hardening and plasticity exhaustion
play an important role in the final failure occurrence. The observed changes of failure locations
among individual weld material states (Table 2) can be directly related to gradual evolution of thermal
embrittlement effects in critical weld regions during performed ageing exposure (Figures 12-15).

e . A W
precipitate cracking S 8/ .
L S5 2 ‘ ‘ Decohesion along

precipitates at Type Il
grain boundary

Figure 15. The mechanisms of plasticity degradation of thermally exposed (620 °C/2500 h)
T92/TP316H nickel-based transition weldment subjected to tensile testing at room temperature.

The obtained results clearly indicate that the Ni WM and especially its interfacial region with
T92 BM belong to the weld most critical regions with respect to failure occurrence after long-term
thermal exposure.

Our future research will be focused on a continuation of the present investigation towards
longer ageing experiments, creep tests, and hydrogen embrittlement studies in relation with
the welds microstructure degradation characterization, aiming at a reliable prediction of their
life-time performance in high-temperature steam circuits of highly-efficient environmentally friendly
power plants.

4. Summary and Conclusions

Unconventionally post-weld heat treated (specifically: quenched and tempered) T92/TP316H
martensitic/austenitic weldments with Ni-based weld metal (Thermanit Nicro 82) were subjected to
long-term isothermal ageing at 620 °C for up to 2500 h in order to investigate the effects of thermal
embrittlement evolution on room-temperature tensile properties and fracture behavior in relation with
microstructure. From the obtained results the following conclusions could be drawn:

e Intheinitial material state i.e., in QT PWHT condition, microstructural observation and cross-weld
hardness measurement of the studied weldment revealed that the use of unconventional two-step
PWHT resulted in clear microstructural homogenization (i.e., no HAZ microstructural gradients)
and hardness values equalization within the both weld base materials (T92 and TP316H).

e  Subsequent ageing effects at 620 °C of the studied weldments resulted in gradual changes in
their individual microstructures represented mainly by additional precipitation and coarsening of
secondary phase precipitates. These microstructural changes resulted in significant detrimental
effects on the welds plasticity (EL, RA values), whereas their effects on the welds strength
(Re, Rm values) were rather small.

o The effects of thermal exposure resulted also in several changes of failure locations within the
studied weldments. In the initial QT PWHT condition, the failure occurred always in TP316H steel
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base material. After the ageing at 620 °C for 500 h, the weld failure location was in major cases in
central part of Ni WM. The weld failures after the longest thermal exposure (620 °C/2500 h) were
different for each individual tensile test. The most brittle failure was the failure in the vicinity of
T92/Ni WM interface.

e By analyzing the fracture path and microstructural features beneath the fracture surfaces,
the clearly observed mechanisms of the welds plasticity deterioration after thermal exposure
are related to the cracking of coarse secondary phase particles and interfacial decohesion at
precipitate/matrix interfaces during tensile straining. After the longest applied thermal exposure
(620 °C/2500 h), interfacial decohesion occurred in Ni WM dilution area along the precipitates at
Type II grain boundary.

e  Fractographic analyses of fracture surfaces of broken tensile samples also revealed clear evolution
of thermal embrittlement processes depending on the thermal exposure duration. In the initial QT
PWHT material state, the fracture surface related to the failure in TP316H BM showed pulled-out
dimples and pronounced tear ridges. Thermal exposure of the weldment at 620 °C for 500 h
resulted in failure located in Ni WM. It also showed dimple morphology but without pronounced
tear ridges. The most thermally embrittled material state of the weldment aged at 620 °C for 2500 h
exhibited small shallow dimples combined with fine quasi-cleavage areas on the fracture surface.

e  The most of fracture locations of the studied weldments in their individual material states
exhibited significant hardness peaks due to the intensive, necking-related strain hardening effects
that occurred during the room-temperature tensile tests.

e  The tensile deformation and fracture processes of the weldments in their individual material
states exhibited competitive behavior between the austenitic TP316H region and Ni-based weld
metal. The observed changes in failure locations for individual material states of the weldment
can be directly related to specific thermal embrittlement evolution in critical weld regions during
performed isothermal ageing. The obtained results indicate that the Ni WM and T92/Ni WM
interfacial region represent the most critical zones of the investigated weldment with respect to
the failure occurrence after long-term thermal exposure.
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Abstract: Local strength mismatch is one of the important factors which affects the fracture behavior
of a dissimilar metal welded joint (DMW]). The question to consider is how to improve the fracture
resistance of the DMW] effectively by optimizing the local strength mismatch. In this paper, a DMW]
in a nuclear power plant was selected, the J-resistance (J-R) curve and crack growth path of the
DMW] under different strength mismatches of heat affect zone (HAZ), fusion zone (FZ), and near
interface zone (NIZ) were systemically studied. And then, the optimal design of the local strength
mismatch was investigated. The results show that decreasing the strength of HAZ and NIZ and
increasing the strength of FZ will increase the fracture resistance of a DMW]. Increasing the strength
of FZ increases the ]-R curve obviously. When the M;(HAZ):M;(FZ):Ms(NIZ) = 1.12:1.4:1.26 and
M;(HAZ):Ms(FZ):Ms(NIZ) = 1:1.4:1, the DMW]Js have the highest |-R curves. Considering that the
two J-R curves are similar, it is suggested that the fracture resistance of the DMW] can be improved
only by increasing the strength of the FZ.

Keywords: local strength mismatch; dissimilar metal welded joint; fracture resistance; crack growth
path; optimal design

1. Introduction

As an indispensable part of nuclear power plant, the dissimilar metal welded joint (DMW])
has been widely used. The fracture behavior of a DMW] should be considered accurately
for the safe service of the nuclear power plant. Thus, the microstructural, mechanical, and
fracture properties of the DMW] have been studied extensively by experiment and finite element
simulation [1-10]. Wang et al. [1] and Ding et al. [2] studied the microstructure of DMW]s by different
techniques. Ming et al. [3-5] investigated the microstructure and local mechanical properties of the
low-alloy-steel /nickel-based-alloy interface in DMW by experiment. Rathod et al. [6,7] studied the
mechanical properties of the DMW] by different mechanical tests comprising bend test, transverse
tensile test, tensile test, Charpy impact test, and micro-hardness measurement. Hou et al. [8]
characterized the microstructure and mechanical property of the fusion boundary region of DMW].
Yang et al. [9] and Wang et al. [10] studied the fracture behavior of crack which located in the weakest
location of DMW] by experiment and finite element simulation, respectively.

Strength mismatch is also one of the important factor which affects the fracture behavior of
DMW], and has been paid more attention to both scholars in home and abroad. Kirk et al. studied the
crack-tip constraint in singe edge notched bend specimen affected by weld strength mismatch [11].
Burstow et al. investigated the crack-tip stress fields of the weld joint under different strength
mismatches [12]. Cetinel et al. studied the fracture behavior of the weld nodular cast iron affected by
under-matching [13,14]. An et al. studied the ductile crack initiation behavior affected by strength
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mismatch [15]. Rakin et al. investigated the fracture behavior of the high-strength low alloyed steel
weld joint affected by strength mismatch [16].

In recent years, many scholars focused on the study of strength mismatch effect on the fracture
behavior of bi-material interface. Negre et al. [17] and Samal et al. [18] investigated the local fracture
resistance and crack path deviation affected by the local strength mismatch in the bi-material interface
region. Zhang et al. established a material constraint parameter M to consider the effect of strength
mismatch in bi-material interface crack [19]. Fan et al. studied the fracture behavior of bi-material
interface region under different work hardening mismatches [20-23].

Besides, some scholars investigated the fracture behavior of DMW] affected by strength
mismatch [24-29]. Wang et al studied the fracture behavior of DMW] under different
strength mismatches [24,25] and the fracture resistances at different crack positions [26,27]. Xue et al. [28]
investigated the micro region at the crack tip of DMW] under different mismatches of the yield
stress. Zhu et al. [29] studied the fracture behavior of nuclear pressure steel A508-III DMW] affected
by strength mismatch.

This study clarified the effect of strength mismatch on the fracture behavior of welded joints, and laid
the foundation for the building of accurately structure integrity assessment. In the next step, it is necessary
to consider the optimal design of the local strength mismatch to improve the fracture resistance of DMW].

In this study, a DMW] in nuclear power plant was selected, and the fracture behavior of the
DMW] under different strength mismatches of the heat affect zone (HAZ), fusion zone (FZ), and near
interface zone (NIZ) were systemically studied. And then, the optimal design of the local strength
mismatch was investigated.

2. Finite Element Numerical Calculation

2.1. Materials

The DMW], which was used for connecting the safe end to the pipe-nozzle in the nuclear power
plants was selected. The safe-end pipe material is austenitic stainless steel (316 L), and the pipe-nozzle
material is ferrite low-alloy steel (A508), as shown in Figure 1a. The DMW] was manufactured by
applying a buttering technique. The buttering material (52 Mb) and the weld material (52 Mw) are the
same nickel-base alloy, but their fabrication procedures are different. The true stress-strain curves of
the four materials are shown in Figure 1b.
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Figure 1. The dissimilar metal welded joint (DMW]) (a) and the true stress-strain curves of the four
materials composed of the DMW] (b).

The initial crack is located in the interface of A508 and 52 Mb, as shown in Figure 1a. It is the
weakest position of the DMW] [30] and has an obvious strength mismatch. At the left side of the
A508/52 Mb interface, the hardness of the material is 315 HV; at the right side of the A508/52 Mb
interface, the hardness of the material is 230 HV.
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To calculate the fracture behavior of the DMW] accurately, the local heterogeneous mechanical
properties are incorporated into the finite element model. The A508/52 Mb interface region is
divided into three zones: HAZ, FZ, and NIZ. In addition, based on the hardness measurement
and microstructure observation, the HAZ and NIZ are further divided into four-material subareas
(A, B, C, and D subareas) and two-material subareas (F and G subareas), respectively. The FZ is
a single-material E subarea, as shown in Figure 2a [31]. In the Figure 2a, the initial crack and the
A508/52 Mb interface are located in the middle of the E subarea. The true stress-strain curves of the
A, B, C, D, E, F and G subareas are shown in Figure 2b [31].
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Figure 2. Different subareas in the A508/52 Mb interface region (a) and the true stress-strain curves of
different subareas (b) [31].

2.2. Specimen Geometry

The SENB (singe edge notched bend) specimen was selected to study the fracture behavior of the
DMW] affected by strength mismatch. The geometry and loading configuration are shown in Figure 3.
The specimen width is 14.4 mm (W = 14.4 mm), the specimen thickness is 12 mm (B = 12 mm), the initial
crack is 7.2 mm (2 = 7.2 mm and a/W = 0.5), and the specimen span is 57.6 mm (L = 57.6 mm and L =4 W).

d)l:
/lnlerface

A508 { 52Mb 52Mw | =
=

L=4W

Figure 3. The geometry and loading configuration of the singe edge notched bend (SENB) specimen.

To obtain different strength mismatches, the true stress-strain curves of the HAZ, FZ, and NIZ
were changed, respectively. When the true stress-strain curve of one of three zones was changed, the
true stress-strain curves of subareas in this zone were changing with the same proportion, and the
stress-strain curves of the other two zones remain unchanged.

Under the same true strain, the ratio of changed true stress to unchanged true stress is defined as

strength mismatch coefficient M;. The change range of M; are 0.5, 0.6,0.7,0.8,0.9,1.0,1.2,14,1.6,1.8,
and 2.0.
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2.3. GTN Damage Model

To obtain the fracture behavior of the DMW] under different strength mismatches, the FEM
(finite element method) based on the GTN (Gurson-Tvergaard-Needleman) damage model was selected.
The GTN model was firstly proposed by Gurson in the year 1977 and then modified by Tvergaard and
Needleman in the year 1984. The yield function of the GTN model has the following form:

Cog? 3,0,
¢ (Om, g, f*) = % +2q1f*cosh<gzm —1—q3f*2 =0, (1)

f

where o7, is the hydrostatic stress, 0, is the von Mises equivalent stress, and ofis the flow stress of the
“voidless” matrix material. The g1, g2, and g3 are phenomenological based parameters, which are used
to consider the interaction between adjacent voids. The void volume fraction f* is the substitute of
f in the original equation, which is used to take into account the gradual loss of the stress carrying
capability of the material due to void coalescence. The void coalescence occurs when the void volume
fraction f reaches the critical value f;, and the fracture occurs when the f reaches the critical failure
void volume fraction fr. This GTN damage model has been implemented in ABAQUS code as a user
material subroutine, and is widely used to simulate and predict the crack initiation and propagation.

Generally, the GTN model has nine parameters: the constitutive parameters g4, q», and g3, the
void nucleation parameters fy, ey, and Sy, the initial void volume fraction f, the critical void volume
fraction fc and the final failure parameter fr, which have been listed in the Table 1 [32].

Table 1. The GTN (Gurson-Tvergaard-Needleman) parameters of different material zones [32].

Material ¢ q2 q3 N SN N fo fc fr
A508 1.5 1 2.25 0.3 0.1 0.002 0.00008 0.04 0.25
HAZ 1.5 1 2.25 0.3 0.1 0.002 0.00015  0.04 0.25

Fz 1.5 1 2.25 0.3 0.1 0.008  0.0008 0.01 0.15
NIZ 1.5 1 2.25 0.3 0.1 0.002 0.00004 0.04 0.25
52 Mb 1.5  variable 225 0.3 0.1 0.002  0.000001 0.04 0.25
52 Mw 1.5 1 225 0.3 0.1 0.002 0.00015 0.04 0.25

316 L 1.5  variable 225 0.3 0.1 0.002 0.000001 0.04 0.25

The finite element code ABAQUS was selected in this study. The 3D eight-node isoperimetric
elements with reduced integration (C3D8R) were used. In addition, the surface-to-surface contact
(explicit) interaction type was selected. And the sliding formulation is finite sliding, the mechanical
constraint formulation is kinematic contact method. Figure 4a shows the typical whole meshes of the
SENB specimen, and Figure 4b shows the local meshes at the crack tip. The minimum mesh size at the
crack tip is 0.1 mm x 0.1 mm [33]. The typical model contains 88,112 elements and 101,691 nodes.

A load roll is applied at the top and center of the SENB specimen, and two back-up rolls
are applied at the bottom of the SENB specimen. The loading is applied at the load roll by
prescribing a displacement of 6 mm, and the two back-up rolls are fixed by control displacement and
rotation. The load versus load-line displacement curve can be obtained from the FEM simulation.
With instantaneous crack lengths obtained at each loading point, a crack growth resistance curve can
be determined, as specified in ASTM E1820 [34].
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Figure 4. The whole meshes of the SENB specimen (a) and the local meshes along the crack growth
region (b).

3. Results and Discussion

3.1. The Changing of Strengh Mismatch in HAZ Effect on the Fracture Behavior of DMW]

Figure 5 shows the J-R curves and crack growth paths of the DMW] when the strength of HAZ
was changed individually. It can be found from Figure 5a that the ]-R curves of the DMW] increase
firstly then decrease with increasing of the strength mismatch coefficient Ms. When the M; = 0.8, the
DMW] has the highest ]-R curve, which means that decreasing the strength of HAZ appropriately on
the present basis will increase the fracture resistance of the DMW]. When the M > 1.6, the ]-R curves
tend to be stable and will not change with increasing of the M;. That is, increasing the strength of HAZ
excessively is invalid for the increasing of fracture resistance.

It can also be found from Figure 5b that when the M; < 0.8, the crack has a deviation path towards
the left side, and propagates in the HAZ along the direction of 45°. When the M; > 0.8, the crack has
a deviation path towards the right side, and propagates along the FZ/NIZ interface. It shows that
the crack growth paths deviate to the low-strength material side, and are mainly controlled by local
strength mismatch. When the Ms < 0.8, the strength of D zone at the left side of crack is lower than the
strength of F zone at the right side of crack, the crack has a deviation path towards the left side; when
the Ms > 0.8, the strength of F zone at the right side of crack is lower than the strength of D zone at the
left side of crack, the crack has a deviation path towards the right side. It is consistent with the results
of literatures [30,35].
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Figure 5. The J-R curves (a) and the crack growth paths (b) at different strengths of HAZ.
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3.2. The Changing of Strengh Mismatch in FZ Effect on the Fracture Behavior of DMW]

Figure 6 shows the J-R curves and crack growth paths of the DMW] when the strength of FZ was
changed individually. It can be found from Figure 6a that the ]-R curves of the DMW] increase firstly
then decrease with increasing of the strength mismatch coefficient M. When the Ms = 1.4, the DMW]
has the highest ]-R curve, which means that the strength of FZ still has much room for improvement
on the present basis. When the M; > 1.8, the ]-R curves tend to be stable and will not change with
increasing of the Ms. That is, increasing the strength of FZ excessively is invalid also for the increasing
of fracture resistance.

It can also be found from Figure 6b that when the M; < 1.4, the crack has a deviation path
towards the right side, and propagates along the FZ/NIZ interface. When the M; = 1.4, there is a
crack bifurcation phenomenon. The crack has a deviation path towards the right side firstly, and
then propagates to both left and right sides at the same time, as shown in Figure 7. The Figure 7
shows the VVF (void volume fraction) of the elements, which reflects the crack growth path and crack
growth length of the specimen. During the loading process, the element will be regarded as losing
its effectiveness when the VVF of the element reaches to the final failure parameter fr (as shown in
Table 1), and the crack will be regarded as extending an element length. For the elements in the FZ
zone, the fr is 0.15, the element color is green in the Figure 7 when the element losing its effectiveness;
for the elements in the HAZ and NIZ zones, the fr is 0.25, the element color is red in the Figure 7 when
the element losing its effectiveness. Because the element length at the crack tip is known (0.1 mm), thus,
the crack growth length can be calculated by counting the number of elements who lose effectiveness.
When the M; > 1.4, the crack has a deviation path towards the right side, and propagates in the NIZ
along the direction of 45°.

It is also caused by the local strength mismatch. Because the crack locates in the middle of the FZ,
the essence of the changing of strength mismatch in FZ is the interaction effect of D, E, and F zones
in Figure 2a. Because the strength of D zone at the left side of crack is higher than the strength of F
zone at the right side of crack, the crack deviated to the right side generally. When the M; < 1.4, the
strength of E zone increases with increasing of the M, but the strength mismatch between E and F
is not enough to precipitate the crack growth path deviates from the interface, thus, the crack has a
deviation path towards the right side, and propagates along the FZ/NIZ interface. When the M = 1.4,
the mismatch between D and E and the mismatch between E and F are similar, and the crack has a
bifurcation phenomenon under the competition. When the Ms > 1.4, there is a high mismatch between
E and F. Dominant by the high strength mismatch, the crack penetrates the FZ/NIZ interface and
propagates in the NIZ along the direction of 45°.
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Figure 6. The [-R curves (a) and the crack growth paths (b) at different strengths of FZ.
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3.3. The Changing of Strengh Mismatch in NIZ Effect on the Fracture Behavior of DMW]

Figure 8 shows the J-R curves and crack growth paths of the DMW] when the strength of NIZ
was changed individually. It can be found from Figure 8a that the |-R curves of the DMW] increase
firstly then decrease with increasing of the strength mismatch coefficient Ms. When the M; = 0.9, the
DMW] has the highest ]-R curve, which means that decreasing the strength of NIZ appropriately on
the present basis will increase the fracture resistance of DMW]. When the M = 2, the J]-R curve still
has not to be stable and decreases with increasing of the M.

It can also be found from Figure 8b that when the Ms < 0.9, the crack has a deviation path towards the
right side, and propagates in the FZ and NIZ along the direction of 45°. When 0.9 < M; < 1.4, the crack has
a deviation path towards the right side, and propagates along the FZ/NIZ interface. When the M; > 1.4,
the crack has a deviation path towards the left side, and propagates along the HAZ/FZ interface.

The same as the previous analysis in Section 3.2, it is also caused by the local strength mismatch.
When the M < 0.9, there is a high mismatch between E and F. Dominant by the high strength
mismatch, the crack penetrates the FZ/NIZ interface and propagates in the NIZ along the direction of
45°. With increasing of the strength of NIZ, the mismatch between E and F decreases. When 0.9 < M;
< 1.4, the crack does not have enough driving force (which derived from the strength mismatch) to
penetrate the interface, and the crack propagates along the FZ/NIZ interface. With increasing of the
strength of NIZ, when the Ms > 1.4, the strength of F zone at the right side of crack is higher than the
strength of D zone at the left side of crack, the crack has a deviation path towards the left side.
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Figure 8. The J-R curves (a) and the crack growth paths (b) at different strengths of NIZ.
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4. The Optimizing of the Local Strength Mismatch of DMW]

Based on the results above, when the strengths of HAZ, FZ and NIZ are changed independently,
the DMW] has the highest ]-R curve at:

M,(HAZ):M,(FZ):M(NIZ) = 0.8:1:1;
M,(HAZ):M,(FZ):M(NIZ) = 1:1.4:1;
M, (HAZ):M,(FZ):M(NIZ) = 1:1:0.9,

respectively. In order to obtain the best strength matching and the highest ]-R curve, four sets of
strength matching designs were carried out as follows:

M,(HAZ):M,(FZ):M(NIZ) = 0.8:1.12:1.008;
M,(HAZ):M,(FZ):Ms(NIZ) = 1.12:1.4:1.26;
M,(HAZ):M,(FZ):M,(NIZ) = 1.008:1.26:0.9;
M(HAZ):M,(FZ):Ms(NIZ) = 0.8:1.4:0.9.

And then, the J-R curves of the four sets of DMW]s were obtained and compared with other ]-R
curves, including the ]-R curves when the strengths of HAZ, FZ, and NIZ were changed independently
and the J-R curve of the real DMW], as shown in Figure 9.

3600 T T .4 T L T ¥ T 4 T
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Ms(HAZ):Ms(FZ):Ms(NIZ)=1:1.4:1
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Figure 9. The J]-R curves of the DMW] under different strength mismatches.
It can be seen from Figure 9 that the J-R curves of the seven sets of optimized DMW]s are higher
than the J-R curve of the real DMW]. When the
M;(HAZ):5(FZ):Ms(NIZ) = 1.12:1.4:1.26
and
Ms(HAZ):Ms(FZ):Ms(NIZ) = 1:1.4:1,
the DMW/s have the highest ]-R curves. Which means that increasing the strength of FZ will increase

the J-R curve obviously, and will obtain the best results when the strengths of HAZ, FZ, and NIZ were
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wholly increased. But, the two highest [-R curves are similar, considering with the cost, it is suggested
that the [-R curve of the DMW] can be improved only by increasing the strength of the FZ.

In general, the results above show that the strength mismatch obviously effects on the ]-R curve and
crack growth path of DMW]J. As the weakest position of the nuclear power plant, the optimizing of the
local strength mismatch of DMW] is significant for the safety of the nuclear power plant. The optimizing
design of the local strength mismatch of DMW] needs to be further investigated by experiment.

5. Conclusions

(1)  With increasing of the strength mismatch coefficient M, the ]-R curve of DMW] increases firstly
then decreases, and tends to be stable when the M increases to a certain value.

(2) Decreasing the strength of HAZ and NIZ and increasing the strength of FZ increase the fracture
resistance of the DMW]. When the strengths of the HAZ, FZ, and NIZ are changed independently, the
DMW] has the highest |-R curve at the Ms(HAZ) = 0.8, Ms(FZ) = 1.4, and M(NIZ) = 0.9, respectively.

(3) Increasing the strength of FZ increases the J-R curve obviously. When the
M,(HAZ):M(FZ):M(NIZ) = 1.12:1.4:1.26 and My(HAZ):M,(FZ):M(NIZ) = 1:1.4:1, the DMWJs have
the highest |-R curves. It is suggested that the ]-R curve of the DMW] can be improved only by
increasing the strength of the FZ.

Author Contributions: Conceptualization, J.Y.; Methodology, ].Y.; Software, L.W.; Validation, J.Y. and L.W.;
Writing-Original Draft Preparation, L.W.; Writing-Review and Editing, J.Y.

Funding: This research was funded by [National Natural Science Foundation of China] grant number [51605292].

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, S; Ding, J.; Ming, H.; Zhang, Z.; Wang, ]. Characterization of low alloy ferritic steel-Ni base alloy
dissimilar metal weld interface by SPM techniques, SEM/EDS, TEM/EDS and SVET. Mater. Charact. 2015,
100, 50-60. [CrossRef]

2. Ding,].; Zhang, Z.; Wang, ].; Han, E.H.; Tang, W.; Zhang, M.; Sun, Z. Micro-characterization of dissimilar
metal weld joint for connecting pipenozzle to safe-end in generation Il nuclear power plant. Acta Metall. Sin.
2015, 51, 425-439. [CrossRef]

3. Ming, HL, Wang, J.Q;, Han, EH. Comparative study of microstructure and properties of
low-alloy-steel /nickel-based-alloy interfaces in dissimilar metal weld joints prepared by different GTAW
methods. Mater. Charact. 2018, 139, 186-196. [CrossRef]

4. Ming, HL.; Zhang, Z.M.; Wang, ].Q.; Han, E.H.; Wang, P.P; Sun, Z.Y. Microstructure of a safe-end dissimilar
metal weld joint (SA508-52-316L) prepared by narrow-gap GTAW. Mater. Charact. 2017, 123, 233-243.
[CrossRef]

5. Ming, HL,; Zhu, R.L.; Zhang, ZM.; Wang, ].Q.; Han, E.H.; Ke, W.; Su, M.X. Microstructure, local mechanical
properties and stress corrosion cracking susceptibility of an SA508-52M-316LN safe-end dissimilar metal
weld joint by GTAW. Mater. Sci. Eng. A-Struct. 2016, 669, 279-290. [CrossRef]

6. Rathod, D.W.; Pandey, S.; Singh, PK.; Prasad, R. Mechanical Properties Variations and Comparative
Analysis of Dissimilar Metal Pipe Welds in Pressure Vessel System of Nuclear Plants. ]. Press. Vessel
Technol.-Trans. ASME 2016, 138, 529-540. [CrossRef]

7. Rathod, D.W,; Singh, PK.; Pandey, S.; Aravindan, S. Effect of buffer-layered buttering on microstructure and
mechanical properties of dissimilar metal weld joints for nuclear plant application. Mater. Sci. Eng. A-Stract.
2016, 666, 100-113. [CrossRef]

8. Hou, J; Peng, Q.J.; Takeda, Y.; Kuniya, J.; Shoji, T.; Wang, J.Q.; Han, E.H.; Ke, W. Microstructure and
mechanical property of the fusion boundary region in an Alloy 182-low alloy steel dissimilar weld joint.
J. Mater. Sci. 2010, 45, 5332-5338. [CrossRef]

9.  Yang, J.; Wang, L. Fracture mechanism of cracks in the weakest location of dissimilar metal welded joint
under the interaction effect of in-plane and out-of-plane constraints. Eng. Fract. Mech. 2018, 192, 12-23.
[CrossRef]

275



Metals 2018, 8, 494

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wang, H.T.; Wang, G.Z.; Xuan, EZ.; Tu, S.T. Numerical investigation of ductile crack growth behavior in a
dissimilar metal welded joint. Nucl. Eng. Des. 2011, 241, 3234-3243. [CrossRef]

Kirk, M.T.; Dodds, R.H. The influence of weld strength mismatch on crack-tip constraint in single edge notch
bend specimens. Int. ]. Fract. 1993, 63, 297-316. [CrossRef]

Burstow, M.C.; Howard, L.C.; Ainsworth, R.A. The influence of constraint on crack tip stress fields in strength
mismatched welded joints. J. Mech. Phys. Sol. 1998, 46, 845-872. [CrossRef]

Cetinel, H.; Uyulgan, B.; Aksoy, T. The effect of yield strength mismatch on the fracture behavior of welded
nodular cast iron. Mater. Sci. Eng. A-Struct. 2004, 387, 357-360. [CrossRef]

Cetinel, H.; Aksoy, T. The effect of undermatching on crack tip constraint in a welded structure of nodular
irons. J. Mater. Process. Technol. 2008, 198, 183-190. [CrossRef]

An, G.B.; Ohata, M.; Mochizuki, M.; Bang, H.S.; Toyoda, M. Effect of strength mismatch on ductile crack initiation
behavior from notch root under static loading. Adv. Fract. Strength. 2005, 297-300, 756-761. [CrossRef]

Rakin, M.; Medjo, B.; Gubeljak, N.; Sedmak, A. Micromechanical assessment of mismatch effects on fracture
of high-strength low alloyed steel welded joints. Eng. Fract. Mech. 2013, 109, 221-235. [CrossRef]

Negre, P,; Steglich, D.; Brocks, W. Crack extension at an interface: Prediction of fracture toughness and
simulation of crack path deviation. Int. |. Fract. 2005, 134, 209-229. [CrossRef]

Samal, M.K; Balani, K.; Seidenfuss, M.; Roos, E. An experimental and numerical investigation of fracture
resistance behaviour of a dissimilar metal welded joint. Proc. Inst. Mech. Eng. Part C-]. Mech. Eng. Sci. 2009,
223,1507-1523. [CrossRef]

Zhang, Z.L. A sensitivity analysis of material parameters for the Gurson constitutive model. Fatigue Fract.
Eng. Mater. Struct. 1996, 19, 561-570. [CrossRef]

Fan, K.; Wang, G.; Yang, J.; Xuan, EZ.; Tu, S.T. Numerical analysis of constraint and strength mismatch
effects on local fracture resistance of bimetallic joints. Appl. Mech. Mater. 2015, 750, 24-31. [CrossRef]

Fan, K.; Wang, G.Z.; Tu, S.T.; Xuan, F.Z. Effects of toughness mismatch on fracture behavior of bi-material
interfaces. Procedia Eng. 2015, 130, 754-762. [CrossRef]

Fan, K.; Wang, G.Z.; Xuan, EZ,; Tu, S.T. Effects of work hardening mismatch on fracture resistance behavior
of bi-material interface regions. Mater. Des. 2015, 68, 186-194. [CrossRef]

Fan, K.; Wang, G.Z.; Tu, S.T.; Xuan, FEZ. Geometry and material constraint effects on fracture resistance
behavior of bi-material interfaces. Int. J. Fract. 2016, 201, 143-155. [CrossRef]

Wang, H.T.; Wang, G.Z.; Xuan, EZ.; Liu, C.J. Numerical research of ductile crack growth behavior for
dissimilar metal welded joint of nuclear pressure vessel. Nucl. Power Eng. 2012, 33, 36—40.

Wang, H. Local fracture behavior in an Alloy 52M dissimilar metal welded joint in nuclear power plants.
Nucl. Tech. 2013, 36, 142-147.

Fan, K.; Wang, G.Z.; Xuan, EZ.; Tu, S.T. Local failure behavior of a dissimilar metal interface region with
mechanical heterogeneity. Eng. Fail. Anal. 2016, 59, 419-433. [CrossRef]

Fan, K.; Wang, G.Z.; Xuan, EZ.; Tu, S.T. Local fracture resistance behavior of interface regions in a dissimilar
metal welded joint. Eng. Fract. Mech. 2015, 136, 279-291. [CrossRef]

Xue, H.; Sun, J. Study on micro region of crack tip of welded joints under different matches of yield stress.
Hot Work. Technol. 2016, 45, 239-245.

Zhu, 2.Q.; Jing, H.Y.; Ge, ].G.; Chen, L.G. Effects of strength mis-matching on the fracture behavior of nuclear
pressure steel A508-11I welded joint. Mater. Sci. Eng. A-Struct. 2005, 390, 113-117. [CrossRef]

Wang, H.T.; Wang, G.Z.; Xuan, FZ.; Tu, S.T. An experimental investigation of local fracture resistance and
crack growth paths in a dissimilar metal welded joint. Mater. Des. 2013, 44, 179-189. [CrossRef]

Wang, H.T.; Wang, G.Z.; Xuan, EZ.; Liu, C.J.; Tu, S.T. Local mechanical properties of a dissimilar metal
welded joint in nuclear power systems. Mater. Sci. Eng. 2013, 568, 108-117. [CrossRef]

Yang, J. Micromechanical analysis of in-plane constraint effect on local fracture behavior of cracks in the
weakest locations of dissimilar metal welded joint. Acta Metall. Sin.-Engl. Lett. 2017, 30, 840-850. [CrossRef]
Ostby, E.; Thaulow, C.; Zhang, Z.L. Numerical simulations of specimen size and mismatch effects in ductile
crack growth-Part I: Tearing resistance and crack growth paths. Eng. Fract. Mech. 2007, 74, 1770-1792.
[CrossRef]

276



Metals 2018, 8, 494

34. ASTM E1820-08a. Standard Test Method for Measurement of Fracture Toughness; American Society for Testing
and Materials: Philadelphia, PA, USA, 2008.

35. Yang, ].; Wang, G.Z.; Xuan, EZ; Tu, S.T,; Liu, C.J. An experimental investigation of in-plane constraint effect
on local fracture resistance of a dissimilar metal welded joint. Mater. Des. 2014, 53, 611-619. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

277






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Metals Editorial Office
E-mail: metals@mdpi.com
www.mdpi.com/journal/metals







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-03921-955-1



	Blank Page

