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Abstract 

In this study, interstitial-free steel and commercial purity magnesium sheets were used 

to fabricate steel-magnesium laminated metal composites by roll bonding at 300Ņ. It was 

found that the steel and magnesium can achieve reasonable bonding after a 47% rolling 

reduction when the volume fraction of the laminate is 10-15% magnesium. The 

microstructure of the laminated composites was observed with scanning electron microscope. 

It was found that a continuous interface between the IF steel and the magnesium was 

produced during the roll bonding process. There was no evidence of intermetallic formation 

at the interface. 

A seven layer steel-magnesium laminate was fabricated by accumulative roll bonding at 

300Ņ with an overall reduction of 77 percent. Through-width cracks were found in the 

surface steel layers after the one cycle accumulative roll bonding process. The longitudinal 

cross-sectional microstructure of the laminate revealed that multi-localizations and even 

fracture occurred in steel layers inside the laminate.  

The mechanical properties, including tensile behavior, micro-hardness and bending 

behavior, of the laminated composites were assessed. The tensile property of the laminated 

composites was compared with those of monolithic steel and magnesium with equivalent 

deformation amount deformed under the same conditions. It was found that the UTS of the 

laminated composites obeyed the simple rule of mixtures. The fracture surfaces of the 

laminated composites were examined with SEM and compared with those of the monolithic 

IF steel and magnesium rolled under the same conditions. It was found that the fracture 
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modes of each component were different in the laminated composites compared to the 

monolithic materials. 

Three-point bending test was conducted and it was observed that no debonding at the 

interface occurred for moderate strains. To investigate the fracture behavior of the laminats in 

bending, a series of U-shape bending tests were conducted and the bend tips were observed. 

Localization of the outer steel layer was observed, followed by the formation of a major 

crack at 45 degree to the maximum tensile stress direction. Shear cracks in the magnesium 

core were also found in some places adjacent to the major crack, and delamination between 

the steel and magnesium layers occurred. 
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Chapter  1: Introduction  

The demand for lightweight structures and materials is growing all over the world for a 

wide range of products, including vehicles, body armor, sports and leisure goods. The 

application of lightweight structures in transportation industry is of primary interest due to 

the environmental issues, i.e. fuel consumption and CO2 emissions. The steel-magnesium 

composite material is an interesting candidate for lightweight materials because it combines 

the strength and stiffness of the most used structural material, steel, and the lightweight 

property of the lowest density structural material, magnesium. 

Steel-magnesium composites have a number of attractive advantages. The low density 

of magnesium (1.8 g/cm
3
) provides good potential to make lightweight composites. A simple 

calculation for the density of a steel-magnesium composite as a function of the volume 

fraction of magnesium is shown in Fig. 1.1. It can be seen that for a composite with 30% 

magnesium, the density is 23% lower than steel. It is also important to note that the mutual 

solubility of iron and magnesium is extremely low and no intermetallic phases appear on the 

equilibrium phase diagram [1], so brittle intermetallic phase, which are usually the ñhotbedsò 

of cracks, are not expected to nucleate and grow during thermo-mechanical treatment of the 

composite [2, 3]. On the other hand, the steel-magnesium composites may also have some 

disadvantages. It is challenging to fabricate such composite because the melting temperature 

of iron is higher than even the boiling temperature of magnesium, therefore, conventional 

casting techniques are eliminated. In addition, the corrosion of magnesium due to the 

electrochemical reaction in the composite could be a major problem for the applications of 

steel-magnesium composites. 
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Fig. 1.1. The potential for making lightweight steel-magnesium laminated composites. 

For steel-magnesium composite materials, there are recently published explorations of 

composites in the form of composite wire obtained by repeated co-extrusion [3] and that of 

laminated metal composites (LMCs) processed by infiltration [4]. The LMCs are a unique 

form of composite material in which alternating metal or metal containing layers are bonded 

together with discrete interfaces [5]. There are many techniques to fabricate the LMCs, 

including deposition techniques, infiltration, adhesive bonding, hot pressing, roll bonding, etc. 

Among these various techniques, the roll bonding technique used in this work is of particular 

interest since the process is simple, efficient, and could be applied for large scale production. 

Roll bonding is a solid phase operation in which the component metal sheets are roll bonded 

together under pressure and/or heat either sequentially or simultaneously [5]. Recently, Tsuji 

et al. [6-8] have developed a novel roll bonding technique, the accumulative roll bonding 

(ARB), in which the normal roll-bonded material is cut into two, stacked and roll-bonded 
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repeatedly. It is therefore possible to fabricate LMCs with a number of layers by the ARB 

technique. 

The objective of this work is to fabricate the steel-magnesium laminated composites by 

means of roll bonding and to assess the mechanical properties of the composites in 

comparison with those of the monolithic component materials. We examine the mechanical 

responses of the composite, including decohesion between steel and magnesium, during 

tension and bending. This work also tests the effectiveness of predictions for the tensile 

strength based on the rule of mixtures. Finally, it is of interest to examine the fracture modes 

of steel and magnesium with different layer thicknesses in the composites in tension, and to 

compare those with the fracture modes for monolithic steel and magnesium. 
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Chapter  2: Literature review  

In this chapter, the concept and advantages of the hybrid (composite) materials, as well 

as the design process of these hybrids will  first be reviewed. Then, the room temperature 

tensile properties of the laminated metal composites will be described. Next, the previously 

reported results on steel-magnesium composites will be reviewed. Finally, the roll-bonding 

and accumulative roll bonding processes will be described and the process parameters 

affecting bonding will be summarized. 

2.1. Designing hybrid materials 

2.1.1. Introduction to hybrid materials  

In contrast to the traditional monolithic materials, hybrid materials, as shown by the 

central circle in Fig. 2.1 [9], are combinations of two or more materials assembled in such a 

way as to have attributes not offered by either one alone. As such they combine the 

properties of two (or more) monolithic materials, or of one material and space. There are a 

variety of mature designs and competitive products of the hybrid materials in todayôs market.  

There are many types of hybrid materials. According to the length scale of the 

component materials, there are macrocomposite, mesocomposite and microcomposite [10]. 

There are also many different hybrid materials categorized by configuration, including 

particulate and fibrous composites, sandwich structures, lattice structures, segmented 

structures, and more. These four typical configurations and their potential advantages are 

shown in Fig. 2.2 [9]. Besides those four typical configurations, many more can be obtained 

by using advanced processing techniques. For example, a wide variety of geometries can be 
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Fig. 2.1. The idea of the hybrid materials (reprinted from [9] with permission from Elsevier). 

 

Fig. 2.2. Four typical families of configurations of hybrid materials (reprinted from [9] with permission from 

Elsevier, ñwtò in the figure is the abbreviation for weight). 
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produced by surface treatments combined with masking or machining operations, as 

illustrated in Fig. 2.3 [11]. 

 

Fig. 2.3. An illustration of the various composite geometries that can be obtained by decarburization (reprinted 

from [12] with permission from John Wiley and Sons). 

2.1.2. What could we achieve by designing a hybrid? 

Ashby [9, 13] has summarized some advantages of hybrid material for the four possible 

scenarios, as shown in Fig 2.4 [9]. In Fig. 2.4, the fields occupied by two materials, M1 and 

M2, are schematically shown and plotted on a chart with properties P1 and P2 as the axes (the 
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properties are assumed to become better along the positive directions of the axes). With 

different shapes and different combination methods, one may achieve any one of the 

scenarios listed in Table 2.1. 

 

Fig. 2.4. Possibilities of hybridization (reprinted from [9] with permission from Elsevier). 

Table 2.1. The details of four possibilities of hybridization (summarized according to ref. [13]). 

Points Scenarios Descriptions Examples 

A The best of both A hybrid with the best properties of both 

components. 

Zinc coated steel, 

Glazed pottery 

B The rule of mixtures The best that can be obtained is often the 

arithmetic average of the properties of the 

components, weighted by their volume fractions. 

Unidirectional fiber 

composites 

C The weaker link 

dominates 

The hybrid properties fall below those of a rule 

of mixtures, lying closer to the harmonic than the 

arithmetic mean of the properties 

The stiffness of 

particulate composites 

D The worst of both A hybrid with the worst properties of both 

components. 

 

It can be seen from Table 2.1 that scenario A is the most desirable case while scenario D 

is undesirable. In practice, however, ñthe best of bothò is most commonly accomplished 
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when a bulk property of one material is combined with the surface properties of another, i.e. 

coating, whereas when bulk properties are combined in a hybrid, as in structural composites, 

the best that can be obtained is often ñthe rule of mixturesò scenario. 

2.1.3. Design of hybrid materials 

A hybrid material is defined as a combination of two or more materials in a 

predetermined geometry and scale, optimally serving a specific engineering purpose [14]. 

Based on this definition, Ashby [9, 13] proposed the ñA + B + shape + scaleò method for 

designing hybrid materials. The basic idea of this method is illustrated in Fig. 2.5 and 

explained below.  

 

Fig. 2.5. The steps in designing a hybrid to meet given design requirements (reprinted from [9] with permission 

from Elsevier). 
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Monolithic materials offer a certain portfolio of properties on which much engineering 

design is based, and the design requirements isolate a sector of materialïproperty space. In 

many cases the requirements can be met by a single-material solution; but if the design 

requirements are exceptionally demanding, no single material may be found that can meet all 

the requirements. In this case, the way forward is to identify and separate the conflicting 

requirements, seeking optimal material solutions for each, and then combine them in ways 

that retain the desirable attributes of both [9]. 

Ashby has established a systematic multi-objective optimization design [15] and 

materials selection method [16], in which the most important step is to derive the so-called 

performance index. A performance index is a property or group of properties which measures 

the effectiveness of a material in performing a given function [17-20]. For example, the 

stiffest beam is that with the highest modulus, E, and here E is the performance index. But it 

can usually be much more complicated. The indices that are often used in mechanical design 

have been summarized by Ashby [16]. It is expected that the performance index can be 

maximized during hybrid design to produce properties that are better than those of existing 

materials. 

The performance index can often be shown as a line of equal performance on an Ashby 

map. One example is illustrated in Fig. 2.6 [9], which plots Youngôs modulus vs. density for 

a wide range of materials. For example, a series of parallel lines with slope equal to ½ on 

log-log chart, (i.e. constant E
1/2

/ɟ) provides a series of lines where the performance of the 

material is equal. Parallel lines which move to the left and up are materials with superior 

performance (in this case lighter, stiffer beams). 
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Fig. 2.6. A schematic E-ɟ chart showing guidelines for a light, stiff beam (reprinted from [9] with permission 

from Elsevier). 

2.2. Laminated metal composites 

Laminated metal composites (LMCs) are a unique form of composite material in which 

alternating metal or metal containing layers are bonded together with discrete interfaces. 

Those composites can dramatically improve many properties including fracture toughness, 

fatigue behavior, impact behavior, wear, corrosion, and damping capacity; or provide 

enhanced formability or ductility for otherwise brittle materials [5]. The idea of laminating 

different metals and alloys to form a composite material that exploits the good properties of 

the constituent materials can be traced back to thousands of years ago in the ancient spears 

and shields [21]. The modern practical application of LMCs was particularly well examined 

in the former Soviet Union, where bi-material laminates including steel/steel, Al/steel, 

Cu/steel, and Al/Cu have been manufactured by means of explosive bonding and welding 

[22], and over 80 combinations of metals have been successfully laminated including some in 

which multi-layer laminates have been formed. 
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Modern LMCs can be made by a variety of techniques, e.g. bonding, deposition, and 

spray forming. The bonding techniques may be classified into several subgroups, such as 

adhesive bonding [23, 24], infiltration [25], diffusion bonding [26], reaction bonding [27] 

(especially for Ti-Al and Ni-Al systems), and deformation bonding such as roll bonding [28]. 

With these bonding techniques, laminated composites with relatively thick layers (typically 

from 50 to 1000 ɛm) can be obtained. On the other hand, deposition techniques involve 

atomic or molecular scale transport of the component materials such as in sputtering, 

evaporation, chemical or physical vapor deposition (CVD or PVD), spray or electroplating, 

by means of which the ultrathin layer (from several nm to 1 ɛm) laminated composites can 

be produced [5]. The typical SEM photographs of microstructures of the LMCs produced by 

roll-bonding with different layer thicknesses are shown in Fig. 2.7 [29]. 

 

Fig. 2.7. Photomicrographs of LMCs of UHCS/Fe- 3Si alloy processed by roll bonding [29] (the top and bottom 

three are under same magnification, respectively, reprinted from [21] with permission from Elsevier). 
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2.2.1. Tensile behavior at low temperatures 

LMCs may be categorized roughly into two groups, ultrathin layer LMCs, which have a 

laminate spacing smaller than several micrometers, and thick layer LMCs, which possess 

typical layer thicknesses of hundreds of micrometers. The tensile properties of both ultrathin 

and thick layer LMCs have been studied. 

2.2.1.1. Tensile properties of ultrathin layer LMCs 

The tensile properties of ultrathin layer LMCs have been studied, but typically only their 

breaking strength is reported. Lesuer et al. [5] summarized a graph of tensile strength data 

obtained on such materials processed by electro-deposition or by sputtering, as shown in Fig. 

2.8, in which the data are for copper layered with nickel or Monel [5, 30, 31]. The figure 

shows the breaking strength (essentially equivalent to the ultimate tensile strength) as a 

function of the reciprocal square root of the multilayer periodicity width. Lesuer et al. [5] 

pointed out that for each set of data, a Hall-Petch type relation was observed, which means a 

linear relation was observed over a range of laminate layer spacing, the strength increasing 

with a decrease in the modulation width. Thus, it can be seen that the laminate spacing is an 

important variable in controlling the strength of the laminate. It should also be noted that a 

maximum in strength was observed for two of the individual investigations; and beyond this 

maximum, the strength decreases with further decreases in modulation width. The reason for 

the further decrease of strength is, according to the literature [30], that the interface can act a 

sink for dislocations at fine laminate spacing, thus further decrease of modulation width 

reduces the dislocation density and contributes to a decrease in strength.  
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Fig. 2.8. Breaking strength of ultrathin layer laminated composites as function of modulated spacing d: 

laminates are based on layers of Cu alternating with either Ni or Monel layers (reprinted from [5] with 

permission from International Materials Reviews, Maney Publishing, www.maney.co.uk/journals/imr and 

www.ingentaconnect.com/content/maney/imr ). 

2.2.1.2. Tensile properties of thick layer laminated composites 

For the thick layer LMCs, the yield strength can be readily predicted by the rule of 

averages, which has been used for the laminated systems with two components of equal 

volume fraction. The rule of averages is based on the assumption that both components yield 

at the same strain, and is described as [5]: 

ʎ

ʎ
πȢυ πȢυ

ʎ

ʎ
                                                    ςȢρ 

where „  is the yield strength of the composites, „  the yield strength of the strong 

component, and „  the yield strength of the weak component. Lesuer et al. [5] also 

showed the application of Eq. 2.1 in predicting the normalized strength of the laminate 

http://www.maney.co.uk/journals/imr
http://www.ingentaconnect.com/content/maney/imr
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(normalized by the stronger component) as a function of the yield strength ratio of the 

component materials, as shown in Fig. 2.9. It can be seen from Fig. 2.9a that for a number of 

UHCS- or Al- based LMCs [32-36] with a wide range in relative strengths, the experimental 

results fit well with the line predicted by the rule of averages. 

 

In contrast to the yield strength, the tensile ductility cannot be predicted by the rule of 

averages as can be seen in Fig. 2.9b. The lack of agreement between the rule of averages and 

the experimental data is attributed to the fact that the tensile ductility of laminates is 

dependent on many variables, including the susceptibility of the lower ductility layer to 

cracking, the contribution to cracking from the interlayer region, the ease of delamination, 

 

Fig. 2.9. Experimental yield strength (a) and tensile elongation to fracture (b) of thick-layer laminated composites 

containing 50 vol.% of each component, compared with prediction based on the rule of averages (given by the 

solid line) (reprinted from [22] with permission from International Materials Reviews, Maney Publishing, 

www.maney.co.uk/journals/imr and www.ingentaconnect.com/content/maney/imr). 

(a) (b) 

http://www.maney.co.uk/journals/imr
http://www.ingentaconnect.com/content/maney/imr
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and the influence of layer thickness [5]. It also should be noted that the tensile ductility of 

most of laminated composites is lower than that predicted from the rule of averages when the 

difference between ductility of the two components is large [5].  

The most  important observation in Fig. 2.9b [5] is that the total elongation to failure 

results for the UHCS/brass laminate (solid triangles) indicate that the tensile ductility of the 

laminate can be either less or greater than the prediction from the rule of averages. These 

results have been interpreted in terms of the effect of layer thickness on the ductility of 

laminated composites, i.e. when the layer thickness is 750 ɛm, the tensile ductility is 13%; 

when the layer thickness is 200 ɛm, the tensile ductility increases to 21%; and when the layer 

thickness is 50 ɛm, the tensile ductility reaches 60% [37]. This trend is attributed to the 

greater difficulty for delamination as the layer thickness is reduced. Interfacial delamination 

is suppressed with decreasing layer thickness due to the decrease in residual stresses, which 

are usually produced by the thermal expansion mismatch between the component materials 

that occurs during cooling down from the processing temperature [5, 37]. Inhibition of 

delamination prevents neck formation in the less ductile UHCS layers, which would 

otherwise create hydrostatic tensile stresses in the neck zone in these layers, leading to crack 

initiation and the final failure [5].  

2.2.2. Toughening mechanisms 

An increase in toughness of the material is another area where LMCs possess great 

potential. Toughening in LMCs can arise from many different sources, including both 

intrinsic toughening and extrinsic toughening mechanisms [5, 38]. The former one results 

from the inherent resistance of the microstructure to crack growth and thus is influenced by 
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the microstructural characteristics such as grain size, particle spacing, particle size, etc; the 

latter is caused by reducing the local stress intensity at the crack tip and thus the local 

ñdriving forceò for crack growth, and the distinct layers present in LMCs toughen these 

materials by various extrinsic mechanisms, which have been summarized by Lesuer et al. [5] 

in Fig. 2.10. Those toughening mechanisms are also helpful when assessing the tensile 

fracture and formability of the LMCs. 

 

Fig. 2.10. Toughing mechanisms of LMCs (reprinted from [5] with permission from International Materials 

Reviews, Maney Publishing, www.maney.co.uk/journals/imr and www.ingentaconnect.com/content/maney). 

http://www.maney.co.uk/journals/imr
http://www.ingentaconnect.com/content/maney)

































































































































