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Abstract. Cladding of two dissimilar materials such as aluminum and austenitic steel 

can bring outstanding material characteristics beyond the ones of each conventional 

monomaterials. The study focused on development of an Al-Fe-rich intermetallic phase 

formed on the aluminum/steel interface during heat treatment. Electrical resistivity 

measurements were performed to monitor diffusion processes and phase 

transformations during isochronal and isothermal annealing. Resistivity measurement 

results were supplemented by microscopic methods revealing the interfacial 

microstructure. 

1 Introduction 

Al-steel clad sheets manufacturing enables to get a material combining steel’s high strength with a low 

weight of aluminum, making this material very attractive for structural applications in shipbuilding, 

aircraft constructions or car bodies [1,2]. 

Clad materials represent joints of two or more layers of different metals. They can be produced in 

various forms e.g. strips, foils, tubes, rods or wires. Nowadays, more than 90 % of the clad strips 

production is comprised by a cold or hot roll bonding process [3]. However, these methods suffer from 

severe drawbacks resulting in a high cost of the final product. The issue is that the substrate's preparation 

consists of several steps, including multi-pass hot rolling and complicated surface pretreatments. 

 Twin-roll casting used as a cladding process [4,5] is a novel method, which poses a solution 

overcoming such drawbacks since clad strips are prepared directly from a melt of one metal and a solid 

sheet of the other one that are fed simultaneously between the rolls of a twin-roll caster. Demands on 

the surface preparation are then partially relinquished.  

The clad material could be subjected to a thermal exposure during manufacturing of a final product, 

which could activate diffusion between the metals leading to undesirable formation of brittle 

intermetallic compounds (IMC), influencing the final mechanical properties of the clad material [6,7]. 

Akramifard et al. [8] investigated microstructure and mechanical properties of a three-layered composite 

AA1050/304L/AA1050 prepared by hot rolling. During a subsequent heat treatment, growth of an IMC 

layer was observed deteriorating the joint's quality. Cracks propagated along the Al–IMC interface and 
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caused an even-by-hand delamination of the bond. Al5Fe2 and Al13Fe4 phases were found as the main 

constituents of the IMC layer formed on the interface [8–11].  

The aim of this paper is to investigate the evolution of the interface between Al and steel in twin-roll 

cast Al-steel clad sheet at elevated temperatures using resistivity measurements and observation of the 

resulting structure by light optical microscopy (LOM) and scanning electron microscopy (SEM). 

2 Experimental  

2.1 Material 

A melt of technically pure aluminum EN AW-1070 was clad on a solid strip of austenitic steel type 

1.4301. The casting process was realized by a laboratory twin-roll caster equipped with two water-

cooled rolls with a diameter of 370 mm and a length of 200 mm [12]. A vertical operation plane was 

chosen. No mold release coating was applied on the rolls’ surface either before or during the casting 

process. The final thickness of the composite strip was 2.5 mm with the aluminum-to-steel thickness 

layer ratio of 4:1. 

Since a subsequent heat treatment could influence the bond strength between the steel and aluminum 

layer, isochronal and isothermal annealing were performed using a laboratory air furnace. The 

isochronal step-by-step annealing scheme with step 50 °C / 25 min was applied with a water-quenching 

between every two steps. The isothermal annealing was done at 500 °C with a logarithmically changing 

time-step length. 

2.2 Methods 

Electrical resistivity measurements (four-point probe at the temperature of liquid nitrogen) were carried 

out after each annealing step and solid solution decomposition and phase transformations were 

investigated. Light optical microscopy (LOM, Zeiss Axio Observer metallographic microscope) and 

scanning electron microscopy (SEM, Quanta 200F) observations in backscattered electrons (BSE) were 

used for the characterization of microstructural changes.  

3 Results and discussion 

3.1 Initial state 

Both LOM and SEM show colonies of primary phases arranged in interdendritic chains obliquely 

orientated in the casting direction of both outer sides of the aluminum layer (figure 1, 2a).  

 

Figure 1. Light optical micrograph of a) Al layer surface without steel coating and b) Al/steel 

interface. 

 

A slight difference in the phase distribution on the opposite sides of the aluminum layer – with and 

without the adjacent steel substrate – could be noticed due to different cooling rates caused by the added 

steel sheet [13,14]. The steel substrate acts as an additional heat barrier so the aluminum solidifies from 
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that side at a considerably slower rate and a position of the kissing point [13] is shifted towards the 

steel layer.  

The presence of the IMC layer at the Al-steel interface in the as-cast state was not confirmed by 

LOM or SEM (figure 1b, 2b). The observation is in contradiction with results given in [2,15], where 

a formation of the IMC during the casting was reported. It should be noted that clad strip casting 

conditions were different for the compositions used in our study and in the referenced works. In work 

of Grydin[2], a thicker Al-layer, a thinner steel layer and a higher Al pouring temperature were used. In 

work of Stolbchenko [15], the same clad parameters were used (Al layer 2.0 mm, steel layer 0.5 mm) 

but with higher casting temperature and casting rate. Thus, a higher strip outlet temperature could result 

in the IMC growth without any additional annealing. 

 

Figure 2. BSE images a) of aluminum and b) interface region. 

3.2 Annealing 

Figure 3a shows electrical resistivity annealing curves of the composite and separate Al and steel layers 

during isochronal annealing. A pronounced resistivity drop was measured in the composite and Al 

sample between 200 °C and 450 °C. Since very similar shapes of the resistivity curves were observed 

for Al and the composite sample, phase transformation ongoing in Al layer has a controlling role in the 

resistivity curves evolution. The decrease of resistivity is connected with a higher purity of the matrix 

and a depletion of the solid solution. Contrarily, a backward increase above 450 °C could be a sign of 

particle dissolution.  

 

Figure 3. a) Relative changes of electrical resistivity during isochronal annealing, b) resistivity 

annealing spectra calculated from resistivity data. 

 

The calculated negative differential curves −(𝑑 𝜌 𝑑⁄ 𝑇) 𝜌0⁄ , referred to as resistivity annealing 

spectra, exhibit a pronounced peak at 400 °C for both aluminum and composite samples (figure 3b). 
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Since the derivative directly corresponds with an intensity of resistivity changes, peaks in positive values 

are related to precipitation, coarsening of the precipitates and solid solution depletion.  In contrast, 

negative values measured above 450 °C are connected with solid solution enrichment and dissolution 

of the particles. A small peak present below 250 °C in Al sample is often observed in Al alloys and it is 

related to a redistribution of Si atoms [16]. The effect is very weak and it can be overlapped by other 

transformations ongoing at higher temperatures. Partial suppression of the peak in the composite could 

be the result of a different heat loss due to the added steel layer. 

Noticeable coarsening of existing particles corresponding with the peak in resistivity annealing 

spectra is confirmed between 350 °C and 450 °C by LOM micrographs (figures 4a, b, c). Above 450 °C, 

predicted particle dissolution was also observed (figure 4d). The steel layer remained unchanged during 

all annealing experiments and the resistivity of the steel sample is rather constant during the whole 

annealing process. 

 

Figure 4. LOM images of the particles distribution in Al during isochronal annealing up to: a) 200 °C, 

b) 350 °C, c) 400 °C, d) 500 °C. 

 

The development of the interface region was studied by SEM (figure 5). Growth of an IMC layer at 

the Al-steel interface was observed above 500 °C. Its influence on the resistivity curves remains rather 

disputable. However, the slope of the resistivity annealing spectra above 450 °C was slightly steeper in 

the case of the composite sample (figure 3b). 

Considering the convincing development of the interface region above 500 °C, the isothermal 

annealing was performed at 500 °C. The resistivity curves are shown in the figure 6a. A similar evolution 

of the Al and composite resistivity was obtained, indicating the main influence of the phase 

transformations in the Al layer. In contrast to the isochronal annealing, the resistivity curves of the Al 

and composite samples during isothermal annealing do not contain the backward increase suggesting 

that 500 °C annealing leads only to a depletion of the matrix and coarsening of existing particles. 

However, a larger drop of resistivity observed in the clad material indicates an influence of formation 
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of an IMC layer at the Al-steel interface. Similarly, as observed by several researches [9–11], the 

interfacial phase layer grows according to the parabolic law (figure 6b and figure 7).  

 

Figure 5. BSE images of the interfacial phase evolution during isochronal annealing up to: a) 400 °C, 

b) 500 °C, c) 550 °C. 

 

Figure 6. a) Relative changes of electrical resistivity, b) time evolution of the IMC layer thickness d 

during isothermal annealing. 

 

Formation of the thick IMC layer could result in formation of cracks between Al and IMC and 

deterioration of the bond [8,15]. Isochronal annealing up to 600 °C leads to full delamination of the 

aluminum layer from the steel sheet. Isothermal annealing at 500 °C for 32 h results only in crack 

formation in Al along the IMC layer (figure 7c). EDX analysis confirms formation of Al-Fe rich phases 

[17] observed in Al-steel clad sheets [8–11]. 

 

Figure 7. BSE images of the interfacial region after annealing at 500 °C for: a) 8 h, b) 16 h, c) 32 h. 
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4 Summary 

Evolution of microstructure, resistivity and IMC layer in twin-roll cast Al-steel clad material were 

studied during annealing. Significant coarsening of precipitates was observed in the Al strip below 

450 °C during isochronal annealing. Corresponding maximum in the resistivity spectrum was detected 

at 400 °C. Partial dissolution of coarser particles occurs above 450 °C, resulting in presence of negative 

values in the resistivity spectrum. A similar evolution of resistivity was also observed in the composite 

material. The influence of the IMC layer growth on the resistivity of the clad is rather small, however, 

evinced by larger decrease of the composite resistivity at 500 °C. The interfacial IMC phases grow 

parabolically with time.  

Acknowledgements 

The financial support of GAČR project 20-00355Y, SVV-260582 and German Research Foundation 

(DFG) in regard to the project SCHA 1484/21-1 are highly acknowledged. 

References 

[1] Groche P, Wohletz S, Brenneis M, Pabst C, Resch F 2014 Joining by forming – A review on joint 

mechanisms, applications and future trends, J. Mater. Process.Technol., 214, p 1972–1994 

[2] Grydin O, Gerstein G, Nürnberger F, Schaper M and Danchenko V 2013 Twin-roll casting of 

aluminum–steel clad strips. J. Manuf. Process. 15 p 501–507 

[3] Khaledi K, Rezaei S, Wulfinghoff S and Reese S 2018 Modeling of joining by plastic deformation 

using a bonding interface finite element. Int. J. Solids Struct. 160 p 68–79 

[4] Hudson E B 1936 Direct casting of sheetlike metal structures. US Patent No. 2128941 

[5] Papich K S 1997 Method of continuously casting composite strip. US Patent No. 5669436 

[6] Prasada Rao A K, Kim K H, Bae J H, Bae G T, Shin D H and Kim N J 2009 Twin-Roll Cast Al-

Clad Magnesium Alloy. Mater. Sci. Forum 618–619 p 467–471 

[7] Bae J H, Prasada Rao A K, Kim K H and Kim N J 2011 Cladding of Mg alloy with Al by twin-

roll casting. Scr. Mater. 64 p 836–839 

[8] Akramifard H R, Mirzadeh H and Parsa M H 2014 Cladding of aluminum on AISI 304L stainless 

steel by cold roll bonding: Mechanism, microstructure, and mechanical properties. Mater. Sci. 

Eng. A 613 p 232–239 

[9] An J, Liu Y, Lu Y and Sun D 2001 Hot roll bonding of Al–Pb-bearing alloy strips and steel sheets 

using an aluminized interlayer. Mater. Charact. 47 p 291–297  

[10] Springer H, Kostka A, Payton E J, Raabe D, Kaysser-Pyzalla A and Eggeler G 2011 On the 

formation and growth of intermetallic phases during interdiffusion between low-carbon steel and 

aluminum alloys. Acta Mater. 59 p 1586–1600 

[11] Li R, Yuan T, Liu X and Zhou K 2016 Enhanced atomic diffusion of Fe–Al diffusion couple 

during spark plasma sintering. Scr. Mater. 110 p 105–108 

[12] Grydin O, Ogins'kyy Y, Danchenko V and Bach F-W 2010 Experimental twin-roll casting 

equipment for production of thin strips. Metallurgical and Mining Industry 2 p 348–354 

[13] Stolbchenko M, Grydin O, Samsonenko A, Khvist V and Schaper M 2014 Numerical analysis of 

the twin-roll casting of thin aluminium–steel clad strips. Forschung im Ingenieurwesen 78 p 121–

130  

[14] Chen G, Li J and Xu G 2017 Bonding process and interfacial reaction in horizontal twin-roll 

casting of steel/aluminum clad sheet. J. Mater. 246 p 1–12 

[15] Stolbchenko M, Grydin O and Schaper M 2019 Manufacturing and Characterization of Twin-

Roll Cast Aluminum–Steel Clad Strips. Adv. Eng. Mater. 21 p 1800454 

[16] Cieslar M, Slámová M, Uhlíř J, Coupeau Ch, Bonnevile J 2007 Effect of composition and work 

hardening on solid solution decomposition in twin-roll cast Al-Mn sheets Kovove Mater. 45 p 91-

97 

[17] Křivská B, Šlapáková M, Grydin O, Cieslar M 2020 Aluminium-steel clad material prepared by 

twin-roll casting. Metal 2020 Conference Proceedings Ostrava (Tanger Ltd.) p 989–993 


