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Dissimilar welding of aluminum alloy to steel is a key technology for weight reduction in car body structures. However, brittle intermetallic compounds (IMC) layer is formed at the weld interface, decreasing the weld strength. In this study, dissimilar welding of aluminum alloy 5052 to interstitial free steel with Al-Zn filler materials and Ni plating was performed by gas tungsten arc welding, and the effect of these intermediate metals on the mechanical properties and interfacial microstructures of the welds was examined. Simultaneous addition of Zn and Ni drastically improved the tensile shear strength of the welds from 41 MPa to 120 MPa. Microstructural analysis revealed that the addition of Zn and Ni reduced the IMC thickness. Nanoindentation measurements showed that Zn addition reduced the IMC hardness, and the subsequent addition of Ni with Zn further decreased the IMC hardness. This reduction of the IMC hardness, as well as the reduction of the IMC thickness, might contribute to the drastic improvement of the tensile shear strength of the welds.

Introduction

Multi-material structures combining aluminum (Al) alloy to steel can be used for car body structures for weight reduction, energy conservation and global emission reduction [START_REF] Geng | Elucidation of intermetallic compounds and mechanical properties of dissimilar friction stir lap welded 5052 Al alloy and DP590 steel[END_REF][START_REF] Zhang | High-quality dissimilar friction stir welding of Al to steel with no contacting between tool and steel plate[END_REF]. However, dissimilar welding of Al alloy to steel is still challenging because of the formation of the brittle intermetallic compound (IMC) at the weld interface [START_REF] Xie | Microstructure evolution and fracture behavior of rotating laser welded-brazed 6061 aluminum alloys/304 SS dissimilar joint[END_REF][START_REF] Bergh | Intermetallic Phase Layers in Cold Metal Transfer Aluminium-Steel Welds with an Al-Si-Mn Filler Alloy[END_REF]. Therefore, it is important to understand the formation mechanism of IMCs at Al/steel dissimilar weld interface and to control their microstructures in order to achieve a reliable welding of Al alloy to steel.

Addition of an intermediate metal is one of the approaches to modify the microstructures of the IMC at the dissimilar weld interface because the intermediate metal changes the interfacial reaction during dissimilar welding. Effect of Zn addition on the dissimilar welding of Al alloy to steel has been paid attention because Zn has been widely used as a coating material on steel sheets. It is generally accepted that Zn addition results in a decrease in the hardness of the IMC layer, which contributes to the improvement of the Al/steel weld strength [START_REF] Nishimoto | Mechanical properties of laser-pressurewelded joint between dissimilar galvannealed steel and pure aluminium[END_REF][START_REF] Qin | Formability behavior of Al/steel MIG arc brazed-fusion welded joint[END_REF][START_REF] Yang | Control of interfacial intermetallic compounds in Fe-Al joining by Zn addition[END_REF].

Recently, simultaneous addition of multiple intermediate metals is found to improve the strength of dissimilar welds more than the single addition of each intermediate metal. The authors [START_REF] Suzuki | Drastic Improvement in Dissimilar Aluminum-to-Steel Joint Strength by Combining Positive Roles of Silicon and Nickel Additions[END_REF] reported that the simultaneous addition of Ni and Si, which results in the refinement of η-Fe2Al5 grains and the reduction of the IMC thickness, respectively, successfully improved the weld strength of AA1050/Fe welds by combing the positive effects of these intermediate metals. This study clearly showed a possibility for further improvement of the Al/steel weld strength by the simultaneous addition of multiple intermediate metals.

In this study, therefore, the effect of the simultaneous addition of Zn and Ni on the weld strength and microstructure of IMC of the Al/steel welds was studied.

Experimental procedures

Materials and welding

*Corresponding author: E-mail address: kiyoaki.suzuki.q1@dc.tohoku.ac.jp 1 Gas tungsten arc welding (GTAW) was used for welding of AA5052 sheets to interstitial free (IF) steel sheets with Al-X at. % Zn (X = 0, 1, 3, and 5) filler materials. The sheets had the same thickness of 2 mm, and these chemical compositions are presented in Tables 1 and2, respectively. In order to study the effect of Ni on the Al/steel dissimilar welding, Ni plating, approximately 20 µm in thickness, was electroplated on the IF steel sheets prior to welding. Al-X at.% Zn (X = 0, 1, 3, and 5) filler materials were prepared by casting of a molten Al alloy produced from a pure Al (99.8%) ingot and pure Zn (99%) powder. The Al-Zn cast alloys were rolled to 2 mm in thickness, followed by cut into bars with dimensions of 100 × 5 × 2 mm 3 . Figure 1 shows a sketch of the GTAW process. Prior to welding, the surfaces of an AA5052 sheet and an Al-Zn filler bar were ground with a 400-grit SiC paper to remove the oxide layer and subsequently cleaned with ethanol. To improve the weldability, a flux was placed on the steel surface. An AA5052 sheet and a filler bar were set on an IF steel with an overlap width of 25 mm. The GTAW parameters included a welding current of 140 A, an arc voltage of 9 V, a welding speed of 200 mm/min, an arc length of 1 mm, and tilting angle of 10° from the horizonal. Argon shielding gas with 20 L/min flow rate was used during welding to avoid the oxidation of the weld. 

Mechanical and microstructural tests

The weld strength of the Al/steel dissimilar welds was examined by tensile shear testing. For each weld, three specimens were cut from the center part of the welded sample perpendicular to the welding direction, as indicated by red rectangles in Figure 2 For microstructural analysis of the weld interface, cross sections of the welds were cut, as indicated by blue rectangles in Figure 2 (a), and then prepared through the standard metallographic sample procedure. The cross section was observed by scanning electron microscopy (SEM), and the thickness of the IMC layer formed at Al/steel weld interface was quantified in backscatter electron (BSE) mode. Distributions of intermediate metals at the Al/steel dissimilar weld interfaces were also analyzed using electron probe microanalyzer (EPMA).

X-ray diffraction (XRD) spectra were obtained from the fracture surfaces in order to identify the fracture position during the tensile shear test.

Nanoindentation was employed to study the effect of intermediate metals on the hardness of IMC layer. Using a Berkovich tip, a maximum load of 20 mN, a loading and unloading time of 20 s, and a dwell time of 5 s were applied.
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Results

Tensile shear strength

Microstructure at the weld interface

Figure 4 (a) shows the BSE images of the different Al/steel dissimilar weld interfaces. Ni plating on IF steel was completely dissolved into the Al fusion zone, and an IMC layer formed at the interface between Al and steel, resulting from a direct contact between Al melt and steel. IMC layer at all welds exhibits similar morphology, which are often called as "tonguelike" structure [START_REF] Shi | Role of Fe2Al5 in fracture of novel dissimilar aluminum-steel resistance spot welds using multi-ring domed electrodes[END_REF][START_REF] Wang | Phase formation and mechanical properties of iron-based intermetallic/steel laminate composites[END_REF]. It is noteworthy that IMC layer formed at the weld produced with Al-5 at.% Zn filler contains many defects, which might be responsible for the decrease in the tensile shear strength, as shown in Figure 3. EPMA quantitative analysis suggested that IMC layer without any intermediate metals mainly consisted of η-Fe2Al5 layer with chemical composition of 27 at.% Fe and 73 at.% Al, which corresponds to many previous studies on the Al/steel reaction [START_REF] Xu | Dynamic growth model of Fe2Al5 during dissimilar joining of Al to steel using the variable polarity cold metal transfer (VP-CMT)[END_REF][START_REF] Yu | The Growth Behavior f or Intermetallic Compounds at the Interface of Aluminum-Steel Weld Joint[END_REF]. Figure 4 (b) shows chemical composition profiles across the weld interface produced with Al-3 at.% Zn filler. The Al and Fe profiles suggest that η-Fe2Al5 layer (27 at.% Fe and 73 at.% Al) is also the dominant phase in the IMC layer. Zn profile clearly shows that η-Fe2Al5 layer contains Zn between about 0.2 and 1 at.%, which suggests the formation of η-Fe2Al5Znx layer by Zn addition [START_REF] Tan | Influence of Al additions in Znbased filler metals on laser welding-brazing of Al/steel[END_REF][START_REF] Chang | High temperature deformation behaviors of hot dip 55 wt% Al-Zn coated steel[END_REF]. Noticeably, Zn content inside η-Fe2Al5Znx layer increases toward steel side, forming Zn-rich zone at η-Fe2Al5Znx/steel interface. Figure 4 (c) shows chemical composition profiles across the weld interface produced with Al-3 at.% Zn filler and Ni plating. The dominant phase in the IMC layer is also η-Fe2Al5Znx containing Zn between about 0.3 and 1 at.%, and the Zn-rich zone is also observed. On the other hand, Ni is not detected inside the dominant η-Fe2Al5Znx layer but enriched at the Al/IMC interface, suggesting the formation of thin τ1-FeNiAl9 layer, which was formed at the Al/steel interface containing Ni [START_REF] Suzuki | Drastic Improvement in Dissimilar Aluminum-to-Steel Joint Strength by Combining Positive Roles of Silicon and Nickel Additions[END_REF][START_REF] Bergh | On intermetallic phases formed during interdiffusion between aluminium alloys and stainless steel[END_REF][START_REF] Lee | Microstructural Evolution of Reaction Layer of 1.5 GPa Boron Steel Hot-Dipped in Al-7wt%Ni-6wt%Si Alloy[END_REF]. In addition to chemical composition of η-Fe2Al5 layer, intermediate metals change the thickness of IMC layer, as presented in Figure 5. Except for the weld produced with Al-1 at.% Zn filler without Ni plating, addition of Zn and Ni plating reduces the IMC thickness. According to previous studies, it is expected that the reduction of IMC thickness could contribute to the increase in the tensile shear strength of the welds. 

XRD on fracture surface

IMC hardness

It is well known that Zn reduces the hardness of the IMC layer formed at the Al/steel weld interface, so that the hardness of η layer was examined by nanoindentation method. Table 3 summarizes the effect of intermediate metals on the hardness of η layer and the tensile shear strength of the welds. Zn addition reduced the hardness of η layer. The subsequent addition of Ni with Zn further reduced the hardness of η layer. This reduction of hardness might contribute to the effective improvement of the tensile shear strength of the welds, as well as the reduction of the IMC thickness. 

Conclusions

In this study, GTAW of AA5052 to IF steel was performed with Al-Zn filler materials and Ni plating, and the effect of simultaneous addition of Zn and Ni on the mechanical properties and microstructure of the Al/steel dissimilar welds were studied. Tensile shear strength of welds was drastically improved by simultaneous addition of Zn and Ni. The improvement of tensile shear strength might be attributed to reduction of the IMC thickness, as well as the reduction of the *Corresponding author: E-mail address: kiyoaki.suzuki.q1@dc.tohoku.ac.jp IMC hardness. These results indicated that the simultaneous addition of multiple intermediate metals modified the microstructures and mechanical properties of IMC, resulting in a strength improvement of the Al/steel dissimilar welds.

Figure 1

 1 Figure 1 Sketch of GTAW process.

  (a). The dimensions of the test specimens are provided in Figure2(b). Two slits were introduced at the top and the bottom of the test specimen by wire electrical discharge machining, as shown in Figure2 (c). The aims of the insertion of these slits were (1) to standardize the interfacial test area at 2 × 10 mm 2 , (2) to eliminate the effect of the shape of the Al fusion zone on the weld strength, and (3) to suppress the fracture in the Al base material during the test. Tensile shear tests were performed on a screw-driven testing machine at a crosshead speed of 0.3 mm/s at room temperature.

Figure 2

 2 Figure 2 (a) Specimen location, (b) configuration of tensile test specimen, and (c) location of slits.

Figure 3

 3 Figure 3 shows the effects of the simultaneous addition of Zn and Ni on the tensile shear strength of the Al/steel weld. All specimens were fractured at the weld interface. Without any intermediate metals, tensile shear strength is 41 MPa. Noticeably, the weld strength increases with an increase in Zn content of filler up to 3 at.%, beyond which it decreases. Clearly, the subsequent addition of Ni with Zn further improves the weld strength. It should be noted that the highest tensile shear strength of 120 MPa is achieved when the Al-3 at.% Zn filler and Ni plating were simultaneously used.

Figure 3

 3 Figure 3 Effect of Zn and Ni on tensile shear strength of weld.

Figure 4

 4 Figure 4 (a) BSE images, (b) and (c) chemical composition profiles across the Al/steel weld interface.

Figure 5

 5 Figure 5 Effect of Zn and Ni on IMC thickness at weld interface.

Figure 6

 6 Figure 6 Relationship between tensile shear strength and IMC thickness.

Figure 7 shows

 7 Figure 7 shows XRD spectra obtained from the fracture surfaces of the welds produced without any intermediate metals, with Al-3 at.% Zn filler, and with Al-3 at.% Zn filler and Ni plating. For all welds, η-Fe2Al5/Fe2Al5Znx phase was detected with relatively high intensity on both Al side (Figure 7 (a)) and Fe side (Figure 7 (b)), suggesting that fracture propagated inside the η layer during tensile shear test.

F Figure 7

 7 XRD spectra obtained from fracture surface on the (a) Al and (b) Fe side, respectively.

Table 1

 1 Chemical composition of IF steel (wt.%).

	Fe	C	Si	Mn	P	S
	Bal.	0.003	<0.000	0.35	0.020	0.008

Table 2

 2 Chemical composition of AA5052 (wt.%).

	Al	Si	Fe	Cu	Mn	Mg	Cr	Zn
	Bal.	0.08	0.25	0.01	0.01	2.61	0.17	0.02

Table 3

 3 Tensile shear strength and hardness of η layer.

Acknowledgements

The authors acknowledge the support from GP-MS at Tohoku University.