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Abstract. The need of lowering the weight of ships makes it crucial to have superstructures made of aluminum alloy and the ship hull made of steel. Within this context, the connection between the two different metals becomes crucial as different metals are hardly weldable using traditional techniques. Thus Structural Transition Joints are extremely important. One of the most promising welding techniques is the Explosion Welding process, which reaches a good compromise between weldability and mechanical properties of Structural Transition Joints. In the present study, the mechanical behaviour of Structural Transition Joints made of ASTM A516 structural steel, clad by explosion welding with AA5086 aluminum alloy and provided with an intermediate layer of pure aluminum was investigated. Preliminary fracture mechanics tests on CT Specimens made of Al alloy and shipbuilding grade steel were performed. Afterwards, fracture mechanics properties of the Structural Transition Joint considering a notch located at the interface between the pure aluminum and steel were evaluated experimentally following the current standards. In addition, the Digital Image Correlation technique allowed the analysis of the displacement and strain patterns of the different metals and to evaluate the crack length of the bimetallic specimen.
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Introduction
The shipbuilding and offshore structures involve several metallic materials, ranging from standard steel to high strength steels, passing by aluminium and titanium alloys. Undoubtedly the main connection technique is represented by welding, but the problem of joining different materials still represents an important challenge. 
In the recent years, the explosion welding (EW) technique [1] has been increasingly applied for joining dissimilar metallic materials instead of the conventional welding techniques, due to likely technical complications such as metallurgical incompatibility. The EW is usually described as a solid-state joining process. This process uses an explosive detonation as the energy source to produce a metallurgical bond between metal components. This produces partial melting at the wavy interface and the growth of intermetallics, that can be the source of cracking when exposed to dynamic loading. 
The most used Structural Transition Joints (STJ) in shipbuilding industries are Al/Steel joints [1–5],  while Ti/Inconel [6] and Stainless steel/Inconel 625 [7] joints are principally employed for offshore and oil & gas industry. A case of steel hull to Al superstructure connection is shown in Figure 1, where dissimilar Al/Steel STJ were used between the yacht’s hull and superstructure [8, 9] in order to weld by means of traditional welding techniques the steel hull side on the to the steel side and the aluminium upper section to the Al side of the bimetallic joint. 
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[bookmark: _Hlk99370179]Figure 1. Welding steel hull to aluminium superstructure [8].

Another shipbuilding application of bimetallic joints for the connection of aluminium superstructure to steel deck is reported in [10]. 
Some investigations on Al/Steel STJs are reported in literature: static and fatigue bending tests [3], non linear finite element simulations of bending tests [5], tensile-shear and Charpy Impact tests [4], hardness measurements and static tensile tests [11], fracture mechanics tests [12]. The interfacial toughness of a shipboard Al/Steel STJ was investigated in [12], applying bending tests, and it was found that the interfacial toughness increases as the mode II (shearing mode) increases. The ship structures are exposed to severe seas and long-term wave loads, so the random sea states effect on the fatigue life of Al/Steel STJ, estimated by means the frequency domain method, was investigated in [13]. 
Up to the authors knowledge, the fracture mechanics and the crack propagation analyses for Al/Steel STJ are not sufficiently discussed in literature. The aim of this study was to assess the linear elastic fracture mechanics (LEFM) properties and to monitor the crack propagation in Al/Steel STJ according to the ASTM standards [14, 15]. Preliminary, the LEFM tests were performed on Compact Tension (CT) specimens, made of the base materials, in order to compare the results with the ones obtained on CT specimens, made of Al/Steel STJ. The crack length of the STJ was monitored considering the discontinuity point of the displacement field in the loading direction [16] by means of the Digital Image Correlation (DIC), which was already applied by the authors to different kinds of joints [5, 17–19] . A DIC-based structural strain approach for low-cycle fatigue assessment of welded joints was recently developed by the authors [17]. More information about the DIC system used can be found in [17].
Fracture mechanics properties of the base material specimens
The geometry of the CT specimens was chosen according to ASTM E399 [14], as shown in Figure 2 for the two base materials: ASTM A516 Gr.55 steel and 5086 aluminum alloy, which are typically used for ship structures. The ASTM E399 standards involve plane strain specimen geometries, if thinner specimens are investigated, the LEFM formulae should be corrected properly accounting for plane stress conditions.
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[bookmark: _Ref94519974]Figure 2. Geometry according to ASTM E399 (a) and CT specimens (b).

Preliminary some cyclic tests were carried out to complete fracture, in order to obtain the three phases (crack initiation, stable crack propagation, unstable crack propagation) and the Paris curves, each of the two investigated materials. The crack length during the crack propagation tests was calculated by means of the compliance method according to the ASTM E 647 standard [15]. 
The interpolation of the experimental data in the phase of the stable crack propagation, allowed to derive the Paris law, shown in Figure 3. 
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Figure 3. Paris curve for steel (a) and aluminium alloy (b) CT specimens.

Subsequently, LEFM tests were performed according to ASTM E399 [14], following two phases:
1. pre-cracking of the CT specimens due to fatigue loadings according to the ASTM E 647 standard [15], until a predetermined value of the length of the crack, set equal to 30 mm, is reached in order to have a very sharp notch and to ensure that the crack propagation is perpendicular to the loading direction;
2. destructive test of the CT specimens, by constantly increasing the tensile stress, during which the load and the crack opening displacement (C.O.D.), correlated to the crack propagation, is recorded by means of a clip gage.
Figure 4 shows the trend of the load as a function of the displacement determined by the crack opening during the second phase of the LEFM tests. 
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[bookmark: _Ref95404357]Figure 4. Loading- displacement curves steel (a) and aluminium alloy (b) CT specimens.

The stress intensification factor KIC was derived according to the following procedure [19]:
· the tangent line to the initial linear section of the curve shown in Figure 4;
· the straight line having a slope equal to 95% of the previous one has been identified;
· [bookmark: _Hlk99624411]the intersection between this straight line and the load-displacement curve allows to evaluate the values of PC load level (PC = 32.13 kN for steel, PC =11.09 kN for aluminium alloy).
· the crack length a, given by the sum of the length of the carving and the crack propagation in the first phase of the tests, has been measured at the two external surfaces and at 25%, 50% and 75% of the specimen thickness;
· [bookmark: _Hlk99206493]the corrective factor f(a/W) has been evaluated, according to ASTM E399;
· finally, the value of KIC was calculated, according to the following equations

			(1)

The KIC and ΔKth values evaluated for both materials are given in Table 1. 
[bookmark: _Ref95986020]
[bookmark: _Hlk99467936]Table 1. Experimental values of KIC and ΔKth.
	Material
	KIC
[MPa m0.5]
	ΔKth
[MPa m0.5]

	ASTM A516 Gr.55 steel
	74.20
	26.05

	5086 Aluminum alloy
	25.65
	8.75


The KIC is difficult to measure since it requires plane-strain conditions, still the specimen geometry was chosen according to the ASTM E399 standard [14] to achieve this condition. The values of KIC may be slightly queationable for both metals, due to plane-strain conditions and plastic deformation shown in Figure 4, even if the  KIC value evaluated for the AA 5086 alloy is similar to the one  (27 MPa ◦ m0.5) reported in the ASM handbook [20]. CTOD measurements will be performed in future studies. However, the results of the present research activity give a qualitative comparison between the two base materials, and they will be refined in future studies to take into account plastic deformation.
Stress Intensity Factor of the STJ and crack tip monitoring by means of the DIC technique
The bimetallic bars were supplied by the Nobleclad company and are made of ASTM A516 Gr.55 steel / Aluminum 1050A / 5086 Aluminum alloy. The geometry of the CT specimens with thickness t = 10 mm are shown in Figure 5. The STJ specimens have three layers with different heights: 19 mm for ASTM A516 Gr.55 steel, 9.5 mm for the intermediate layer of AA1050 aluminum, 6 mm for AA5086 aluminum alloy. 
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[bookmark: _Ref95996118]Figure 5. Geometry according to ASTM E399 (a) and b) CT specimens (b).

The LEFM tests were performed, according to ASTM E399 [14], on the STJ specimens. These specimens were manufactured by means of electrical discharge machining (EDM) in order to obtain the crack propagation tip at the steel/aluminum interface and a crack mouth of 2 mm. Since no clip gage was available for such a low measure of the crack mouth, the DIC technique was used to determine the crack length during its propagation. Thus, a method for detecting the crack position by means of the DIC was setup. It must be said that, due to the wavy interface between steel and aluminium, the manufacturing of the notch did not always occur at the interface, but the crack initiation and propagation occurred always at the bimetallic interface as experimentally observed. In addition, due to the presence of the interface, no fatigue pre-cracking was needed as the crack naturally propagates across the interface between steel and aluminium. The load-displacement curve obtained during the LEFM tests is shown in Figure 6.

[image: ]
Figure 6. Loading- displacement curve for K evaluation in STJ specimen.

The critical stress intensity factor KIc was evaluated as already described for the CT specimens, made of steel and aluminium alloy. The obtained results, calculated according to [14], are shown in Table 2. It is worth to be mentioned that the KIC value, obtained for STJ, is about 20 % lower than that of the aluminium alloy reported in Table 1. 

Table 2. LEFM parameters of the investigated STJ. Parameters defined in [14].
	PC [kN]
	a [cm]
	B [cm]
	w [cm]
	f(a/w)
	KIC [MPa m0.5 ]

	3.25
	0,9
	1
	2
	8.34
	19.16



Considering that an intermediate layer of pure Al is placed between the Al alloy and the structural steel, the obtained value looks satisfactory. The failure surface resulted wavy following the morphology of the Al/Steel interface, as shown in Figure 7.
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Figure 7. Fractured specimen.

The wavy interface plays an important role for the KIc value as it makes the crack deviate from a fully horizontal path and follows the wavy morphology of the interface. This means that there is a Mode II effect, thus the KII should be evaluated in future studies. 
In order to setup a method for detecting the crack length, that should be used especially during fatigue loading to determine the Paris law, the vertical displacement distribution was determined by means of the DIC method. 
The analysis of the displacement distribution in the loading direction allowed the identification of the displacement discontinuity. This can be interpreted as a material discontinuity caused by the fatigue crack. Thus, by analyzing the displacement gradient, the current position of the crack can be identified. The displacement distribution during the test is reported in Figures 8. The images clearly show the displacement is uniform in the first phase of the test (a), while a discontinuity is observed at max load (b), indicating that the crack length changed. The right side of Figure 8 reports the magnification of the strain near the crack tip. This behaviour is confirmed in Figure 9, where three points at a distance of 0,5 mm from the crack tip are analyzed. The curves of the three points are overlapped the same values, while the lower point follows a different displacement trend when the crack occurs after 30 s. 
Moreover the DIC technique allowed the evaluation of von Mises strain, as reported in Figure 10 at 2 kN and at max load, showing the high level of strain.
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(a) prior to maximum loading (3.25 kN)
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(b) crack initiation at maximum loading (3.33 kN)
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(c) crack propagation after maximum loading (3.25 kN)
Figure 8. Displacement distribution around the crack tip
[image: ]
Figure 9. Displacement evolution of three points near the crack tip.
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Figure 10. Von Mises strain at 2 kN (a) and max load (b).

Conclusions
The crack length on steel and aluminium alloy CT specimens was calculated during crack propagations tests by means of the compliance method according to the ASTM E 647 standard.
The interpolation of the experimental data in the stable crack propagation phase of the crack, allowed to derive the Paris law. The LEFM tests according to ASTM E399 standard allowed to evaluate the mode I Stress Intensity Factor.
The Al/Steel STJ were also investigated and CT specimens were manufactured by EDM placing the crack tip in correspondence of the Al/Steel wavy interface. The tests allowed the determination of the mode I Stress Intensity Factor according to ASTM E399 standard. The wavy interface plays an important role for the KIc and the obtained value resulted satisfactory. However, the Mode II effects need to be considered in performing both DIC and load-CMOD curve analysis, which will be addressed in future studies.
In addition, the failure surface resulted wavy, following the morphology of the Al/Steel interface. The DIC was used to setup a method of measuring the crack length of the STJ. In addition, the DIC technique was used to evaluate the von Mises strain during the test. 
A DIC- based technique will be set up to measure the crack length propagation during fatigue testing of STJ CT specimens for obtaining the Paris law also for the STJ in future studies.
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