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Abstract 
Metal-polymer-metal (MPM) sandwich composites are in the class of proficient engineering 

materials which give superb strength-to-weight ratios because of their comparatively low density. 

These materials are vital constituents within the automobile, aerospace, marine and civil 

construction industries as substitutes for sheet metals that considerably reduces weight while not 

compromising functionality. For these materials to be utilized within the aforesaid industries, they 

need to bear numerous forming processes that are essential in product manufacturing. This thesis 

investigates formability of metal-polymer sandwich composites made of ‘AW 6082– PVC – AW  

6082 (APA)’ and ‘Galvanized steel – PVC – Galvanized steel (GPG)’ sandwich sheets, 

considering epoxy structural adhesive as binding agent, via experimentation and finite element 

simulation. Tensile strength, plastic-strain ratio (r-value), lowest point on FLC (FLC0) and 

adhesive strength are obtained from experimentation. These values are fed into Limiting Dome 

Height (LDH) simulation (performed using Altair Hyperworks software) for multiple strain path 

analysis. The results are forming limit diagram (FLD) and dome height at diverse conditions of 

punch velocity and friction. Aluminum and APA revealed more anisotropic behavior compared to 

galvanized steel and GPG respectively. A comparison is made to represent the best combinations 

for formability of the sandwich composites. Maximum formability and dome height (LDH) are 

attained at low friction conditions (less than 0.015) and forming speed (5000 mm/min). The 

comparison of FLC0 values obtained revealed acceptable match between experimental and 

simulation values. Weight reduction of 9.777 % - for APA – and 27.75 % - for GPG – are achieved 

compared to aluminum sheet and galvanized steel sheet respectively. The results indicate that the 

studied MPM sandwich composites can undergo forming operations. 

Keywords: Sandwich; Formability; Limiting Dome Height; FLD; Hyperworks 
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CHAPTER ONE 

Introduction 

1.1 Background and Description 

The need for modern materials arises to cope with the requirements of modern and efficient 

engineering innovations. Availability of engineering materials that meet design requirements is 

the major factor that influences engineering design flexibility. Composite materials play a vital 

role in attaining the aforementioned phenomenon. 

Composite materials are made from two or more constituent materials with significantly different 

physical or chemical properties that, when combined, produce a material with characteristics 

different from the individual components. This synergistic combination results in new materials 

stronger, lighter, or less expensive when compared to traditional materials (Babaki and Shakouri, 

2019). Composites are preferred over conventional materials in several applications due to their 

enhanced mechanical, thermal, chemical, and electrical properties. 

One of the ways to make composite materials is by formation of Metal-Polymer-Metal (MPM) 

sandwiches joined together to form composite sheets (Mousa and Kim, 2017). It consists of two 

metallic skin sheets and a low-density polymeric core material as shown in Fig. 1.1. The polymeric 

core material offers advantages for weight reduction, lower density, better sound vibration and 

damping characteristics and improved specific mechanical properties compared to monolithic 

metallic sheets. 

 

Figure 1. 1: MPM sandwiched composite (Mousa and Kim, 2017) 

Metal-polymer-metal (MPM) sandwiched composites are among modern materials which possess 

the combined properties of distinct materials – from the metal and the polymer – that include low 

density, significantly higher strength-to-weight ratios and modulus-to-weight ratios, better fatigue 
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strength as well as fatigue damage tolerance than those of monolithic metallic sheets, high specific 

stiffness and strength, and excellent corrosion properties. These materials enhance engineering 

design flexibility especially in weight-critical products. They provide preferable properties 

synergistically combined from both the metal and the polymer, that cannot be obtained from 

monolithic sheets. 

Recent developments in sandwich composites lead to the development of materials that combine 

the high flexural stiffness and buckling resistance of metals with the low weight of polymers 

(Harhash et al. 2020). These materials have great potential for application in modern lightweight 

structures. They provide an innovative substitute for the commercial sheets thanks to their 

lightweight potential with enhanced specific stiffness and thermal and acoustic isolation 

advantages. 

MPM laminate composites are widely used in various industries, including automobile (oil pans, 

dash panels, and valve covers) to reduce the interior noise and vibration in passenger compartment, 

aerospace, marine, civil construction, household appliance industry (dishwasher, refrigerators, and 

air conditioners) to control noise and vibration as passive dampers (Safaei et al., 2019). 

The adhesion phenomenon plays a role in many instances such as coatings, multilayered 

sandwiches and composite materials in which the solid components are in contact and should act 

as an integral structure (Baldan, 2004). Intrinsic adhesion force should be generated through an 

interface between two components until the optimum adhesion is achieved. 

Structural features such as face to core sheet thickness ratio, physical and mechanical properties 

of the face and core materials, as well as bonding between the layers and the interfacial properties 

are the main parameters affecting the physical (e.g., sound and vibration damping) and mechanical 

(e.g., strength and formability) properties of the sandwich sheets (Kim et al. 2003). 

1.2 Problem statement 

Due to the inhomogeneous behavior of the multi-layered sandwich materials over their thickness, 

several research needs and demands have been concerned with characterizing their forming 

behavior. 

Generally, industrial application of the MPM laminates is restricted due to inadequate information 

about their property and formability. Accurately predicting the mechanical properties and 
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formability of these materials has been challenging. There is no data about characterization and 

formability of APA and GPG. Because of the demand for the metallic sandwich sheets, the 

investigation of their mechanical properties and their forming behavior – taking into account the 

adhesive strength – when subjected to various forming operations is the main goal of this study. 

1.3  Objectives 

1.3.1 General objective 

The general objective of this thesis is to investigate the mechanical properties and formability of 

MPM sandwiched composites, considering the effect of adhesion, through experimental and 

simulation work. 

1.3.2 Specific objectives 

The specific objectives of this thesis are: 

✓ To conduct experimentations, tension tests, in-plane stretching, plain strain test, and 

material characterization and to carefully collect data on mechanical properties of the MPM 

sandwiched composites as a function of adhesion. 

✓ To model and perform LDH formability simulations of MPM sandwiched composites and 

generate FLD using finite element analysis (FEM) tools. 

✓ To compare findings from the experimentations with the corresponding simulated results 

and to draw conclusions on the formability of MPM sandwiched composites. 

1.4 Scope of the study 

In this study, MPM sandwiched composites will undergo basic uniaxial sheet forming 

experimentations like in-plane stretching and plane straining and their response to these forming 

operations will be studied. The mechanical properties of MPM sandwiched materials will be 

examined prior to the forming operations using laboratory Universal Testing Machine (UTM). 

After studying the effect of adhesives and process parameters on the formability of MPM 

sandwiched composites, biaxial finite element LDH simulation works will be undertaken to 

validate the experimental findings. The results will be thoroughly assessed in order to determine 

the suitable process parameters for forming of MPM sandwiched composites. 
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1.5 Significance of the study 

This thesis will encourage local sheet metal-based industries to consider the usage of MPM 

sandwich composites since they could become better substitutes. In addition, the forming behavior 

of these materials specifically considering the adhesive strength will be provided by this thesis as 

there are limited researches in this area. 

Furthermore, several automobile assembly factories are being planted in Ethiopia nowadays. Some 

components of these automobiles, like roofing, hoods, and doors can be manufactured from these 

MPM sandwich composites instead of monolithic metallic sheets for the advantages which will be 

discussed later in the application area. 

1.6 Research question 

• What are the mechanical properties of MPM sandwich composites? 

• What is the effect of adhesion on mechanical properties of MPM sandwich composites? 

• Can MPM sandwich composites be formed? 

• Which factors contribute to the formability of MPM sandwich composites? 

1.7 Limitation of the study 

Due to unavailability of warm roll bonding (WRB) setup for fabrication of MPM laminates, hand 

layup technique is utilized which is susceptible to porosity and defects. 

Even though it was intended to study multiple combination of metallic and polymeric materials, it 

was difficult to obtain flat thermoplastics with the required thickness. Hence, only PVC is utilized. 

In order to perform multiple strain path formability analysis, limiting dome height (LDH) 

experimental setup is required. However, since it is not available, single strain path 

experimentations and LDH simulations have been performed. 

1.8 Organization of the thesis 

This thesis is organized in five chapters. The first chapter includes introduction which provides 

back ground of the study, problem statement, objective, scope, significance of the study, research 

question and limitation of the study. The second chapter covers the review of related literatures. 

The third chapter discusses about materials utilized and methodology followed for experimentation 

and simulation works. Chapter four presents the obtained results from both experimentation and 

simulation with comparison. The final chapter covers conclusions, recommendations, future work, 

references and appendix. 
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CHAPTER 2 

Literature Review 

2.1 Introduction  

Sheet metal forming is a well-known and widely used manufacturing process and scientists have 

done numerous researches in the field. To use MPM sandwiched composites as a substitute to 

sheet metals, their forming behavior should be well understood. Researches in the manufacturing 

process of MPM sandwiched composites and adhesives used are also conducted. 

In recent years, MPM sandwiched composite materials have attracted remarkable attention to 

obtain superior properties which do not have any of the layers alone. Metallic sandwich sheets 

have better strength-to-weight ratio, vibrational damping and sound-deadening properties than 

monometallic layers (Engel and Buhl, 2011; Babaki and Shakouri, 2019). As a result, Sandwich 

composites were widely used in the automotive and aerospace industries (Sokolova, Carrado, and 

Palkowski, 2011; Safaei et al., 2019). Sandwich structures are composed of a high strength 

metallic sheet as the skin layer and thermoplastic or reinforced polymers as the core layer. These 

laminated structures can be produced by different processes like roll bonding, layup method, and 

hot pressing (Carrado et al., 2010; Mousa and Kim, 2017). 

2.2 Materials used in MPM 

Various kinds of metallic skin and polymeric core materials are utilized to make MPM sandwich 

composites. Steel and aluminum and their alloys have been most commonly used as skin materials. 

As discussed in (Karlsson and Tomas, 1996) the most common core materials used are expanded 

polymer foams, which are often thermoset to achieve reasonably high temperature tolerance, 

though thermoplastic foams are used as well. Almost any polymer may be expanded, but the most 

common ones in sandwich applications are polyurethanes (PU), polypropylenes (PP), polystyrenes 

(PS), poly (viny1 chloride) s (PVC), poly (methacry1 imide) s (PMI), poly (ether imide) s (PEI) 

and polyphenolics (PF). PU may be foamed in situ between the faces and thus does not need to be 

prefoamed into blocks. In situ foaming thus may eliminate the need to form or machine complex 

core geometries. 

Many kinds of aluminum – plastic sandwich sheets have been developed with different aluminum 

alloy as skin sheet and different plastic as core layer, such as AA5182-polypropylene-AA5182 
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sandwich sheet, AA5005-polypropylene-A5005 sandwich sheet, and AA3105-polypropylene-

AA3105 sandwich sheets (Kee et al. 2009). 

2.3 Adhesion 

Adhesive bonding is a technique often used in industrial applications. Basically, the process 

consists of the following steps: (1) surface preparation of adherends by degreasing, grinding 

etching, or by applying a primer layer for increasing adhesion (Wegman, 1989); (2) joining 

partners are firmly clamped and adhesive is applied; (3) joining surfaces are brought in contact 

and kept under pressure; (4) adhesive cures and joint is formed; cure can take place at either 

elevated or room temperatures. 

Joining the metal/polymer/metal sandwich (MPM) is one of the major challenges facing their 

processing due to the existed polymeric core layer; the core layer is electrically insulating (hinders 

the welding process), soft (leads to dimension distortion under mechanical joining) and not 

thermally durable/stable (degrades under elevated temperature processes like welding and some 

coating processes). 

In order to produce a strong and durable adhesive joint between different substrates, surface 

treatment is necessary. Certain bonding techniques provide adequate static strength, but have little 

durability when exposed to hot moist environments, while others are susceptible to debonding in 

the presence of fuels, oils and cleaning solvents commonly encountered in aircraft applications. In 

addition, the nature of the surface treatment prior to bonding is found to be a major influence in 

the control of this effect (Shaffer et al. 1991). Surface treatment increases the bond strength by 

altering the substrate surface in a number of ways including increasing surface tension, increasing 

surface roughness or changing surface chemistry. By increasing surface roughness, an increase in 

surface area occurs which allows the adhesive to flow in and around the irregularities on the surface 

to form a mechanical bond. Changing surface chemistry may result in the formation of a chemical 

bond e.g. between the polymer molecules in the polymer matrix composite and the metal oxide 

layer on the other adherend surface layer (Clearfield et al. 1990). 

Adhesive bonding is a solid-state joining technique that relies on the formation of chemical bonds. 

Thermoset polymer is used for bonding because of its stiffness and resistance to fatigue and heat. 

For structural applications, if strong enough bonds can be formed, adhesive bonding is preferred 
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over mechanical fastening for its larger joint surface area and lack of need for material removal, 

which both result in stress concentrations (Magalhaes et al. 2004). Adhesives also influence mass 

reduction strategies by enabling the use of multi-piece assemblies. 

Epoxy adhesives are primarily composed of epoxy resin and curing agent. Epoxy adhesives are 

supplied in both one-component package and two-component package depending on curing agent 

used and curing method applied. Two-component epoxy adhesives are prepared by packing epoxy 

composition and curing agent composition separately. They cure soon after mixing the two 

components together. Almost all room temperature cure epoxy adhesives are supplied in two-

component package (Chunfu, et al., 2019). One-component epoxy adhesives are prepared and 

supplied by mixing all formulated components in advance including epoxy resin and curing agent. 

However, one-component epoxy adhesives usually need cure at elevated temperature and store at 

low temperature in a refrigerator or even freezer. Epoxy adhesives have been widely used as typical 

reactive adhesives for various applications ranging from general industry, construction, electronics 

assembly, automobile production to aerospace market (Chunfu, et al., 2019). 

Epoxy adhesives show good adhesion on various substrates and are suitable to bond metals, glass, 

concrete, ceramics, wood and many plastics. Curing shrinkage is very low. Cured epoxy resin 

possesses strong and rigid cross-linked chemical structure suitable for structural bonding 

applications (Chunfu, et al., 2019). By combination of various epoxy resins and different curing 

agents, a number of epoxy adhesives have been commercialized for different applications. 

For the case of bonding metals and polymers, epoxy adhesive is preferred for its high stiffness and 

ability to fill small cracks (Guide to Bonding). They have been available for longer than any other 

engineering adhesive and are the most widely used for structural applications. Epoxy adhesives 

are two-part resin-hardener system. Once the two components are mixed together, the 

polymerization process begins, and the polymer begins to harden. Epoxies also have very little 

shrinkage occur after bonding compared to other adhesives, which is important for reducing stress 

concentrations. Table 2.1 shows ranges for shear strength values of common thermoplastic 

adhesives (Magalhaes et al. 2004). Of these, epoxy exhibits the highest upper limit by a large 

margin. 
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Table 2. 1:  Comparison of Common Adhesives (Magalhaes et al. 2004) 

Adhesive Shear Strength Range (MPa) 

Epoxy 1.00-172 

Methacrylate 1.00-32.0 

Polyurethane 0.352-19.7 

Silicone 0.0827-3.45 

Though the adhesive material has a high stress tolerance, the bonds do not resist stress as well. 

This is evident when comparing the shear strength distributions of the bonds to the peel and 

cleavage distributions. The stress in the shear loading scenario is distributed at both ends, shown 

in Fig. 2.1, and does bear much load in the center (Guide to Bonding). The viability of the bond 

then becomes dependent on the mechanical properties of the adhesive. The cleavage and peel 

scenarios shown in Fig. 3, however, bear the load almost entirely in the interface of the adherend 

and the adhesive at the location of the applied load (Guide to Bonding). Once cracking occurs, 

cleavage and peel stress quickly propagates through the bond causing failure. Failure of the 

interfacial bonds between the adherend and the adhesive is referred to as adhesive failure, while 

failure of the adhesive material is referred to as cohesive failure. 

Adhesive bonding has proven to be a very effective method for joining dissimilar materials. The 

primary function of adhesive-bonded joints is the transfer of load by shear (Johnson, 1986). The 

overall mechanical strength of adhesive bonded joint is, in its majority, dependent on the adhesive 

properties (strength and ductility), but joint configuration also plays an important role. Adhesive 

shear stress distribution in an overlap-bonded joint is uneven, where the edges will experience the 

loading peak values, while the central regions will be less affected. The most used industrial 

adhesives are the epoxy-based, cyanoacrylates, silicon-based and polyurethanes (Reitz and Oman, 

2000). 
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Figure 2. 1: (a) Shear Stress Concentrations, (b) Cleavage and Peel Stress Concentrations 

(Guide to Bonding) 

 

2.4 Fabrication of MPM sandwich composites 

In order to fabricate the sandwich composites, normally the metallic skins and the core layer are 

manufactured separately and then the layers bond together (Sokolova, Carrado, and Palkowski, 

2011). This process requires to use soft materials as the core layer to form the sandwich sheets 

conveniently with the manufacturing processes like bending and deep drawing (Sokolova, Kuhn, 

and Palkowski, 2012). 

While the sandwich concept is used in an impressive variety of applications, the techniques 

employed to manufacture components tend to be few and usually involve a large degree of manual 

labor.  Regardless of material type, the faces and core may be manufactured separately in one step 

and then bonded together in another step at a later point in time. 

Common processes for the production of sandwich structures are adhesive bonding (Sokolova et 

al. 2010), layup method, liquid moulding (resin transfer moulding RTM) (Cochis et al. 2013) as 

well as continuous and discontinuous lamination processes (Karlsson and Tomas, 1997). 

Among various manufacturing techniques that have been used to produce metal-polymer-metal 

sandwich composites such as heat pressing, direct injection molding, over molding, and roll 

(a) (b) 
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bonding, roll bonding offers advantages of continuous production and cost reduction when 

compared with other techniques, (Sokolova, Carrado, and Palkowski, 2011). (Mousa and Kim, 

2015) introduced a direct adhesion technique by using a warm roll bonding (WRB) process to 

produce aluminum-polyurethane-aluminum sandwich composites. They investigated the adhesion 

strength of the layers and found that the dominant bonding mechanism was mechanical 

interlocking. 

2.5 Properties of MPM 

The structural sandwich concept involves combining two thin and stiff faces with a thick and 

relatively weak core. By sandwiching the core between the two faces and integrally bonding them 

together, a structure of superior bending stiffness and low weight is obtained. Since the core often 

has exceptional insulative properties, the entire sandwich structure may further be characterized 

by excellent thermal insulation and also acoustic damping at certain frequencies (Kim et al. 2003). 

The strength of the sandwich is determined by the mechanical properties of the polymer, the metal 

and their interfaces. Polymer and metal differ significantly in their mechanical behavior, especially 

in their values of strength and ductility, and the MPM behave quite differently compared to the 

monolithic materials under similar load conditions (Harhash et al. 2014). Hence it is not only 

important to study the mechanical behavior of the individual bulk materials, but also to study their 

deformation behavior as a hybrid. 

The MPM sandwich composites are three-layered multi-material laminates joined together with 

the help of adhesives into one integral part and these constituent materials (aluminum and 

galvanized steel sheets, PVC and epoxy adhesive) have different thermal properties. It is not the 

purpose of this thesis to extensively study the thermal behavior of MPM sandwich composites. 

However, the temperature range in which these materials can operate and their expansion and 

conductivity in that range should be extrapolated from the constituent materials’ thermal 

properties. The thermal behaviors of aluminum, galvanized steel, PVC and epoxy adhesive are 

tabulated in Table 2.2. 
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Table 2. 2: Thermal behaviors of aluminum, galvanized steel, PVC and epoxy adhesive 
(Materials Thermal Properties Database) 

Material Aluminum 
Galvanized 

steel 
PVC 

Epoxy 

adhesive 

Thermal conductivity (W/mK) 237 80.4 0.15 0.14 

Linear thermal expansion coefficient, 

α at 20 °C (x10−6 K−1) 
23.1 12.3 52 32.51 

Melting point (°C) 660.32 1410 214 177 

From the above table the following points can be extrapolated. 

• Even though aluminum and galvanized steel have a relatively high thermal conductivity 

values, the sandwiched polymers have very low values of thermal conductivity. As a result, 

heat is barely conducted across the surface of MPM sandwich composites (have insulative 

characteristics). 

• On the other hand, the polymers have relatively higher linear thermal expansion coefficient 

(α) than those of the metallic counterparts (when they are free from physical constraints). 

However, the three layers have been strongly bonded (by epoxy adhesive layers at 

interfaces) as one integral part (meaning, there is a physical constraint applied). Hence, the 

MPM sandwich composite can expand only by the smallest α-value among the four 

components. 

• The lowest melting point among the four constituent components determines the maximum 

temperature that the MPM sandwich material is operable. Since the strength of epoxy 

adhesive degrades beyond 177 °C, the MPM sandwich composites (with epoxy as an 

adhesive) should be used in the range of room temperature to 177 °C.  

2.6 Formability of MPM 

Although the metal–plastic sandwich sheets have many advantages, the forming of these materials 

is very complicated due to the extremely large difference in mechanical properties and in the 

gauges of polymer core and the metal skins. The behaviors of the sandwich sheets are quite 

different from those of homogenous metallic sheets during forming processes. The interface stress 

between skin sheet and core layer has a large influence on the deformation behavior of sandwich 
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sheet (Makinouchi, 1988). Furthermore, the sliding and shearing occur between skin sheet and 

core polymer hence affect the formability of the sandwich sheet. Investigating its formability will 

play an important role on improving the application of metal–plastic sandwich sheet. 

Metal–polymer–metal (MPM) sandwich composites are characterized by high deformation 

potential that makes them suitable to be formed in complex shapes. (Kim et al. 2003) have shown 

that AA5182/polypropylene/AA5182 sandwich panels, characterized by formability and strain rate 

sensitivity higher than those exhibited by the aluminum sheet, allows the obtaining of complex 

structures for automotive applications. Since the mechanical properties and formability of metals 

significantly differ from those of polymers, the MPM sandwich structures are characterized by 

different properties with respect to constituent materials. To this purpose, (Harhash et al. 2014) 

have shown that the strain hardening exponent and strength coefficient of 316L/polypropylene–

polyethylene/316L sandwich decrease as compared to the ones measured on the monolithic steel 

sheet due to the contribution of the soft core on the strengthening behavior of the MPM sandwich. 

Forming processes of parts in MPM sandwich usually involve issues, such as wrinkling, 

delamination, and shearing, related to the inadequate interlayer metal–polymer adhesion. The 

adhesive strength at the metal–polymer interfaces is a key factor for MPM sandwich composites 

since the interfacial interaction generates a system that can strongly affect the sheets to either act 

independently, weakly, or as strongly coupled. A weak polymer core can act as a lubricant between 

the metal skins; such behavior can cause the occurrence of debonding at interfaces between sheet 

and plastic core, leading to a sliding of metal skins and a premature failure during forming 

operations. On the other hand, a too strong adhesion force between polymer core and metal sheet 

can negatively affect formability since the continuous smooth sliding between layers is prevented 

(Ruokolainen and Sigler, 2008 and Stachowiak and Batchelor, 2014). Furthermore, as reported by 

(Kim and Yu, 1997), the bonding between dissimilar materials to obtain a multi-layer component 

generates inhomogeneities leading to discontinuities in stress distributions across the sheet 

thickness. A further drawback taking place during forming processes of sandwich composites is 

the higher tendency to wrinkle with respect to the monolithic metal sheets. This is due to the weak 

interlayer adhesion that, allowing the two metal sheets to act independently, make them be more 

susceptible to wrinkling than a single thicker sheet. Also, delamination can occur during forming 

operations due to the different lengths of the metal skins, as they are deformed around the die, 
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which can cause the occurrence of high shear forces in the polymer core (Ruokolainen and Sigler, 

2008 and Wollmann, 2017). (Harhash et al. 2020) analyzed the effect of the polymer core thickness 

on spring back of steel–polymer–steel sandwich composites; they showed a reduction in spring 

back with decreasing core thickness even though, with thicker polymer films, crack probability 

rises due to the increase in tensile stresses on the outer metal skin. Furthermore, as shown by 

(Carrado et al. 2011), the presence of cavities in the polymer core, caused by air bubbles trapped 

during the manufacturing process of sandwich laminates, can accelerate cracking. Factors, such as 

the inhomogeneous cross-section structure of multi-layer sandwiches, composition and 

characteristics of the different constituents, bonding method used to hold together the single layers, 

shape complexity of the final component, forming technique as well as loading conditions, can 

strongly affect the success of forming processes of multi-layer materials and, consequently, the 

final performances of the formed parts. 

Forming of these multi-layered sheets face some obstacles due to the inhomogeneous cross-section 

structure, where their forming limit depends on the mechanical and geometrical properties of the 

skin and core layers and additionally the shear strength between them. The shear strength between 

the used components, as discussed in (Harhash et al. 2016), is enough to guarantee delamination-

free forming in all cases examined.  

Due to the need to form structures of even complex shapes out of a raw sandwich material, the 

investigation of the forming behavior of those materials is an area of special interest. They of 

course show a different forming behavior compared to the mono-materials used, e.g., an 

inhomogeneous cross sectional stress distribution as a result of bonding dissimilar monolithic 

sheets together (Kim and Yu, 1997). 

Laminated metal/polymer materials show an acceptable or even good formability. For instance, 

Hylite, an Al/PP/Al-sandwich (Burchitz et al. 2005), exhibits a good shaping behavior under deep 

drawing or bending conditions. Other examples on the steel-based sandwich are Litecor 

(ThyssenKrupp, 2012) and steel/PP–PE/steel (Harhash et al. 2014). 

FLD is a curve that shows the maximum strains that a sheet can tolerate without any necking 

(Ghazanfari et al., 2019; Alipour et al., 2019). (Parsa, Nasheralahkami, and Ettehad, 2010) studied 

the spring back behavior of AA3105/polypropylene/AA3105 laminated sheets numerically and 

experimentally. (Harhash et al., 2014; Harhash, Carrado, and Palkowski, 2017) analyzed the 
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mechanical properties and formability of the steel/polymer/steel sandwich composites in stretch 

forming and deep drawing processes. (Mousa and Kim, 2017) investigated the mechanical 

properties of the laminated sandwich sheets of AA1100/polyurethane/AA1100 at various thickness 

reduction. The FLD of the sandwich sheets with aluminum as the skin layers and glass fiber 

reinforced polymer as a core was predicted numerically and experimentally by (Aghchai and 

Khatami, 2018). They utilized the M–K model to predict the FLD numerically. The study on the 

effect of the variation in thickness of the core and skin layers revealed that the increase in the 

thickness of both skin and core layers improves the FLD of the sandwich sheet but variation in the 

thickness of the skin layers has a greater effect on the formability. Also, (Keipour and Gerdooei, 

2019) studied the spring back behavior of the aluminum/reinforced polymer sandwich composites. 

The results show that for thicker cores, a reduced spring back could be stated. 

(Dicello, 1980 and Link, 2001) experimentally studied the formability of steel/ polypropylene/steel 

sheets. They conducted different types of experiments such as deep drawing, hole expansion, 

cutting, and hemispherical punch stretching on sandwich sheets with different thicknesses of 

layers. The results of these experiments showed that, the sandwich sheets present superior 

formability over single-layer steel sheets. Similar investigations on three-layer aluminum 

5182/polypropylene/aluminum 5182 sheets resulted in comparable conclusions (Kim et al. 2008). 

(Sokolova et al. 2010) analyzed formability of sandwich sheets whose skin layers were made from 

dissimilar materials (aluminum and steel). They conducted Ericson and deep drawing tests on the 

sheets, finding lower formability for sandwich sheets with dissimilar skins rather than those of two 

steel skins. In a similar study, the effect of polymeric core layer thickness on the formability of 

steel/polymer/steel sheets were studied (Sokolova et al. 2012). It was observed that, die geometry 

and the thickness of the core layer have significant effects on the sheet fracture. (Harhash, 2015 

and Palkovski, 2014) studied the behavior of the steel/polymer/steel sheets during cylindrical cup 

drawing. They constructed FLC of the sheet using surface strain calculations. (Kami et al. 2017) 

studied the formability of Bondal sheets (a three-layer steel/polymer/steel sandwich sheet) by 

conducting different types of experiments such as Nakazima, uniaxial tensile and bulge tests. In 

addition to the above-mentioned experimental studies, many attempts have been made to analyze 

the formability of sandwich sheets following numerical and theoretical approaches. (Kim et al. 

2003) calculated FLCs of aluminum/ polypropylene/ aluminum sheets using a M-K model whose 

properties were equivalent to those of the considered sandwich sheet. Similar investigations were 
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done by (Somayajulu 2004). Later on, (Kim et al. 2015) developed a M-K model for determining 

FLCs for sandwich sheets. The developed M-K model accepted mechanical properties of each 

layer separately. The authors assessed the effect of layer thickness and material on FLC of the 

sandwich sheets. The possibility of improving formability of sandwiches by adopting layers of 

dissimilar materials have also been studied. (Kami et al. 2016) predicted FLC of the Bondal sheet 

using an anisotropic model. 

2.7 Application of MPM 

Formerly, deep drawn components were mostly manufactured by using sheet metals like Stainless 

steel (Padmanabhan et al. 2007, Chen and Lin, 2007, Gorji et al. 2011, and Yazdi et al. 2017), 

Copper (Gorji et al. 2011, and Yazdi et al. 2017), EDD (extra deep drawing material) (Takalkar et 

al. 2015), and Brass (Dhaiban et al. 2014) which possesses high strength and heavyweight. Due to 

the heavyweight, such components were responsible for reducing efficiency when used in the 

automobile and aerospace industries. Many scientists tried to overcome this problem by replacing 

single metal sheets with sandwich composite sheets, which possess high strength and low weight. 

The forming of such sandwich composite sheets depends on the type of sandwiched metal sheet, 

bonding process, geometry, and parameters (Takalkar and Babu, 2018). The prediction of such 

sandwich composite sheets’ formability is difficult, particularly when the two skin metal sheets 

are dissimilar with different formability. The generation of FLD overcame this problem. 

In automotive industry, in order to reduce the weight of whole car, steel–plastic sandwich sheet 

have been used to manufacture some automotive components which were formed by the single 

steel sheets, such as dash panel, and wheel house inner (Yao et al. 2003). Compared with steel–

plastic sandwich sheet, aluminum–plastic sandwich sheets provide a lower weight per square meter 

and higher specific flexural stiffness (Veenstra, 1993). Many kinds of aluminum–plastic sandwich 

sheets have been developed with different aluminum alloy as skin sheet and different plastic as 

core layer, such as AA5182-polypropylene-AA5182 sandwich sheet, AA5005-polypropylene-

AA5005 sandwich sheet, and AA3105-polypropylene-AA3105 sandwich sheets. Among these 

sandwich sheets, AA5182-polypropylene-A5182 sandwich sheet have been developed for 

potential application of these materials for automotive body panels in future high-performance 

automobiles with significant weight reduction (Kee et al. 2009). 
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2.8 Literature Summary and Research Gap 

Researches that focus on development/fabrication, properties, formability and usage of MPM 

sandwich composites have been reviewed in the preceding section. Materials used in MPM 

composites mostly include aluminum, steel and their alloys – as metallic layer – and PVC, PU, PP 

and PE – as polymeric core. Joining these dissimilar materials – metal and polymer – is achieved 

via adhesion using epoxy, methacrylate, polyurethane and silicon. Of these, epoxy exhibits the 

highest strength. 

Besides the mechanical characteristics materials involved, interfacial adhesion strength plays a 

vital role in the formability and performance of MPM sandwich composites. The aforementioned 

researches don’t give enough emphasis to the effect of this interfacial property. Furthermore, the 

combined effect of process parameters and material properties on formability of MPM sandwich 

composites is not addressed sufficiently. 
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CHAPTER 3 

Materials and Methodology 

3.1 Materials 

The materials selected for this study are MPM sandwiches comprised of aluminum sheet (Al-sheet) 

with poly vinyl chloride (PVC) and galvanized steel sheet (GSS) with PVC. The metallic skin 

sheets – Al-sheet and GSS – are purchased from local sheet metal vendors. Although it was 

difficult to find flat polymeric material within the required thickness, eventually PVC (a polymer 

of vinyl chloride monomers) sheets were found which meet the criteria. The mechanical properties 

of PVC enhance with the molecular weight increasing but decrease with the temperature 

increasing. 

Commercial aluminum sheet of thickness 1 mm is one of the metallic sheet components for the 

MPM laminate composite. The other metallic sheet is made from galvanized steel which is zinc 

coated for anti-corrosion purpose, and has a thickness of 0.5 mm. The thermoplastic PVC sheet 

also has a thickness of 0.5 mm. 

As an adhesive agent, a two-component ‘Hardex’ epoxy adhesive, shown in Fig. 3.1 below, which 

have a 30-minute curing time at room temperature, is utilized in preparation of samples for 

experiments undertaken for this thesis.  

Figure 3. 1:  Hardex Epoxy Adhesive 
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Curing is achieved by reacting the epoxy with polyfunctional curatives or hardeners. A one-to-one 

ratio of resin and hardener is used. It has moderate viscosity (10 Pa.s) which offers convenient 

dispensing, and is widely used in many bonding and sealing applications. 

3.2 Fabrication 

Hand layup technique is used to fabricate MPM sandwich laminates in this study. The surfaces of 

raw materials, metallic and polymeric sheets, are preprocessed by abrading with sand paper and 

cleaning with ethanol so that composite laminates of APA and GPG have better bond strength. 

After the surface preparation, epoxy adhesive is applied at their interfaces and sufficient clamping 

pressure is applied until the adhesive completely cures. Finally, the dissimilar materials are joined 

together and become an integral part. 

3.3 Methodology 

Forming operations consist of simple bending, to stretching to deep drawing of complex parts. The 

mechanical properties of the sheet material greatly influence its formability. Formability is a 

measure of the amount of deformation a material can withstand prior to fracture or excessive 

thinning. Determining the extent to which a material can deform is necessary for designing a 

reproducible forming operation. This study follows the methodology shown in the following flow 

diagram. 
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3.4 Uniaxial tensile test 

Uniaxial tensile tests are performed on the samples using a Universal Testing Machine (UTM). In 

the tensile test, the samples were pulled until they break to determine the Ultimate Tensile Strength 

(UTS) and yield strength (σy) of the base materials and sandwich composites. The amount of load 

applied to the specimens and their corresponding elongation were measured throughout the testing 

process. The output properties of MPM sandwich samples were expressed in terms of stress, which 

is the ratio of applied force to cross-sectional area and strain, which is the ratio of change in length 

to original length.  

3.4.1 Specimen preparation 

Each test sample for tensile test experimentation is fabricated in three distinct steps. First, in 

accordance with ISO 6892-1 2016 specification, the flat dog-bone shape adherends are cut-out 

from polymer sheet and sheet metal blanks as shown in schematic representation, Fig. 3.2. Next, 

their surfaces are aptly prepared for adhesion with cleaning, abrasion etc. with the aim of 

increasing their surface energy for better adhesion. Finally, the adhesive is applied at their 

interfaces and the sandwich is clamped until the adhesive completely sets. These samples will be 

prepared from three different rolling directions (00, 450 and 900) of the metal sheets in order to 

consider the anisotropy effect. 

Figure 3. 2:  Schematic representation of tensile test specimen [Dimensions in mm] (ISO 

6892-1 2016 specification) 

3.4.2 Experimental setup 

Each pre-fabricated sample for the uniaxial tensile test is discretely tested on the UTM. For this 

research two UTMs have been used – one in ASTU campus and the other in ETU campus – based 

on the gripping force and load requirements. The samples were suitably mounted on calibrated 

UTM with proper alignment and sufficient gripping force as shown in Fig. 3.3.  
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The top gripper will move a constant crosshead speed which continues till failure of the specimen. 

The force applied versus the sample’s elongation was continuously monitored and plotted on a 

stress strain curve until fracture. Measurements like UTS, yield strength, and initiation of necking 

were calculated once the tests are complete. The broken samples were placed back together to 

measure their length just before failure and their maximum strain can be obtained via comparison 

with their original lengths. Similarly, reduction in their thickness is assessed. 

3.4.3 Stress and strain 

While the deformation was taking place, applied tensile load and material movement (elongation 

and thickness change) data was being continuously recorded. Engineering stress and strain results 

can be obtained using equations 3.1 and 3.2 respectively. The result will be plotted graphically in 

stress-strain curve. 

𝜎 =
𝐹

𝐴
 ………………………………………………………………………………………….(3.1) 

𝜀 =
∆𝑙

𝑙0
  …………………………………...…………………………………………………….(3.2) 

Where: 𝜎 = engineering stress (MPa) 

    𝜀 = engineering strain 

    F = force 

    A = initial cross-sectional area 

      ∆𝑙 = change in length = [final length (l) – initial length (l0)] 

Material composition tests have been performed in Adama Steel factory and the obtained 

compositions of the base materials are illustrated as follows in the Tables 3.1 and 3.2 below. The 

chemical composition of galvanized steel matches to ASTM A 653 standard. Whereas, the 

chemical composition of aluminum matches to EN573-3 (EN AW-6082) standard. 

Table 3. 1: Chemical composition (%) of galvanized steel – iron makes up the remaining 

percentage 

 

Fe C Mn P S Cu Ni Cr Mo V Ti Zn 

Bal. 0.1 0.6 0.03 0.035 0.25 0.2 0.15 0.06 0.008 0.025 1.02 
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Table 3. 2: Chemical composition (%) of aluminum – aluminum makes up the remaining 

percentage 
Al Si Fe Cu Mn Mg Cr Zn Ti 

Bal. 0.7-1.3 max. 0.5 max. 0.1 0.4-1 0.6-1.2 max. 0.25 max. 0.2 0.06 

 

Figure 3. 3: UTM Setup – in ASTU (a), in ETU (b) 
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The true stress and strain can be related with their engineering stress and strain counterparts using 

equations 3.3 and 3.4 respectively. 

𝜎𝑡 = 𝜎
𝑙

𝑙0
= 𝜀 ∗ (1 + 𝜀) ……………………………………………………………………….(3.3) 

𝜀𝑡 = ln⁡(1 + 𝜀) ………………………………………………………………………………..(3.4) 

Where: 𝜎𝑡 = true stress (MPa) 

    𝜀𝑡 = true strain 

3.5 Strain hardening 

Work hardening, also known as strain hardening or cold working, is the increment in strength of a 

material while undergoing plastic deformation. Dislocation generation and dislocation movements, 

within the crystal structure of the material, are responsible for this strengthening. 

Before work hardening, the lattice of the material exhibits a regular, nearly defect-free pattern 

(almost no dislocations). As the material is work hardened it becomes increasingly saturated with 

new dislocations, and more dislocations are prevented from nucleating (a resistance to dislocation-

formation develops). This resistance to dislocation-formation manifests itself as a resistance to 

plastic deformation; hence, the observed strengthening. 

For metal deformation, the strain hardening phenomenon is explicated by Hollomon’s equation as 

follows: 

𝜎𝑡 = 𝐾𝜀𝑡
𝑛 ……………………………………………………………………………………..(3.5) 

Where: 𝜎𝑡 = true stress 

    K = strength coefficient 

    𝜀𝑡= true strain 

    n = strain hardening exponent 

Formability of a sheet metal is subject to its strain hardening exponent (n) value. Larger value of 

strain hardening exponent (n) corresponds to better formability since those materials can withstand 

larger deformation prior to initiation of necking. 
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3.6 Yield criterion 

When a material is subjected to large plastic deformations the grain sizes and orientations change 

in the direction of deformation. As a result, the plastic yield behavior of the material shows 

directional dependency. Under such circumstances, the isotropic yield criteria such as the von 

Mises yield criterion are unable to predict the yield behavior accurately. 

In this thesis work, Hill yield criterion is utilized since it accounts for anisotropic plastic 

deformations and variations of these criteria are in wide use for metals, polymers, and composites.  

For LDH simulations in the FEM analysis, the Hill yield criterion is used while assigning material 

properties for the MPM sandwich composites. 

3.7 Plastic Strain Ratio 

Plastic strain ratio (r) is a measure of the ability of a sheet metal to resist thinning or thickening 

when subjected to a tensile or compressive force. Plastic anisotropy arises due to the preferred 

orientation of grains in a polycrystalline material and is usually characterized by the r-value, a 

weighted average measure of the width-strain to thickness-strain ratio in tensile tests conducted 

along the longitudinal, transverse, and diagonal directions. It is typically advantageous if the 

material reduces in area a minimal amount when subject to this force, meaning a good drawing 

material has a high r-value. It is considered a direct measure of sheet material drawability and is 

useful for evaluating materials intended for forming shapes by a deep-drawing process. 

Once the material is taken beyond its elastic limit, it has deformed. If this flows easily in the plane 

of the sheet it will result in a high r-value. Alternatively, if it flows from the materials thickness it 

will thin during drawing, which may result in weakness.  

To determine this ratio, assuming constant volume, both the axial and transverse strain needs to be 

obtained during a uni-axial tensile test. The plastic strain ratio (r), is given by: 

𝑟 =
𝜀𝑤

𝜀𝑡
 …………………………………………………………………………………………(3.6) 

Where: true width strain (𝜀𝑤) = ln(wf / w0), 

  true longitudinal strain (𝜀𝑡) = ln(tf / t0), 

  wf = final width, 
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  w0 = original width, 

  tf = final thickness, 

  t0 = original thickness. 

Equation 3.6 tells us that the r-value is dependent on the ratio of width and thickness changes as 

the sample is pulled in tension. The word “plastic” in the plastic strain ratio name implies that the 

specimen is pulled beyond its elastic limit and that only the strain that induces plastic flow is 

considered in the calculation. Because it is very difficult to accurately measure changes in 

thickness, we assume the volume of the specimen remains constant and express the longitudinal 

strain as: 

𝑟 =
ln⁡(

𝑊0
𝑊𝑓

⁄ )

𝑙𝑛⁡(
𝐿𝑓𝑊𝑓

𝐿0𝑊0
⁄ )

 ……………………………………………………………………………..(3.7) 

Where: Lf = final length 

   L0 = original length 

Equation 3.7 enables the plastic strain ratio (r) to be calculated manually by measuring the change 

in axial gage length and the change in width. In this manual approach, prior to testing the specimen 

width and distance between gage marks is measured with calipers. The specimen is then pulled to 

a strain less than at maximum force (before onset of necking) and then unloaded. The final width 

and gage length are then measured to determine r-value. 

A material that exhibits unequal properties when tested in different directions is said to be 

anisotropic. Anisotropy is caused by mechanical fibering due to the directionality of the rolling 

process. Anisotropy is, more importantly, also caused by preferred crystallographic orientation or 

‘texture’ in the material. 

Using the r-values in three directions (00, 450, and 900 to the rolling direction), two other important 

parameters can be calculated (Esther, 2017). ‘Planar anisotropy parameter’ (Δr), which is an 

indicator of the ability of a material to demonstrate a non-earing behavior (lower is better), can be 

calculated using equation (3.8). ‘Normal anisotropy parameter’ (rm), which is an indicator of the 

ability of a material to be deep drawn (higher is better), can be calculated by equation (3.9). 
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𝛥𝑟 =
(𝑟0 + 𝑟90 − 2𝑟45)

2
⁄  ……………………………………………………………………...3.8) 

𝑟𝑚 =
(𝑟0 + 𝑟90 + 2𝑟45)

4
⁄  ……………………………………………………………………..(3.9) 

3.7.1 Experimental Setup 

The samples for plastic strain ratio (r-value) determination test are prepared as per ASTM-E517 

standards (as shown in Fig. 3.4). It is achieved through stretching axially on a UTM. Four 

symmetrical markings (with a permanent marker) have been applied on the test samples prior to 

testing (as shown in Fig. 3.5), so that the change in length between these markings are measured 

after the stretching test. 

Figure 3. 4: Schematic of plastic strain ratio test sample (ASTM-E517 standards) 

Figure 3. 5 MPM specimens for r-value test; APA (a), GPG (b) 

(a) 

(b) 
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3.7.2 Experimental procedure 

1 Preparation of the MPM composite samples as per the specification and marking dots carefully 

on their surfaces. 

2 Mounting the specimens on the UTM and stretch the specimens up to 10% elongation of the 

original length. 

3 Dismount the specimens and measure the length and width change between the dots. 

4 Insert the obtained values in the equation 3.7 and calculate the r-value. 

3.8 LDH Simulation 

Hecker and Ghosh (1975) proposed Limiting Dome Height (LDH) Test to avoid the small area of 

deformation which was one of the limitations of the Erichsen cup test, and modified it to simulate 

plane-strain condition where 80% of stamping failure occurs. LDH test uses 101.6 mm diameter 

of the punch and sheet material is stretched in biaxial directions while clamped at the edges by 

lock-bead to avoid draw-in (as shown in Fig. 3.6). This LDH test can be used to evaluate lubricants 

and interface friction conditions in addition to analysis of forming limits.  

FE simulations for the LDH test indicates that the test is very sensitive to friction and it affect the 

test measurements. Friction at tool-workpiece interface has an effect on formability and thinning 

distribution. It can be expected that maximum thinning when friction is zero occurs at the apex of 

the dome. Generally, location of maximum thinning moves away from the apex of the dome 

(moves toward die corner radius) as interface friction increases, and punch force also increases as 

interface friction increases (Yoon, 2012). 

 

Figure 3. 6: Schematic of LDH tooling (Yoon, 2012) 
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The LDH simulation replicates the aforementioned experimental testing process with finite 

element method approach. Altair Hyperworks software have been utilized to perform finite 

element analysis on the MPM sandwich composites. The Limiting Dome Height Test have been 

simulated in radioss-incremental solver (one of the numerous solvers in Hyperworks software 

which is suitable for LDH). 

3.8.1 LDH Simulation Procedure 

The simulation setup has four main components that are modelled in accordance with their 

properties – namely, Hemispherical dome shaped punch, blank (MPM sandwich composite sheet), 

blank holder (binder) and die-cavity. Among these, the punch, binder and die are made rigid 

components while the blank (MPM sandwich sheets) are deformable with their mechanical 

properties (obtained from the tests, like tensile strength, r-values, n-values etc.) fed into the model. 

The lock-bead is imitated by a fixed edge constraint applied on the MPM sheet such that it can’t 

be drawn into the die cavity (pure stretching takes place). 

These four components are modelled and assembled using Solidworks 2021 CAD software. The 

LDH experimental tooling – hemispherical punch, binder and die – are modelled as per the 

specification. The blanks – on the other hand – are modelled so as to consider different strain paths 

as shown in Fig. 3.7. These geometries are also taken from the experiment specifications. The 

friction coefficient values – in dry and lubricated conditions – at the interfaces have been obtained 

from an archive coefficient of friction (Friction Factors - Coefficients of Friction) and it is varied 

from zero up to these points for both materials. To observe the effect of forming speed on the 

materials’ formability, an extremely large gap between punch velocities have been assigned for 

different cases. Various combinations of these process parameters have been assessed in order to 

find out the optimum conditions for both materials. 
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Figure 3. 7: Blank geometries 

 

These models are then imported into the Hyperworks’ working environment and meshed 

appropriately. Subsequently, properties of each respective component are prudently incorporated, 

as tabulated in Table 3.3, in the pre-processing stage. The LDH setup on the graphics area is shown 

in Fig. 3.8. below. 
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Figure 3. 8: (a) LDH Simulation setup, (b) blank #10 – the three layers of ply laminate 

Punch 

Blank #10 

Die 

Binder 

Fixed edge constraints 

(a) 

(b) 
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Table 3. 3: Blank material properties 

 

The surface-to-surface explicit contacts were defined by using penalty function, and the coefficient 

of friction was assigned between tools and sample. The adhesive layer’s contacts between skin Al, 

Galvanized steel sheets and PVC core were defined by using ply laminates. The generated mesh 

model was further utilised for the explicit analysis, which carried out in two different stages. In 

the first stage, the sandwich composite blank was pressed over the die by applying force using the 

blank holder whereas in the second stage, the pressed blank was further formed by applying force 

using the dome shaped punch. 

3.8.2 Mesh Density 

The basic idea of finite element analysis (FEA) is to make calculations at only limited (Finite) 

number of points and then interpolate the results for the entire domain (surface or volume). Any 

continuous object has infinite degrees of freedom and it’s just not possible to solve the problem in 

this format. Finite Element Method reduces the degrees of freedom from infinite to finite with the 

help of discretization or meshing (nodes and elements). 

In finite element analysis (FEA), the accuracy of the FEA results and requested computing time 

are determined by the finite element size which provides mesh density (Yucheng Liu and Gary 

Glass, 2013). According to FEA theory, the FE models with fine mesh (small element size) yield 

to highly accurate results but may take longer computing time. On the contrary, those FE models 

with coarse mesh (large element size) may lead to less accurate results but do save more computing 

time. Also, small element size will increase the FE model's complexity which is only used when 

Blank Material APA GPG 

Thickness (mm) 1.5 2.5 

Yield Strength, σy (MPa) 314.43 ± 9.74 648.13 ± 14.54 

UTS (MPa) 333.66 ± 8.42 701.57 ± 10.82 

Young’s modulus, E (GPa) 137.9 ± 8.95 406.82 ± 9.37 

R0 1.1167 ± 0.29 1.6467 ± 0.22 

R45 0.9502 ± 0.1 1.476 ± 0.17 

R90 1.2908 ± 0.38 1.813 ± 0.05 

Strength coefficient, K (MPa) 475.1 ± 15.776 958.04 ± 20.458 

Hardening exponent, n 0.25 ± 0.05 0.2 ± 0.02 
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high accuracy is required. Large element size, however, will reduce the FE model's size and is 

extensively used in simplified models in order for providing a quick and rough estimation of 

designs. Due to its importance, in generating FEA models, the foremost problem is to choose 

appropriate elements size so that the created models will yield accurate FEA results while save as 

much computing time as possible. 

The LDH simulation components and APA and GPG sandwich composite blanks were meshed 

using the Hypermesh tool. The four nodded rigid quadrilateral element (R-mesh) was used for the 

dome test tools – punch, binder and die, whereas the four nodded deformable quadrilateral element 

(Q-mesh) was used for the blanks. The Hypermesh tool automatically assigns the suitable element 

size for R-mesh. For the deformable body – blank – quad mesh (Q-mesh) type with element size 

of 1 mm is allotted. The mesh density is made very fine in order to emphasize the accuracy of the 

results. 

3.8.3 LDH Simulation Process Parameters 

The specified parameters include component geometries, element type, mesh density, punch travel 

speed, blank holding force and interface friction coefficient values. The Table 3.4 below indicates 

all parameters in detail. 

Radioss Incremental Solver, which is one of the solvers in Altair Hyperworks software, is utilized 

to perform the LDH simulations. The input process parameters and geometrical specifications of 

the components – punch (dome shaped), binder, blank and die – are reproduced in the FEA 

software so as to simulate the experimental LDH test. 

In LDH experiment, there is lock-bead mounted between die-flange and binder to hold the blank 

in place while the stretching takes place (as shown in Fig. 3.6). This lock-bead is imitated, on the 

FEA analysis, by a fixed edge constraint applied on the MPM sheet (as shown in Fig. 3.8) such 

that it can’t be drawn into the die cavity (pure stretching takes place). 

The simulations are allowed to run until failure starts in the blank, and the dome height was taken 

just before failure. From the data obtained, forming limit diagram (FLD) and dome height graphs 

are plotted and analyzed thoroughly. 
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Table 3. 4: Process parameters 
Parameters Values 

Punch travel speed (mm/min) 5000 & 10000 

Punch dome diameter (mm) 101.6 

Die cavity diameter (mm) 105.7 

Die Cavity Fillet Radius (mm) 6.35 

Blank dimensions Indicated in Fig. 3.5 

Blank element type and size (mm) Q-mesh & 1 

Interface Friction Coefficient (lubricated, 

dry) 
(0.029, 0.42) for GPG & (0.04, 0.47) for APA 

Binder – by keeping gap (mm) 1.5 for GPG & 2.5 for APA 
 

The type of process used in the simulation is Double Action Draw. The setup window – with 

corresponding process parameters – is shown in Fig. 3.9. It is utilized to incorporate the process 

parameters – blank thickness and material properties, punch speed and binding mechanism. The 

obtained mechanical properties were fed into custom materials before they were assigned for the 

blanks. The friction conditions are applied under the ‘Details’ tab. 

In order to incorporate the material properties into blanks in the Hyperworks simulation 

environment, Hill Orthotropic Tabulated material law was selected. Then, the respective yield 

strength, r-values, density, n-value and young’s modulus were inserted. These materials are then 

added to the material database and applied for the blanks. 

The MPM sandwich composite is replicated in the Hyperworks using ply laminate tool. The 

‘PCOMPP’ material property is selected for the composite development. Then each layer is 

modelled as a ply with its respective thickness, material type and interface characteristics. These 

plies form a laminate which is the simulation counterpart of the MPM sandwich composite. 
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Figure 3. 9:  Double Action Draw setup for APA sheet blank #1 
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3.9 Forming Limit Diagram (FLD) 

The forming limit curve (FLC) is a failure limiting criterion for sheet metal forming. The entire 

diagram is known as a forming limit diagram (FLD). FLC illustrates the onset of localized necking 

in linear straining paths in a diagram of major and minor strains (i.e., in-plane minimum and 

maximum principal strains). 

Forming Limit Curve (FLC), is a curve plotted between major strain and minor strain of the MPM 

sheet. Although a tensile test characterizes one specific strain path, a Forming Limit Curve (FLC) 

is necessary to have a map of strains indicating the onset of critical through-thickness necking for 

different linear strain paths. The strains which make up the FLC represent the limit of useful 

deformation. Calculations of safety margins are based on the FLC as shown in the simplified sketch 

below, Fig. 3.10. 

Keeler and Brazier (1977) have proposed a relationship between lowest point on FLC (FLC0) with 

strain hardening exponent (n) and sheet thickness (t), as indicated by equation (3.10). Keeler and 

Brazier equation is valid for a given range of n and t; n ≤ 0.21, t ≤ 3.1. 

𝐹𝐿𝐶0 = 𝑙𝑛 [1 + (
23.3+14.13𝑡

100
)

𝑛

0.21
] ………………………………………………………….(3.10) 

The FLC’s left side has followed a straight line with a slope of ‘–1’, as shown in equation (3.11) 

below. 

𝜀1 = 𝐹𝐿𝐶0 − 𝜀2 ……………………………………………………………………………(3.11) 

Other researchers also used the same equation to predict the FLC’s left side (B.S. Levy, and C.J. 

Van Tyne, 2016). equation (3.12) is used to calculate the FLC’s right side. 

𝜀1 = (1 + 𝐹𝐿𝐶0)(1 + 𝜀2)
0.5 − 1 (3.12) 

According to (Surajit Kumar Paul, 2021), equation (3.11) is utilized to calculate the FLC’s left 

side. equation (3.13) is used to compute the right side of the FLC. The present thesis work also 

applies these equations because of their comprehensive approach. 

𝜀1 = (1 + 𝐹𝐿𝐶0)(1 + 𝜀2)
𝑝 − 1 ……………………………………………………………(3.13) 

Where exponent “p” is a material constant, and it can be calculated using equation (3.14). 



35 
 

𝑝 = 1.0834𝐸𝑥𝑝(−1.4114𝐹𝐿𝐶0) − 0.361 …………………………………………………(3.14) 

Figure 3. 10: Simplified Schematic FLD 

Etching a blank of MPM sheet with circular grids helps visualize strain paths.  After forming, the 

circles turn into ellipses as shown in Fig. 3.11, with the dimensions of major and minor axes related 

to the major and minor strains respectively. Figure 3.11 depicts the deformation of a circle of the 

grid into elliptical forms. The major strain is defined as the greatest strain, while the minor strain 

is defined as the least strain at that particular location. The oval on the right represents the case 

where both the major and minor strains are positive. The oval on the left represents the case where 

the major strain is positive while the minor strain is negative. This forms the basis for Circle Grid 

Strain Analysis (CGSA). 

 

Figure 3. 11: Minor and Major Deformation Diagram 

x-axis = Minor Strain 

= Failure Zone 

y-axis = Major Strain 

= Marginal Zone 

= Safe Zone 

= FLC0 (lowest point on 

FLC) 
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There are two sub-branches of FLC, ‘‘right branch’’ for positive minor strain (i.e., stretching), 

while the ‘‘left branch’’ for negative minor strain (i.e., drawing), which can be illustrated in detail 

in the following Fig. 3.12 (Surajit Kumar Paul, 2021). 

Figure 3. 12: Detailed representation of FLD (Surajit Kumar Paul, 2021) 

The major and minor engineering strains (e1 and e2) can be calculated by using equation (3.15). 

equation (3.16) is used to calculate the major and minor true strains. 

𝑒1,2 =
𝑑1,2−𝑑0

𝑑0
 ………………………………………………………………………………...(3.15) 

𝜀1,2 = ln(1 + 𝑒1,2) …………………………………………………………………………..(3.16) 

Where: e1=engineering major strain  d0=circular grid original diameter 

   e2=engineering minor strain  d1=major axis diameter 

   ε1=true major strain   d2=minor axis diameter 

   ε2=true minor strain  

According to (Surajit Kumar Paul, 2021), equation (3.16) is valid up to the necking initiation. 

FLD curves can also be obtained when MPM sheet is deformed by In-Plane Stretching of flat 

specimens in free space. In this kind of test there is no specimen curvature, no strain gradients, and 

no interface friction present. Compared to out of plane stretching tests (like dome tests), in-plane 

forming limits can be more sensitive to material defects and are not influenced to the same extent 

by tooling geometry variables (K.S. Raghavan, 1995). Furthermore, since curvature and friction 
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effects are absent, large strain gradients can be avoided in the in-plane test, allowing forming limits 

to be more accurately defined. Despite these advantages, the in-plane approach is not widely used 

to develop forming limit curves, perhaps because of the lack of a good streamlined technique to 

determine forming limits in different strain paths. These tensile deformation methods are capable 

of producing strain paths only on the left-hand side of the FLD, ranging from uniaxial tension to 

plane strain. 

The strain gradient is the rate at which strain changes through a part. Since this plane-strain tensile 

test specimen is in pure tension, it will have no strain gradient because the whole specimen is at 

the same strain. In dome stretching tests (having multiple strain paths) however, some portion of 

the specimen will be under tension and the rest under compression. The rate at which strain 

changes throughout the cross-section of the specimen is its strain gradient. 

Geometries for plane-strain tensile test specimens are selected based on Leo Joseph Kilfoil (2007). 

The schematic representation of these specimens is indicated in Fig. 3.13 below. The flat MPM 

sheet specimen has length and width. Hence, when strains are imposed through plane-strain tensile 

tests on samples that are shown in Fig. 3.14 and 3.15, FLC can be generated in the plane strain 

direction. 

 

Figure 3. 13:  Schematic of plane-strain tensile test specimen [Dimensions in mm] (Leo 

Joseph Kilfoil, 2007) 
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Figure 3. 14: APA specimen for plane-strain tensile test 

Figure 3. 15:  GPG specimen for plane-strain tensile test 

The FLD strain (for In-Plane Stretching) can be readily obtained by measuring the strain level at 

a location removed from the fracture site. Since no strain gradient exists prior to the onset of 

necking, and since no increase in the strain plateau occurs during the development of the neck and 

fracture, the strain state at a location removed from the fracture site is identical to that which exists 

at the fracture site at the onset of localized necking (S. P. Keeler, 1978).For multiple strain path 
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forming experiments, (Surajit Kumar Paul, 2021), a very comprehensive Forming Limit Diagram 

(FLD) can be generated as shown in the Fig. 3.16 below. 

This curve indicates the maximum strain that the material can withstand prior to necking (or in 

sheets – extreme thinning). With these limit values, forming operations will be carefully designed 

under the permissible strain range. The FEM simulation counterpart of this study is the LDH 

simulation – undertaken via Altair Hyperworks tool. In addition to FLC, maximum dome height 

(before thinning/necking) is extracted from the LDH simulation. 

Figure 3. 16:  Zones in FLD (Surajit Kumar Paul, 2021) 

3.10 Adhesive test 

Taking the performance of the adhesive utilized in the MPM composite under consideration is one 

of the focus points of this study. In order to accomplish that, lap-joint adhesive tests are executed. 

Single-lap adhesive test is performed on a sample made of the adherends that overlap with the 

adhesive applied in between as per the ASTM D5868 Standard specifications, as shown in Fig. 

3.17.  
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These adherends (aluminum, galvanized steel and PVC sheets) have passed through the same 

preparation process as the MPM composites, so that these test results could indicate the MPM 

laminate composite’s integrity. The samples for this test are indicated in Fig. 3.18. 

 

Figure 3. 17:  Single-lap adhesive test sample (ASTM D5868) 

Figure 3. 18: Aluminum with PVC (a), Galvanized steel with PVC (b) 

 

Adherends 

Adhesive 

(a) 

(b) 
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3.11 Density 

One of the main reasons for the necessity of this MPM sandwich composite is its light weight 

characteristics. This is illustrated as, for sheets of similar dimensions (and hence similar volume) 

– one of them being monolithic metallic sheet and the other MPM sandwich composite – their 

weight will be different due to density variances. The relatively low density of the included 

polymer is responsible for this weight reduction. Table 3.5 indicates the densities of the constituent 

materials. 

Table 3. 5: Densities of the constituent materials 
Material Density (g/cm3) 

Aluminum 2.7 

Galvanized steel 7.874 

PVC 1.38 

Epoxy 1.2 
 

In order to analyze to what extent this weight reduction is attained, the densities of both MPM 

sandwich composites have been calculated.  

The simple mass density of composite materials, or materials made from two or more distinct 

materials with known individual densities, can be worked out using a simple process. 

Step 1: Find the densities of all the constituent materials. 

Step 2: Convert each constituent’s percentile contribution to the mixture to a decimal number (a 

number between 0 and 1) by dividing by 100. 

Step 3: Multiply each decimal by the density of its corresponding constituent material. 

Step 4: Add together the products from step 3. This will be the density of the sandwich composite 

in the same units selected at the start or the problem. 
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CHAPTER 4 

Results and Discussion 

4.1 Introduction 

The results obtained from experimentation – tensile test, in-plane stretching, plastic strain (r-

value) determination, single lap adhesive test and weight reduction evaluation – and from LDH 

simulation are discussed in detail in this chapter. 

4.2 Tensile Properties 

Tension tests, which have been undertaken on a Universal Testing Machine (UTM) at room 

temperature, revealed the mechanical properties of the materials. First, the base materials, which 

constitute the MPM laminate composites (aluminum, galvanized steel and PVC sheets) are tested 

in order to determine their ultimate tensile strength (UTS), yield strength (σ), total and uniform 

elongation, strength coefficient (K) and strain hardening exponent (n) values. For the metallic 

sheets, the tests are performed in three rolling directions (00, 450, 900) to take into account the 

effects of anisotropy. Figures 4.1, 4.2 and 4.3 below show the tensile test samples (as per ISO 

6892-1 specification) for base materials – before and after rupture. 

Figure 4. 1: GSS tensile test (900 orientation) – before rupture (a), after rupture (b) 

(a) (b) 
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Figure 4. 2: Al-sheet tensile test (900 orientation) – before rupture (a), after rupture (b) 

Figure 4. 3: PVC-sheet – before rupture (a), after rupture (b) 

(a) (b) 

(a) (b) 
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Once the mechanical properties of the constituent materials have been studied, the same procedure 

is applied for MPM sandwich composites – made from aluminum with PVC and galvanized steel 

with PVC – in order to determine the aforementioned properties. Metallic sheets of similar rolling 

direction are used to make each sample. Since PVC is isotropic, it doesn’t have directionality. PVC 

have shown a ductile failure phenomena since it has plastically deformed and necked before 

rupture. The samples prepared for this test – before and after rupture – are shown in Fig. 4.4 and 

4.5 below. 

Figure 4. 4: Tensile test specimens – APA (a), GPG (b)– before deformation 

Figure 4. 5: MPM tensile tests – APA (a). GPG (b)– after rupture 

4.3 Stress and Strain 

From the force and elongation data obtained from the tensile tests, engineering stress, engineering 

strain, true stress and true strain are calculated using equations 3.1, 3.2, 3.3, and 3.4 respectively. 

These values are also studied in three rolling directions (00, 450, 900), so that anisotropic 

directionality effects are taken into consideration. 

From stress-strain plots – shown in Fig. 4.6, 4.7, 4.8 and 4.9 – yield strength, Ultimate Tensile 

Strength (UTS), maximum allowable elongation before necking and before rupture are studied. 

(a) 

(b) 

(a) 

(b) 
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Further analysis provided the K and n values. All of these results are tabulated in Table 4.1 shown 

below. 

Figure 4. 6: Engineering Stress-Strain of GSS 

Figure 4. 7: Engineering Stress-Strain of Al-sheet 
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Figure 4. 8: Engineering Stress-Strain of GPG 

Figure 4. 9: Engineering Stress-Strain of APA 
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Table 4. 1: Mechanical properties of base and composite materials 
 

 

We cannot make comparison between both types of MPM sandwich composites and their 

respective base material (in terms of yield strength, UTS and total elongation) since the evaluated  

materials are of different thicknesses and testing took place at different strain rates. Instead, their 

hardening exponent (n) have shown comparable value to their constituent metallic sheets. 

As Table 4.1 and engineering stress-strain diagram of GSS indicate (as shown in Fig. 4.6), the 

material behaves more or less similarly in the three orientations to the rolling direction – 0, 45 and 

90 degrees. However, engineering stress-strain diagram of Al-sheet (as shown in Fig. 4.7) clearly 

shows that it is slightly anisotropic since the obtained values in the three orientations indicate 

discrepancies. 

Since these metallic sheets are members in the MPM sandwich composites – APA and GPG – their 

anisotropic effect is also observed in the composite laminates (as shown in Table 4.1, Fig. 4.8 and 

4.9). Hence, APA has more anisotropic behavior compared to GPG. 

Materials 

Yield 

strength 

(MPa) 

UTS 

(MPa) 

Strength 

coefficient, 

K (MPa) 

Hardening 

exponent, 

n 

Plastic 

strain ratio, 

r 

Total 

elongation 

Uniform 

elongation 

Al-sheet 
260.49 

± 8.46 

308.60 

± 11.62 

423.0013 

± 13.69 
0.27 ± 0.03 

0.8869 ± 

0.09 

4.8127 ± 

1.06 

3.3526 ± 

0.74 

GSS 
287.77 

± 9.38 

474.56 

± 9.75 

555.0930 

± 16.37 
0.22 ± 0.04 

1.6101 ± 

0.11 

8.7023 ± 

1.49 

6.7479 ± 

0.98 

PVC - 

78.5 

± 

2.81 

- - - 
46.7098 ± 

3.42 

37.2469 ± 

3.07 

GPG 
648.13 

± 14.54 

701.57 

± 10.82 

958.04 ± 

20.458 
0.2 ± 0.02 

1.6455 ± 

0.18 

17.2724 ± 

2.18 

9.5017 ± 

1.97 

APA 
314.43 

± 9.74 

333.66 

± 8.42 

475.1 ± 

15.776 
0.25 ± 0.05 

1.1192 ± 

0.26 

12.5861 ± 

1.93 

8.6875 ± 

2.04 
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4.4 Strain Hardening 

The MPM sandwich composites contain metallic elements as constituent components. Since these 

metallic components – Al-sheet and GSS – are susceptible to work hardening (strain hardening), 

the MPM sandwich composites – APA and GPG – will also undergo strain hardening. 

Equation 3.5 can be used to determine the relationship between true stress and true strain while 

strain hardening phenomenon of these materials take place. The strain hardening exponent (n) and 

the strength coefficient (K) values are extrapolated from stress-strain graphs as indicated in Table 

4.1. 

The n-value of base materials and the corresponding composites are found to be comparable. This 

indicates that their deformation mechanism is more or less analogous. 

4.4 Plastic Strain Ratio (r-value) 

Equation 3.7 is used to calculate the plastic strain ratio (r) manually by measuring the change in 

axial gage length and the change in width. In this manual approach, prior to testing the specimen 

(as shown in Fig. 4.10) width and distance between gage marks is measured with calipers. Figure 

4.11 shows the test procedure. The specimen is then pulled to a strain less than at maximum force 

(before onset of necking) – 10 % elongation – and then unloaded. The final width and gage length 

are then measured to determine r-value. 
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The obtained values are indicated in Table 4.1 above. Using the r-values in the three directions (00, 

450, and 900 to the rolling direction), two other important parameters – Planar anisotropy parameter 

(Δr) and Normal anisotropy parameter (rm) – are calculated using equation (3.8) and (3.9) 

respectively. Planar anisotropy parameter (Δr) is an indicator of the ability of a material to 

demonstrate a non-earing behavior and it is preferred to be as small as possible. On the other hand, 

Normal anisotropy parameter (rm) is an indicator of the ability of a material to be deep drawn and 

it is preferred to be as high as possible. Table 4.2 shows these values for base and MPM composite 

materials. 

Figure 4. 10: Testing procedure – base material (Al-sheet) 
Table 4. 2: Planar anisotropy parameter (Δr) and Normal anisotropy parameter (rm) values 

Material Planar anisotropy parameter (Δr) Normal anisotropy parameter (rm) 

Al-sheet 0.02726 0.89147 

GSS 0.22167 1.57416 

APA 0.25353 1.07696 

GPG 0.25333 1.60333 
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From the results tabulated in Table 4.2, it can be observed that Al-sheet has better non-earing 

behavior compared to GSS, whereas, APA and GPG have comparable values. On the other hand, 

GPG ranks the highest value for deep-drawability. The rest – GSS, APA, Al-sheet – follows GPG 

in descending order. 

Figure 4. 11: r-value test procedure – APA (a), GPG (b) 
(a) (b) 
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4.5 Adhesive Strength 

Single-lap adhesive test is performed (as shown in Fig. 4.12) on samples made of the adherends – 

Al-sheet with PVC and GSS with PVC – that overlap with the epoxy adhesive applied at their 

interfaces. In both cases, the PVC adherend ruptures before the adhesion fails, as shown in Fig. 

4.13 below. 

Figure 4. 12: Single-lap adhesive test procedure – GSS with PVC (a), Al-sheet with PVC (b) 

Figure 4. 13: Adhesive test samples after rupture – Al with PVC (a), GSS with PVC (b) 
The fact that one of the adherends (PVC) ruptures before the adhesive at the interface fails (or the 

bond breaks) is a good result. It means that the bond created via the epoxy adhesive can withstand 

load until one of the substrate materials breaks or ruptures. 

(a) (b) 

Breakage of PVC 

(a) 

(b) 
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Even though these test results indicate enough bond being created in both metal-polymer 

adherends, when comparison is made (during other mechanical tests) between the two MPM 

composites – APA and GPG – the former reveals better adhesion and bonding strength than the 

later. This is due to the fact that GSS has high abrasion resistance. The epoxy adhesive creates the 

bond by entering into the asperities of adherend surfaces and curing in between them – as a result, 

forming mechanical interlocking. Since GSS cannot be easily abraded – to form micro-grooves 

and asperities – not adequate mechanical interlocking takes place, and hence weaker bond. Al-

sheet and PVC, on the other hand, can be abraded without difficulty, and create a stronger 

mechanical interlocking and bond. 

For the GPG composite, better adhesion can be achieved through other MPM manufacturing 

methods (hand layup method is used for this research), like warm roll bonding (WRB), in which 

the substrate materials are pre-heated for better adhesion and stronger bond. 

4.6 Limiting Dome Height (LDH) Simulations 

LDH simulations with various combinations of geometry and process parameters are performed 

using the Hyperworks software. The properties of the APA and GPG sandwich sheets that have 

been obtained through empirical testing are replicated with FE models in Hyperworks and 

simulations are conducted using Radioss-Incremental solver. The average simulation time for all 

the simulations is 58 minutes. 

FE simulations for the LDH test indicate that the test is very sensitive to friction and it affect the 

test measurements. Friction at tool-workpiece interface (in this case, mainly at punch-blank 

interface) has an effect on formability and thinning distribution. It can be expected that maximum 

thinning when friction is zero occurs at the apex of the dome. Some simulations have been 

conducted with zero interface frictional value (between punch and blank), and the failure did in 

fact occur at the tip of the dome. Figure 4.14 indicates this condition for APA blank #1. Generally, 

location of maximum thinning moves away from the apex of the dome (moves toward die corner 

radius) as interface friction increases, and punch force also increases as interface friction increases. 
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Figure 4. 14: APA blank #1 with zero friction coefficient between punch and blank – 

Deformed blank (a), FLD (b) 

(a) 

(b) 
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From Fig. 4.15, it clear that failure zones are in the side wall of sandwich dome, which means 

more thinning has happened in the side wall of sandwich sheet along with punch travel. From all 

the simulations in the bi-axial sandwich sheets, almost similar failure phenomenon is noticed. 

(a) 

(b) 

(c) 
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Figure 4. 15: Contour plot and FLD of: APA blank #6 - (a) and (b), GPG blank #6 - (c) and 

(d) 

4.7 Forming Limit Diagram (FLD) 

Forming limit diagrams (FLDs) which encompass forming limit curves (FLCs) have been 

generated from plane-strain experimentations – single strain path – and from simulations – 

multiple strain path. The FLC is a failure limiting criterion for sheet material forming. The entire 

diagram is known as FLD – which indicates thinning, wrinkling tendency, insufficient stretch and 

safe forming zones in addition to FLC. FLC illustrates the onset of localized necking in linear 

straining paths in a diagram of major and minor strains (i.e., in-plane minimum and maximum 

principal strains). The test samples – with circular grid markings – have been stretched till failure 

(as shown in Fig. 4.16), and  the ellipses’ major and minor diameters are measured. The lowest 

point on FLC (FLC0) is then calculated – using equation 3.10 – to be 0.3283 for APA and 0.6043 

for GPG. These values are comparable with those obtained from the simulations (as shown in Fig. 

4.17). The major and minor engineering strains (e1 and e2) are calculated by using equation (3.15) 

and equation (3.16) is used to calculate the major and minor true strains (𝜀1 and 𝜀2). Table 4.3 

indicates these values. 

 

 

(d) 
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Figure 4. 16: Plane-strain test samples after rupture and ellipse formation – APA (a), GPG 

(b) 

 

 

 

(a) 

(b) 
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Table 4. 3: Calculated values of  e1, e2, 𝜀1 and 𝜀2 

Material e1 e2 𝜀1 𝜀2 

APA 0.4167 0.33 0.3283 0.2876 

GPG 0.83 0.67 0.6043 0.5128 

 

The average forming limit curve (FLC) – obtained from simulations – for both APA and GPG 

sandwich sheets are shown in Fig. 4.17 and Fig. 4.18. The comparison of FLC0 values obtained 

from experiment and simulation revealed standard error of 5.6 %  - for APA – and 0.6 % - for 

GPG. This shows an acceptable match between experimental and simulation values. Figure 4.15 

shows the sandwich deformation along with the failure zones and FLC, which shows the 

preliminary stage of failure zone in the sheets. The color coding helps to visualize the different 

zones – failure, marginal, safe, compression, loose and high wrinkle tendency – which exists in 

both contour plots and corresponding FLDs. 

Along with FLD, dome height till (just before) failure – also known as Limit Dome Height (LDH) 

– graphs have been extracted from the simulations. From all the simulation conditions, maximum 

dome height have been recorded at blank #4  for APA (0.015 friction coefficient) and at blank #2 

for GPG (0.005 friction coefficient). This indicates that better formability is achieved when friction 

is decreased to a minimum possible value. This is because the material can easily flow for smaller 

frictional restrictions. For illustration, graphs for all blank geometry and process parameters are 

shown in Fig. 4.19 and 4.20. 

Another crucial process parameter being studied is the punch velocity, which has a direct 

correlation with forming speed. Two punch velocities (5000 & 10000 mm/min) have been applied 

– with considerable gap between the two – to see the effects clearly. 

 

 

 

 

 



58 
 

 

 

 

 

 

 

 

Figure 4. 17: FLC of APA 
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Figure 4. 18: FLC of GPG 
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Maximum LDH for both APA and GPG is attained with 5000 mm/min punch velocity. For the 

larger value of punch velocity, however, poor formability is observed, with the blank material 

being rapidly drawn into failure. As the forming speed is lowered, the material had enough time 

to flow and take the shape being imposed with the tooling. For instance, blank #8 is formed with 

10000 mm/min punch velocity, and it can be observed that small LDH is attained for both blank 

materials (as shown in Fig. 4.19 and 4.20). 

Figure 4. 19: Limiting Dome Height (LDH) of APA 
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Figure 4. 20: Limiting Dome Height (LDH) of GPG 
4.8 Density 

For the same volume of rigid materials, their weight variation arises due to their density 

differences. Using the concept of composite density computation, the densities of MPM sandwich 

composites have been evaluated and the obtained results are tabularized in Table 4.4 as follows: 

Table 4. 4: Density of MPM composites 

Material Density (g/cm3) 

APA 2.436 

GPG 5.68882 

To get an understanding of how much weight is going to be reduced with the use of MPM sandwich 

composite instead of mono-lithic metallic sheets, let’s consider a 100 cubic centimeter material 

(for comparison between mono-lithic metallic sheets and MPM sandwich composites) and 
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multiply this volume with the densities in order to find their masses. Table 4.5 illustrates these 

findings as follows: 

Table 4. 5: Masses of 100 cm3 volume of materials 

Material Density (g/cm3) Mass of 100 cm3 volume (g) 

Al 2.7 270 

APA 2.436 243.6 

GSS 7.874 787.4 

GPG 5.68882 568.882 

From Table 4.5 the following points can be inferred: 

• Using APA instead of Al-sheet, for comparable volume, provides 9.777% weight 

reduction. 

• Using GPG instead of GSS, for comparable volume, provides 27.75% weight reduction. 

These are considerable amounts of weight reduction for mass-critical design sectors like 

automobile, aerospace and marine industries. Hence, application of MPM sandwich composites 

minimizes fuel consumption and energy requirements of these transportation systems. 
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CHAPTER 5 

Conclusion and Recommendations 

5.1 Conclusion 

In the present work, MPM  sandwich composites’ formability was investigated with single strain 

path experimentations and multiple strain path limit dome height (LDH) simulations, which have 

been performed using Hyperworks FEA software. The sandwich sheets were made up of aluminum 

and galvanized steel sheets with PVC – and structural epoxy adhesive as binding agent. 

The mechanical properties of base materials – Al-sheet, GSS, PVC and epoxy adhesive – were 

obtained from uniaxial tension tests, plane-strain tests, plastic-ratio tests and single lap adhesive 

tests. The MPM sandwich composites – APA and GPG – have also undergone these 

experimentations. These characteristics were then incorporated into FEA simulations for further 

analysis. 

The hardening exponent (n) of composite laminates and respective metallic constituents were 

comparable. Hence, their strain hardening phenomena was found to be analogous. 

The single-lap adhesive test results revealed that the epoxy adhesive provides sufficient bonding 

between the metallic sheets and the polymeric core. Even though the PVC sheet ruptured prior to 

adhesive failure in both cases, the bond between Al-sheet and PVC was stronger than the bond 

between GSS and PVC since some form of delamination was observed when the GPG composites 

undergone single strain path tests. This was due to the high abrasion resistance of GSS. In order to 

achieve better bond strength WRB technique should be applied. 

From the density analysis, it has been observed that weight reduction of 9.777 % - for APA – and 

27.75 % - for GPG – were achieved compared to Al-sheet and GSS respectively. 

The LDH simulations were conducted under two levels of punch velocities (5000 and 

10000mm/min), and many levels of frictional conditions – staring from zero.  The data extracted 

from all of the simulations were FLD and maximum dome height. It was observed that the 

maximum dome height was seen at blank #4 for APA (0.015 friction coefficient) and at blank #2 

for GPG (0.005 friction coefficient). In both cases, the punch velocity was 5000 mm/min. 
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Standard error of 5.6 %  - for APA – and 0.6 % - for GPG have been found when comparison of 

FLC0 values is made between experiment and simulation. This shows an acceptable match between 

experimental and simulation values. 

It has also been observed that LDH simulations are very sensitive to friction and have influence 

on the test outputs. Friction at tool-blank interface has considerable effect on formability and 

thinning distribution. When friction is zero (imaginary and can only be achieved via simulation), 

the maximum thinning occurs at the tip of the dome. Generally, location of maximum thinning 

moves away from the apex of the dome (moves toward die corner radius) as interface friction 

increases, and punch force also increases as interface friction increases. Hence, applying suitable 

lubricant improves the formability of the sheets. 

Better formability – larger dome height – of MPM sandwich composite is associated with small 

friction coefficient at blank-tool interface and lower forming speed. 

5.2 Recommendation 

In manufacturing, it is common to specify and select suitable and reliable materials that can fulfill 

product’s requirements. Sometimes, already existing materials are able to accomplish these 

demands with or without necessary modifications. Otherwise, new materials are designed and 

manufactured according to necessities of the product being manufactured. 

Afterall, materials are innovated, researched, enhanced and manufactured for usage in some 

product. These MPM sandwich composites are also intended to be utilized in various industries 

especially when weight reduction is needed. 

MPM sandwiched composite plates (primarily, aluminum panels) have been extensively utilized 

in construction sector. These panels are used for finishing houses and interior design, partition 

creation, outer building decoration, construction of studios (because of its sound deadening 

capability) etc. Almost all of the aforementioned applications, however, do not require the 

aluminum panel to be formed into complex geometries, only flat shaped ones trimmed into 

required dimensions are applied. 

As it has been studied in this thesis, however, MPM sandwich composites are not restricted to 

aluminum panel plates. A variety of sheet metals (like steel, aluminum and their alloys, etc.) can 
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be laminated with different polymer plastics (like PVC, PU, PE, PP, etc.) to provide various MPM 

laminate composites.  

These composites can have a wide range of application in aerospace, marine and automobile 

industries (especially, due to their substantial strength to weight ratio). Among the aforementioned 

industries, this work focused on automobile industry as an application area since more and more 

car assembly factories are being installed in our country nowadays. Some sub-components can be 

manufactured here in accordance with design specifications of the automobile company with MPM 

sandwiched composites. Their thickness, weight, strength and formability can be adjusted by 

careful selection of substrate materials (sheet metal, polymeric core and adhesive) with the 

required thickness and performance. 

These MPM laminated composites can be used for the hood (bonnet) and the roof of an automobile 

as shown in the Fig. 5.1 [green] of a typical automobile below. These two parts of an automobile 

are ideal for weight reduction since they cover large portion of the car, which account for 

approximately 8 percent of the total automobile weight (Nicholas Lutsey, 2010). In addition, 

thermal insulation characteristics of the MPM composite helps in reduction of heat that could be 

conducted from sun and would have raised the car’s interior temperature. This insulation occurs 

because of the polymeric core sandwiched between the metallic sheets. Another advantage of these 

composites is their sound proofing (deadening) behavior (again attributable to the polymeric core 

embedded in between the metallic sheets). As a result, noises coming from rain drops and vibration 

of moving parts in the car can be dampened considerably. 

 

Figure 5. 1: Range Rover Evoque (Source: Land Rover) 
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Hydroforming techniques are recommended to make the previously mentioned automobile 

components with MPM sandwiched composites. The reason behind is that, hydroforming is a 

specialized type of die forming that uses a high-pressure hydraulic fluid to press room temperature 

working material into a die which is capable of formation of complex shaped parts with a higher 

stiffness-to-weight ratio and at a lower per unit cost than traditional stamped parts (M. Zampaloni 

et al., 2003). Furthermore, hydroforming allows the sheet to deform uniformly (uniform 

distribution of strains) resulting in reduced thinning in the final part. 

Since these MPM sandwiched composites can be drilled, mechanical fasteners (like screws, bolts 

and nuts) can be used to assemble parts made from these materials with other body parts of the 

automobile. Moreover, industrial structural adhesives play a vital role in assembly of composites. 

5.3 Future research areas 

This study examined the formability of two types of MPM sandwich composites. The investigation 

focuses on how much deformation can these laminates withstand before excessive thinning and 

failure. However, their spring back phenomena is not studied in the present work and it should be 

a subject of study for future research. 

Moreover, since these composites are comprised of heterogeneous materials, their thermal 

conductivity is somewhat complex. Hence, thermal analysis of various MPM laminates should be 

incorporated in future researches. 
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B. LDH of GPG – Blank #1 & #10 

 

 

 

 

 

 

 

 

 

 

 

 

 


