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ABSTRACT 

 

Overlap joints between polycarbonate (PC) and aluminum alloys AA6061 and 

AlSi10Mg were manufactured by injection overmolding and evaluated regarding 

the interfacial structure and mechanical performance. The injection overmolding 

parameters; barrel temperature, injection speed and holding pressure were 

optimized through a design of experiments, using AA6061 inserts machined from 

an rolled sheet and laser surface textured. The injection molding parameters 

studied showed a positive effect on the filling of the grooves on the metal surface. 

The ultimate lap-shear force (ULSF) was used as a response and the values 

correlated to the filling of the polymer into the grooves of the metal surface, the 

molding conditions and the rheology of the polymer. Additionally, with the aid of 

design of experiments, AlSi10Mg inserts were produced by laser powder bed 

fusion (L-PBF), and their surfaces were structured with submillimetrical 

dimensions features on the metal surface, so-called, inkpot-like, mushroom-like 

and lattice structures. Afterwards, the metal inserts were hybridized with PC via 

injection overmolding and the interfacial strength were evaluated. PC/AA6061 

and PC/AlSi10Mg joints exhibited outstanding joining strength of 7.2 MPa ± 0.5 

MPa and 20.5 MPa ± 3.8 MPa, respectively. Fracture analysis through optical 

and scanning electron microscopies and digital image correlation (DIC) was used 

to elucidate the joint failure mechanisms. In dynamic fatigue testing, joints 

exhibited fatigue life close to 30% ULSF, demonstrating excellent mechanical 

durability. In addition, PC/AA6061 joints showed excellent hygrothermal stability. 

The findings add to the comprehension of the manufacturing, mechanical 

behavior and durability of injection overmolded polymer-metal hybrid structures. 

 

Keywords: Injection overmolding; polymer-metal hybrid structures; additive 

manufacturing; polycarbonate; aluminum. 
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RESUMO 

 

SOBREMOLDAGEM POR INJEÇÃO DE ESTRUTURAS HÍBRIDAS DE 

POLICARBONATO E LIGAS DE ALUMÍNIO 

 

Juntas sobrepostas de policarbonato (PC) e ligas de alumínio AA6061 e 
AlSi10Mg foram fabricadas por sobremoldagem por injeção e avaliadas quanto 
à estrutura interfacial e o desempenho mecânico. Os parâmetros de moldagem 
por injeção, temperature do barril, velocidade de injeção e pressão de recalque, 
foram otimizados a partir de um planejamento de experimentos, utilizando-se 
insertos de AA6061 usinados a partir de chapa extrudada e texturizados a laser. 
A força máxima em ensaio de cisalhamento foi utilizada como resposta e os 
valores correlacionados com o preenchimento do polímero nas cavidades da 
superfície do metal, as condições de moldagem e a reologia do polímero. 
Adicionalmente, com auxílio de planejamento de experimentos, insertos de 
AlSi10Mg foram produzidos e suas superfícies estruturadas por fusão seletiva 
em leito de pó com estruturas em escalas submilimétricas denominadas tipo 
tinteiro, cogumelo e treliça. Posteriormente os insertos metálicos foram 
hibridizados com PC por sobremoldagem por injeção e a resitência interfacial foi 
avaliado. As juntas PC/AA6061 e PC/AlSi10Mg apresentaram resistências ao 
cisalhamento notáveis, de até 7,2 MPa ± 0,5 MPa e 20,5 MPa ± 3,8 MPa, 
respectivamente. Análise de falhas via microscopia ótica e eletrônica de 
varredura e correlação de imagens digitais (CID) foi empregada para elucidação 
dos mecanismos de falha das juntas. Em ensaio de fadiga dinâmica as juntas 
PC/AA6061 e PC/AlSi10Mg apresentaram limite de resistência próximo dos 30% 
da força máxima de cisalhamento, o que indica excelente durabilidade mecânica. 
Além disso, juntas PC/AA6061 apresentaram excelente estabilidade 
higrotérmica. Os resultados contribuem para a compreensão do processo de 
fabricação, comportamento mecânico e durabilidade de estruturas híbridas 
polímero-metal sobremoldadas por injeção. 
 
Palavras chave: Sobremoldagem por injeção; estruturas polímero-metal; 
manufatura aditiva; policarbonato; alumínio. 
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KURZFASSUNG 

 

SPRITZGIESSEN VON HYBRIDSTRUKTUREN AUS POLYCARBONAT-

ALUMINIUM-LEGIERUNGEN 

 

Überlappende Verbindungen zwischen Polycarbonat (PC) und den 
Aluminiumlegierungen AA6061 und AlSi10Mg wurden durch Spritzgießen 
hergestellt und hinsichtlich der Grenzflächenstruktur und der mechanischen 
Leistung bewertet. Die Parameter für das Spritzgießen - Zylindertemperatur, 
Einspritzgeschwindigkeit und Nachdruck - wurden mit Hilfe eines Versuchsplans 
optimiert, wobei AA6061-Einsätze verwendet wurden, die aus einer 
stranggepressten Platte hergestellt und mit einer Laseroberfläche versehen 
wurden. Die untersuchten Spritzgießparameter zeigten einen positiven Effekt auf 
die Füllung der Nuten auf der Metalloberfläche. Die ultimative 
Überlappungsscherkraft (ULSF) wurde als Antwort verwendet, und die Werte 
korrelierten mit der Füllung des Polymers in die Nuten der Metalloberfläche, den 
Gießbedingungen und der Rheologie des Polymers. Zusätzlich wurden mit Hilfe 
von Versuchsplänen AlSi10Mg-Einsätze durch Laser-Pulverbettschmelzen (L-
PBF) hergestellt und ihre Oberflächen mit submillimetrischen Strukturen auf der 
Metalloberfläche, so genannten Tintenfass-, Pilz- und Gitterstrukturen, 
strukturiert. Anschließend wurden die Metalleinsätze durch Spritzgießen mit PC 
hybridisiert und die Grenzflächenfestigkeit wurde bewertet. PC/AA6061- und 
PC/AlSi10Mg-Verbindungen wiesen eine hervorragende Verbindungsfestigkeit 
von 7,2 MPa ± 0,5 MPa bzw. 20,5 MPa ± 3,8 MPa auf. Die Bruchanalyse mittels 
Licht- und Rasterelektronenmikroskopie und digitaler Bildkorrelation (DIC) wurde 
zur Aufklärung der Versagensmechanismen der Verbindungen eingesetzt. In 
dynamischen Ermüdungstests wiesen die Verbindungen eine Dauerfestigkeit von 
nahezu 30 % ULSF auf, was eine ausgezeichnete mechanische Beständigkeit 
belegt. Darüber hinaus zeigten die PC/AA6061-Verbindungen eine 
ausgezeichnete hygrothermische Stabilität. Die Ergebnisse tragen zum 
Verständnis der Herstellung, des mechanischen Verhaltens und der Haltbarkeit 
von spritzgegossenen Polymer-Metall-Hybridstrukturen bei. 
 
Stichworte: Overmolding- Verfahren; Polymer-Metall-Hybridstrukturen; Additive 

Fertigung; Polycarbonat; Aluminium. 
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1. INTRODUCTION 

In the last decades, engineering and high-performance polymers have 

been gaining ground in structural applications in the automotive and aeronautical 

sectors [1]. This pattern is brought on by the low density, simple processing 

requirements, design of flexibility, and strong chemical resistance of polymers. In 

contrast, metals have more noticeable features than polymers for some structural 

applications, such as components adjacent to vehicle engines, due to their higher 

stiffness, strength, and thermo-mechanical resistance [2]. In this regard, the 

development of polymer-metal hybrid structures (PMH), which can synergistically 

combine the capabilities of both materials and fill specific deficiencies of each 

class, has eased this dichotomy between the choosing of polymer or metal 

materials [3].  

 Transportation is one of the most in need of parts and components with 

low density and superior mechanical properties, as lighter vehicles can reduce 

fuel consumption and, as a result, decrease the emission of pollutant gases 

and/or increase load capacity. The automotive industries present a wide field of 

applications of polymer-metal hybrid structures, with a strong interest in 

producing hybrid components formed by the joining of polycarbonate (PC) and 

aluminum alloys, since these materials are widely used as neighbor parts in this 

sector. PC has high tensile and impact strength and high heat resistance, and 

due to its transparency, it can replace vehicle windshields. Other applications for 

PC include fog lights, air conditioning systems, radiator grilles and glove box 

covers [4]. AA6061 is one of the most widely used aluminum alloys in automotive 

components, such as wheel hub, vehicle body, braking system, engine 

components and others. Moreover, it is commonly used in manufacturing bicycle 

frames and other sectors, such as the construction of towers, furniture, railroad 

cars, and several other applications that demand good weldability and corrosion 

resistance [5]. This alloy contains magnesium and silica as main alloying 

elements and presents good tensile strength, good weldability, easy machining, 

and high corrosion resistance (in comparison to other aluminum alloys) [6]. 

Another aluminum alloy has gained prominence for its easy processability by 

additive manufacturing is the AlSi10Mg alloy. It presents great interest for the 
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aerospace, automotive, and biomedical industries for possible applications in 

lightweight structures [7]. 

 Mechanical fastening and adhesive bonding are the most conventional 

ways for polymer-metal joining [1]. However, these solutions still face significant 

manufacturing process and hybrid structure performance problems. In 

mechanical fastening, they are connected to a large number of process steps, 

increases the weight of the final structure and the stress concentration is caused 

by the existence of through holes. In contrast, adhesive bonding is accompanied 

by the need of surface pre-treatments, long curing periods, low heat and chemical 

resistance, and toxic chemicals and solvents. 

Alternative approaches with high efficiency and low processing costs, 

including friction-based [8–13] and fusion-based [14–16] techniques, have been 

developed to address these shortcomings. In general, the friction-based joining 

techniques rely on the generation of heat by the friction and feed of a non-

consumable rotating tool or metal fastener on a polymeric part or a polymer-metal 

assembly to produce macro- or micromechanical interference joints as well as 

promote adhesion forces between the consolidate polymer and metal surface 

[17,18]. The laser welding technique has also been highlighted in recent years 

[37,38]. This technique, in a simplified way, consists of softening the polymer in 

the region of contact with the metal employing a laser beam, causing the polymer 

to soften/deepen and infiltrate into grooves on the metal surface to form the 

polymer-metal joint. The Ultrasonic Joining [39] - sometimes called by some 

authors [40] Ultrasonic Welding – is another technique widely used in industry 

and explored in the literature [10,40–45]. Moreover, AddJoining is a process that 

combines additive manufacturing with material joining principles.   

 Metal insert injection over-molding, also known as ‘metal over-molding’ or 

‘injection overmolding’ (other possible forms include ‘over-molding’, over-

moulding or overmoulding), is a technique with great potential for joining polymer-

metal hybrid structures with several advantages over the previously mentioned 

joining and additive manufacturing techniques [48,49]. These include improved 

stress distribution and mechanical performance, as well as the absence of 

adhesive or fasteners, which significantly reduces the weight of the structures 
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formed. In its basic configuration, polymer-to-metal joining occurs by adhesion 

forces and mechanical interference through the filling of the polymer into through-

holes in the metal structure and by forming flanges [48]. The technique of injection 

overmolding with direct-adhesion, also known as ‘direct-adhesion injection 

overmolding’, uses metal inserts with a textured surface or adhesion promoters, 

whose joining mechanism is by physical and/or chemical adhesion forces [50].  

 Even though injection overmolding has already been studied for a variety 

of material combinations, there are still fundamentals knowledge gaps 

concerning the fatigue and hygrothermal durability of these joints. Furthermore, 

there is a lack of detailed understanding of the correlations between process 

parameters, structure/microstructure and mechanical properties. Finally, the use 

of metal inserts produced by additive manufacturing for hybridization via injection 

overmolding has not been extensively explored. 

 In this context, the main objective of this study was to develop 

polycarbonate/aluminum alloys (AA6061 and AlSi10Mg) hybrid structures 

prepared by injection overmolding, with potential application in engineering 

lightweight structures. Experiments and data analysis were conducted in an 

attempt to establish relationships between processing conditions, interfacial 

microstructure and mechanical and chemical performance of the hybrid joints. 

The effects of injection overmolding parameters on the joining strength were 

evaluated through design of experiments (DoE) and analysis of variance 

(ANOVA). High-density AlSi10Mg inserts were produced and surface structured 

by additive manufacturing (Laser Powder Bed Fusion – L-PBF) with the aid of 

DoE and then joined with PC using optimized injection overmolding conditions. 

Microstructure and joint failure mechanisms after quasi-static mechanical testing 

were evaluated through optical (OM), scanning electron (SEM), and laser 

confocal microscopy, as well as digital image correlation (DIC). Moreover, fatigue 

strength of hybrid joints was studied, while their chemical resistance was 

evaluated through hygrothermal aging tests on PC/AA6061 joints.  
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2. LITERATURE REVIEW 

2.1 Adhesion theories 

 The adhesion theories or mechanisms are usually categorized into several 

main models or areas, namely, mechanical interlocking, electronic or 

electrostatic; adsorption (thermodynamic) or wetting theory; diffusion; chemical 

(covalent) bonding; acid-base; and weak boundary layer. 

Temesi and Czigany [51] proposed, as depicted in Figure 2.1, a 

categorization for adhesion theories based on the magnitude of activity of the 

primary mechanism. The main process will depend on the conditions on the metal 

surface prior to hybridization, such as the deposition of adhesion promoters or 

the structuring of the metal surface. 

 

 

Figure 2.1: Action scale of the adhesion phenomena theories. Source: Adapted 

from reference [51]. 
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In polymer-metal hybrid (PMH) structures manufactured by injection 

overmolding, the following adhesion mechanisms are expected to occur to a 

greater or lesser extent: mechanical interlocking, weak boundary layer, chemical 

bonding and adsorption [52]. Nevertheless, adhesion is typically the product of a 

mixture of these mechanisms.  

Mechanical interlocking in injection overmolded PMH results from the 

micromechanical interlocking of the polymer into microcavities (roughness, 

pores) or microfeatures (pins, pultrusion, lattice structures) present on the metal 

surface. The ability of the molten polymer to infiltrate the microcavities is related 

not only to the surface energies of the metal but also to the viscosity of the molten 

polymer, fluid pressure, and microcavity geometry [52,53]. Increasing the 

temperature of the molten polymer enables lower viscosity and, consequently, 

greater filling of the polymer into the microcavities. The correlation of roughness 

filling as a function of spreading time and polymer temperature, x(t), can be 

represented quantitatively by an adaptation of Poiseuille law, given by Equation 

2.1 [52]. 

 

                     x(t) =  √(
r.γLV.cosθ∞

2η
) . (t −

a

c
+

a.e−ct

c
)                        (2.1) 

         

Where r is the radius of the microcavity, θ∞ is the contact angle, γLV is the 

surface free energy, a and c are adjustable parameters, and η is the polymer 

viscosity. 

 Figure 2.2 is a simplified, out-of-scale representation of the effect of 

temperature, roughness, pressure and spreading time on the filling capability of 

a molten polymer into the surface roughness of a metal. In general, the 

mechanical interlocking of the polymer on the metal surface is intensified by 

increasing the surface roughness of the metal, the temperature of the polymer 

and metal, the pressure exerted, and the wetting time. Mechanical micro-

interlocking can also be enhanced by modification of the polymer with the addition 

of fillers, as identified by Lucchetta et al. [53]. The authors explored hybrid joints 

of glass-fiber reinforced polypropylene (PP-GF) or poly(phenylene sulfide) (PPS-
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GF) with 6082 aluminum alloy. Corundum powder with typical grain sizes of 0.1 

mm to 0.6 mm were used to blast metal inserts. The joining strength of PP-

GF/AA6082 joints increased with the glass-fiber content (30 to 50 wt%), whereas 

the joining strength of PPS-GF/AA6082 joints increased with the metal surface 

average roughness (2 µm to 6 µm), injection speed (80 mm/s to 120 mm/s), and 

metal preheating temperature (300 °C to 450 °C). The researchers correlated 

these findings with the degree of polymer filling in metal microscale roughness 

patterns. A higher roughness topography enhanced adhesion since it allowed the 

polymer to flow into the microcavities and the glass fibers to bind the polymer to 

the metal surface. The increase in the metal surface temperature also facilitated 

this effect.  

 

 

Figure 2.2: Schematics of the influence of metal substrate surface roughness, 

polymer temperature, pressure, and spreading time on melt polymer filling (in 

blue) in the microcavities of the metal insert (in gray). Adapted from reference 

[53]. 

 

 Another theory that helps to understand the failure behavior of injection 

overmolded PMH joints is the weak layer model; naturally, the rough surface of 

aluminum has a thin and irregular natural layer of aluminum oxide (Al2O3), which 

can act as a preferential site for adhesive fracture in the polymer-metal interface. 

However, a thick porous layer of alumina purposely formed on the aluminum 

surface by anodizing can promote mechanical interlocking by filling the molten 

polymer into the regular and deeper pores of the alumina layer [54–56]. 
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 The chemical bond and diffusion theories also assist in understanding the 

adhesion of injection overmolded PMH, as some material combinations form 

primary chemical bonds at the interface. Liu, Dong, and Sun [57] identified via X-

ray photoelectron spectroscopy (XPS) on samples of vaporized aluminum oxide 

layer onto PA66 plates the formation of Al-O-C bonds at the interface. The 

authors hypothesized that the carbonyl group of the PA66 chains on the surface 

of the plate produces a coordination covalent bond with the Al, which might also 

be observed in other combinations of aluminum alloys and polymers containing 

carbonyl groups, such as polycarbonate. Moreover, Goushegir et al. [58], through 

XPS analysis have also identified the formation of Al-C and Zr-C bonds at a 

fractured surface of AA2024/CF-PPS hybrid joints. 

Chemical bonds and diffusion can also be achieved by deposition of 

adhesion promoter or also called "primer" to the metal surface [59]. This layer 

must have a mutual good chemical interaction with the metal and the polymer. 

Moreover, the primer layer needs to achieve a good anchorage in the roughness 

crevices of the metal or porous oxide layer and not act as a weak layer between 

the dissimilar materials, as all the stress applied to the joint will be concentrated 

at the adhesion promoter interface [59,60].  

 The adsorption or wetting theory describes adhesion between materials 

by interatomic interactions established between atoms and molecules at the 

interface. According to this theory, to have a joining between two materials, the 

adhesive must wet or infiltrate the microcavities of the substrate. The wetting 

depends on the surface tension of the joint components and due to the 

complexity, surface tension is equated with surface free energy.  This energy can 

be calculated from the contact angle between adhesive and substrate. The 

adhesive is dripped onto the substrate and the angle formed by the liquid is 

measured. The lower the contact angle of the liquid on the substrate, the higher 

the wettability. Adsorption is the result of chemical interactions such as acid-base 

interactions, hydrogen bonds, or van der Walls forces [61]. The contact angle can 

be estimated using the equation of Young, Equation 2.2, for a smooth and 

homogeneous surface. 
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γs = γsl +  γlcosθ                          (2.2) 

 

Being, γs is the surface free energy of the substrate (mJ/m²), γsl is the 

interfacial free energy between substrate and liquid, γl  is the surface free energy 

of the dripped liquid (mN/m), and θ the wetting angle (Young-Dupré) or contact 

angle. 

 

The wettability on the substrate will depend not only on the surface energy 

differences between solid, liquid and interactions at the interface but also on the 

surface roughness of the substrate. In addition to the surface energy difference, 

increased wettability, or in other words, the ability of the polymer to infiltrate the 

microcavities (roughness) of the metal surface is hindered by the presence of 

trapped air within the microcavities. This trapped air acts as a barrier against 

movement of the molten polymer into the microcavity. In the case of injection 

overmolding of polymer-to-metal joints, the high pressure applied to the injected 

polymer drives entrapped air out of the roughness crevices. Li et al. [62] 

investigated the influence of metal surface topography and temperature on the 

joining strength of PP/AA6061 single-lap joints. Four grades of abrasive with 

varying particle sizes (A = 2 mm; B = 1 mm; C = 0.5 mm; D = 0.3 mm) were used 

to sandblast metal inserts, resulting in varied average surface roughness (Ra) and 

topographical features density. As shown in Figure 2.3a, the contact angle of 

molten PP (200 °C) on AA6061 substrates at 190 °C decreased as surface 

roughness and features density decreased. Moreover, the contact angle 

decreased progressively with increasing metal surface temperature (Figure 2.3b) 

for a substrate with constant surface roughness and feature density (sandblasted 

surface with particles size C). Low contact angles between the polymer and metal 

were found to aid the filling of metal surface features with polymer melt, hence 

enhancing the joining strength. The highest ultimate lap-shear force (ULSF) 

values up to 250 N for an overlap area of 10 x 15 mm2 were achieved for C (Ra 

of 4.30 µm and surface density area of 195 mm2) and D (3.97 µm and 193 mm2) 

surfaces with decreasing surface roughness and increased feature density. 

Considering the same metal surface (A–D), the lap-shear strength was highest 
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when the surface temperature was 120 °C. PP cohesive failure was also seen in 

PP/AA6061 joints produced with higher metal surface temperatures. 

 

 

Figure 2.3: Contact angle of molten polypropylene (PP) onto AA6061 substrate 

in different surface conditions. a) Contact angle at different average roughness 

and features density; b) Contact angle at different surface temperatures for a 

surface sandblasted with particles diameter of 0.5 mm (C). Adapted from 

Reference [62]. 

 

2.2 Mechanical behavior of polymer-metal hybrid joints 

 Due to the convenience of production and the simplicity of comprehending 

stresses, single-lap joints are the most frequent method for assessing the joining 

strength of polymer-metal hybrid systems. The components of a single-lap joint 

and the loads imposed and resulting stresses are schematically depicted in 

Figure 2.4a. In general, the adhesive or interface area transfers the load between 

the joined parts and withstands these stresses. When single-lap joints are loaded, 

a combination of peel (y) and shear stresses (xz) predominate. Moreover, tensile 

and compression stresses are also present, which manifest as normal stresses 

(z) in the direction of the adhesive thickness (interface). These combined efforts 

concentrate stress at the joint ends, such as shown in the inlet graph of Figure 

2.4 for the peak shear stress distribution (max); hence, the fracture process will 

begin primarily at the ends of the overlapping region [63]. When overloaded, 

structural components having geometric eccentricities undergo secondary 

bending and out-of-plane displacements, as shown in Figure 2.4b [63,64]. 
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 The joint design also affects the stress concentration at the overlap ends. 

On the one hand, according to the model proposed by Ebnesajjad [65], for a 

constant overlap length, the joint shear strength increases linearly with joint width. 

On the other hand, in joints with constant width, the shear strength tends to 

increase non-linearly with the overlap length, gradually reducing the angular 

coefficient of the curve until a null value in which the shear strength will be 

constant and independent of the increase in length, as shown in Figure 2.5. 

 

 

Figure 2.4: Bonded single-lap joint: a) Components of a single-lap joint and the 

stresses imposed when overloaded; b) deformation of a loaded single-lap joint 

and occurrence of the secondary bending moment. Adapted from references 

[63,64]. 
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Figure 2.5: Effect of overlap and width on the shear strength of a typical single-

lap joint. Adapted from reference [66].  

 

The properties and the thickness of the individual components in the 

overlap joint will also change the peak shear stresses at the overlap area. On the 

one hand, joints with adherents with the same Young modulus decrease 

secondary bending and peel stresses, hence enhancing joint strength. A change 

in the maximum out-of-plane force is caused, on the other hand, by the disparity 

in stiffness between the bonded adherents [67]. Similarly, if two adherents of 

differing thicknesses are bonded together, the degree of secondary bending 

might vary throughout the interface. This is due to the adhesive stiffness, which 

will affect the thinner adherent more than the thicker adherent, resulting in non-

uniform stress distributions and perhaps localized bending in the thinner 

adherent. In a bonded joint between adherents of different thicknesses, the 

thicker adherent will typically have a higher stiffness and resist bending more 

effectively than the thinner substrate. This can cause the thinner adherent to 

experience higher stresses and strains than the thicker one, which can lead to 

premature failure in the joint [68]. 

 

2.2.1 Failure mechanisms in polymer-metal joints 

 Polymer-metal joint failures are usually classified as cohesive, adhesive, 

or a combination of these (mixture failure) [69]. Figure 2.6a-d illustrates the failure 
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types of hybrid joints. The adhesive failure occurs at the interface between the 

polymer and metal, i.e., the polymer detaches from the metal, indicating weak 

adhesion between the components (Figure 2.6a). The cohesive failure occurs 

when the polymer-metal interface is more resistant than one of the joint materials 

(Figure 2.6b and Figure 2.6c). Depending on the particular strengths of each 

component and the joint geometry, cohesive failure may occur in either the 

polymeric or metallic component. The most frequent failure is a mix of adhesive 

and cohesive failures (Figure 2.6d). For effective bonding between hybrid parts, 

cohesive failure should predominate [70,71]. 

 

 

Figure 2.6: Schematic representation of failure types in direct-adhesion polymer-

metal joints. a) Adhesive failure; b) Cohesive failure of the polymer part; c) 

Cohesive failure of the metal insert; d) Mixed failure (adhesive and cohesive). 

Adapted from reference [52]. 

 

When the interface bonding strength is larger than mechanical resistance 

of one of the individual components in an overlap polymer-metal hybrid joint, net-

tension or stock-break failure takes place (Figure 2.7a) [72]. This global failure 

mechanism occurs, for instance when the adhesion mechanisms were improved 

at the interface to a larger level than the base material strength of one of the 

components or the overlap area was artificially increased to an extent resulting in 

a joined area larger enough, to shift the external loads to the individual 

components (or a combination of both phenomena) [73]. Moreover, tear-out 



14 
 

 
 

failure can take place when a component is subjected to a tensile force that 

exceeds the material or surrounding structure's strength. This results in a part of 

the material being forcibly removed or torn away from the surrounding material, 

resulting in a hole or tear in the material as shown in Figure 2.7b [72]. Any other 

global failure types taking place at the interface of a hybrid overlap joint are 

usually called delamination, as depicted in Figure 2.7c [74,75].  

 

 

Figure 2.7: Schematics of global failures of a polymer-metal hybrid joint.  a) net-

tension (stock-break); b) tear-out and c) delamination. Source: Author. 

 

2.3 Metal surface structuring technologies 

 Preparing the metal insert surface before joining it with the polymer is 

crucial for adhesion at the polymer-metal interface. This is an important 

manufacturing pre-step to achieving hybrid structures with excellent mechanical 

strength and durability [51,76] The methods of metal surface preparation can be 

categorized into three groups [76]: (i) Subtractive technologies, in which some 

material is removed from the metal surface to generate micro- or nanometric 

structures that increase the total surface area (such as micro-machining [77] 

abrasive blasting [62,78,79], laser texturing [80–85], and chemical etching 

[50,86–90]; (ii) Additive technologies, in which a component external to the 

polymer-metal system is added to the metal surface to increase interfacial 

strength by physical and/or chemical means; this includes additive manufacturing 

(powder-bed and directed energy deposition technique [91], welding surfacing 

(e.g. laser [92], arc-based [93] and friction surfacing [94], cold metal transfer [95]), 

electrochemical converting (e.g. electrolytic anodic oxidation or anodizing [56,96], 

and plasma electrolytic oxidation [97]), as well as chemical conversion (e.g. 
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phosphatizing [98] or adhesion promoter deposition (such as silanization [99–

102]); and (iii) Formative technologies, often include plastically forming or 

shaping (e.g. embossing [103]), molding (e.g. Metal Injection Molding [104]) or 

using electrons or photons structuring (e.g. electron beam or laser surface 

structuring [105]) the metal surface to create protrusions or indentations without 

removing any material. A combination of these surface modification techniques, 

mixing the last two methods is a common practice to achieve improved 

mechanical (macrometric, micrometric or nanometric) interlocking and promote 

adhesion forces at the interface of the hybrid structure. 

The following subtopics introduce the metal surface preparation 

techniques used in this work, namely, laser texturing and additive manufacturing. 

 

2.3.1 Laser texturing 

 Laser texturing is a low-cost and rapid process for sculpting the metal 

surface of polymer-metal hybrid structures by using an optical system to focus 

the laser beam [106,107]; it is feasible to concentrate light energy in micro-sized 

regions, making it a high-precision micro-machining tool. The laser beam enables 

the application of various surface treatments for metals based on ablation, 

melting, and heating, to which lasers may apply with varied wavelengths and 

pulsed waves [108]. Microsecond and nanosecond laser pulses may efficiently 

ablate material off the metal surface. However, heat diffusion on the whole 

substrate may result in the vaporization of some metal alloy components. In 

contrast, picosecond and femtosecond pulsed lasers can lessen this heat effect 

on the microstructure of metals due to their much faster pulse duration than 

microsecond and nanosecond lasers, avoiding microstructure modifications on 

the metal surface [106]. 

 The heat absorption significantly impacts the amount of material expelled 

during each laser scan. In general, metals are excellent heat conductors and 

sometimes show high surface reflectivity (e.g. aluminum alloys), requiring a 

higher heat input (i.e. higher laser energies) than polymers to form grooves with 

greater depth. The energy applied (Equation 2.3) in each laser pulse (𝐸, in mJ) 

is specified by a correlation between the average laser power (𝑃, in W) and the 
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laser operating frequency (𝐹, in kHz).  Controlling the laser settings allows for fine 

control over the surface structure height and geometry. Higher levels of laser 

power and lower operating frequency values provide great energy per laser pulse, 

promoting a deeper ablation with each laser scan [106]. 

 

𝐸 =  
𝑃

𝐹
                                         (2.3)                      

 

 Figure 2.8a shows schematically the process of metal ablation by a pulsed 

laser. The metal reaches its vaporization temperature (Tv) due to the pulse high 

energy intensity. For most metals, the vaporization temperature (Tv) is around 

double the melting temperature (Tm). The surface temperature of the liquid metal, 

the liquid-vapor transition area, is significantly greater than the vaporization 

temperature; as a result, the vapor pressure (Pv) can reach high values, around 

100 atm, when employing a pulsed laser with an intensity of 108 W/cm2 [109]. 

This increased pressure at the liquid-to-vapor transition functions as a piston, 

pushing the liquid toward the microcavity boundaries. A portion of the ejected 

metal solidifies near the microcavity borders [110].  

 Figure 2.8b-c illustrates an example of a laser-structured aluminum 

surface in the form of grooves. The solidified portion on the groove top, indicated 

in Figure 2.8a and Figure 2.8c, is termed resolidified material and may increase 

the mechanical anchoring of the polymer on the surface and increase the 

mechanical strength. A laser beam with a high travel speed (500 to 2000 mm/s 

[111–113]) is frequently used to produce grooves on metal surfaces since it 

lowers the overlap area between irradiation regions and prevents the metal insert 

from becoming overheated, which might cause warping [114]. Rodríguez-Vidal et 

al. [14] demonstrated that the depth of the grooves and the height of the 

resolidified material sculpted on the surface of a steel substrate rose as the 

number of scans increased to a saturation point of 10 repetitions. Above this 

number, more remelted material was expelled from the cavity and deposited on 

the groove aperture, diminishing its width. 
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Figure 2.8: Laser texturing process and AA6061 laser textured surface. a) 

Schematic of the pulsed laser ablation process; b) 3D image of AA6061 surface 

obtained by laser confocal microscopy; c) profile of the metal surface; Laser 

texturing parameter was Ytterbium pulsed laser with laser power of 50 W, scan 

speed of 500 mm/s, frequency of 20 kHz and 3 laser scans. Source: The author. 

 

 The mechanism that contributes mainly to the high mechanical strength of 

injection overmolded polymer-metal joints is mechanical interlocking. The 

anchoring is accomplished by infiltrating molten polymer into the laser-formed 

grooves. However, the complete filling of these grooves is contingent on the 

injection settings being tuned for the polymer to infiltrate the grooves. 

 

2.3.2 Additive manufacturing – Laser powder bed fusion 

 Additive manufacturing, often known as 3D printing, is based on 

constructing very complex geometries straight from computer-aided design 

(CAD) models without needing any tools. 

Laser powder bed fusion (L-PBF) is an additive manufacturing process for 

metals, which is being increased selected as a tool to modify surface roughness 

[115–120] or add millimetric [43,45,121] and submillimetrical [16,91] features in 
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metals. The technology employs a high-intensity laser as an energy source to 

melt and fuse specific areas of metal powder, constructing a metal component 

layer by layer in an inert environment (nitrogen or argon gas) to prevent oxidation 

[122]. Figure 2.9 illustrates the L-PBF process and key process parameters 

[115,123], including laser power, laser scan speed, beam expander diameter 

(BED) or laser spot diameter, layer height, leaning angle and hatching distance. 

Consolidation of the part occurs by melting the powder particles or by diffusion 

bonding. 

 

Figure 2.9: Schematic representation of laser powder bed fusion (L-PBF) 

components and main process parameters. Source: The author. 

 

 The control of the parameters of L-PBF allows for modifying the surface 

roughness of the melted region. Calignano at al. [124] investigated the influence 

of laser power, laser speed and spacing between the radiated points on the 

surface roughness of an aluminum alloy. The authors used the Taguchi method 

to determine the most influential process parameter and the surface of the 

samples was analyzed by scanning electron microscopy. The authors showed 

that the laser scan speed has a greater influence on the roughness than the other 

parameters studied. The higher the laser scan speed, the higher the average 

roughness (Ra). The increase in laser power and the distance between the 

radiated points also result in a higher value of average roughness (Ra) but with 

less influence when compared to the laser scan speed.  

 Figure 2.10 shows the correlation between laser scan speed and laser 

power on instability zones of L-PBF metal surface. On the one hand, low speeds 
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reduce the value of the average roughness (Ra) of the modified surface because 

it provides more heat and time for the surface irregularities to flatten by the effect 

of gravity before solidification [125]. On the other hand, very low speeds can 

increase the volume of liquid material due to the high temperature, generating 

more variation in surface stresses [125]. To reduce these differences in stresses, 

the liquid region can break into small pieces, also known as the "balling" effect, 

which solidifies at the surface of the liquid region. High-velocity values can 

improve the connection between the layers and increase the wettability of the 

molten region, reducing the variation in surface stresses. However, if the velocity 

is too high, abrupt vaporization of the melt can occur, disturbing the surface of 

the melt material, also known by the term "humping" [125,126]. 

 

Figure 2.10: Correlation between laser scan speed (V) and laser power (P) 

indicating the instability zones of steel during L-PBF: "balling", "humping" and 

"stable track”. Adapted from reference [125] 

 

  Skalon et al. [115] investigated the cause-effect between the stability of a 

melt pool and the roughness of an inclined, unsupported steel surface 3D-printed 

using the laser powder bed fusion technique. The authors observed that the melt-
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pool varied in terms of its size, geometry, contact angles, and maximum length 

of stability as the angle of inclination of the unsupported surface increased. 

Moreover, using roughness measurements, the phenomena of balling was seen, 

measured, and compared; its geometry-dependent stability was impacted by the 

shape of the melt track. The authors suggest that a higher linear energy input 

reduces the roughness of unsupported surfaces with low inclination degrees, but 

a lower linear energy input might be more effective with higher inclination angles. 

 

2.4 Injection overmolding of polymer-metal hybrids 

2.4.1 Fundamentals of injection molding of polymers 

 Injection overmolding of polymer-metal hybrids is based on the injection 

molding of polymers. It is a highly automated method that enables manufacturing 

components with intricate geometries and high dimensional precision in seconds 

or a few minutes [76,127]. In polymer injection molding, polymer pellets are 

melted by thermomechanical action, forced through an opening (gate) into a 

closed mold, and then solidified in the form of the mold cavity. Figure 2.11 shows 

a schematic of a conventional injection machine containing three main 

components: (i) clamping unity, (ii) molding section, and (iii) injection unit.  

The mold comprises at least two plates, one stationary and one mobile, 

each containing one or more: sprue, flow channel, gate, cavity with the shape of 

the final part and devices for ejecting the part from the mold cavity. The 

temperature of the mold is adjusted by electric heaters or a thermoregulator that 

circulates water or oil via channels within the mold. The clamping unit, hydraulic 

or electric, is responsible for the mold opening and closing actions and the 

ejection devices advance and retreat. The injection unit consists of an electric or 

hydraulic motor, and electrical or hydraulic system, a hopper, barrel (cylinder) 

and heating and cooling systems, a screw and an injection nozzle. The hopper 

feeds the polymer into the barrel/screw inlet, which is responsible for dosing and 

plasticizing before transferring the molten polymer to the mold cavity. The motor 

is responsible for screw rotation, while a hydraulic (or electrical) system is 

responsible for forward and reverse screw and barrel movements [128]. 
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 Polymer injection molding may be summarized in five sequential steps 

[129]: (i) dosing and plasticizing (melting/softening) of the polymer; ii) injection of 

the melted polymer into the mold cavity; iii) injection of additional material (holding 

or packing), by pressure and time control, to compensate for differential polymer 

shrinkage during cooling; iv) solidification of the polymer in the mold cavity by 

cooling; and v) extraction of the polymeric part from the mold The parameters of 

each step can be controlled to optimize the process and the final surface finishing 

and properties of the molded polymer part. In the dosing and plasticizing step, 

the barrel temperature, screw rotation speed and back pressure on the screw can 

be controlled. These are responsible for adjusting the degree of plasticizing and 

mixing and the temperature of the softened/melted polymer. In the injection stage, 

the injection speed (flow rate) is controlled by means of the screw forward 

movement, which is responsible for the shear rate and, therefore, for adjusting 

the polymer viscosity, as well as the degree of molecular orientation of the 

polymer. In the packing stage, the holding pressure and time are controlled, which 

are responsible for  the dimensional accuracy, surface finish and internal stresses 

generated in the final part. In the cooling step, the temperature of the mold cavity 

and the residence time of the part inside the cavity is controlled, both of which 

influence the cooling rate and therefore, the surface finish and the degree of 

molecular orientation/crystallization of the polymer. 

 

 

Figure 2.11: Schematic representation of a conventional polymer injection 

molding machine and components. Source: Author. 
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 The filling of a rectangular mold cavity includes a complex non-isothermal 

transient flow [128], as seen schematically in Figure 2.12a-c (length L; width W; 

thickness H). During the earliest filling phases, the flow is radial and the melt front 

is circular (Figure 2.12a). As the melt front moves away from the gate, the flow 

pattern varies, so the front form is curved (for filling into molds with cold walls). 

Furthermore, the flow front deviates from a two-dimensional flow between parallel 

plates since shear forces impose a velocity gradient. The front flow material is 

pushed towards the cavity wall. This circulation pattern is known as "fountain 

flow" [128] (Figure 2.12b). The stretched outer surface of the melt front covers 

the inner wall of the cavity, whereas the subsequent melt mostly fills inside the 

fountain flow, resulting in a non-uniform polymer chain orientation pattern in the 

cross section of the molded item (Figure 2.12c).  

 

 

Figure 2.12: Schematic representation of the polymer flow pattern during filling a 

rectangular cavity with a length (L) and width (w) much higher than the thickness 

(H). (a) top view of the cavity to flow front at different times; b) Side view of the 

cavity with the flow velocity profiles in the fully developed region and 

representation of the front region, fountain flow effect; c) Polymer chain 

orientation across a section of the molded part. Adapted from reference [128]. 

 

In a fully developed flow in molds with cold walls, the shear rate is close to 

zero in the immediate proximity of the wall, reaches a maximum near the wall, 

and is extremely low in the core [130]. As a result of the fountain flow, the polymer 

layer originating from the central core of the flow front that experiences a constant 

elongation rate is deposited on the cold wall of the mold, where it solidifies and 

forms a "frozen (skin) layer" that retains a portion of the orientation caused by the 

elongation flow. The thickness of the frozen layer reduces as pressure, polymer 



23 

 

and mold temperatures and the part thickness increase. The layer that flows near 

the frozen layer and is subjected to high shear rates will solidify with a molecular 

orientation. The central core material, exposed to low shear rates, will solidify 

slowly, therefore relaxing and creating successive layers with very little molecular 

orientation [128,130,131]. 

 

2.4.2 Fundamentals of injection overmolding of polymer-metal hybrids 

 In injection overmolding of polymer-metal hybrids (PMH), a metal 

substrate (insert) is manually or automatically positioned inside the mold cavity 

at the beginning of the injection cycle, as shown in Figure 2.13. Following the 

insertion of the metal insert, the injection cycle continues as described previously, 

but with a more complicated melt flow front due to the varying thicknesses across 

which the polymer now flows. Furthermore, the surface temperature and thermal 

characteristics of the metal insert will influence the polymer-frozen layer on the 

metal insert. If the molten polymer meets a low-temperature metal insert, a thick 

solidified skin layer will occur, preventing the melt from infiltrating the metal 

surface features. Low temperature of the metal insert might additionally cause an 

unequal cooling rate of the polymer melt, resulting in residual stress at the 

bonding surface. On the other hand, if the metal insert is heated to a high enough 

temperature, the solidified skin layer will be thinner, which promotes the filling of 

the metal surface features by the melt and enhances the interfacial adhesion. 

Using injection overmolding to manufacture polymer-metal hybrid 

structures was first introduced by Bayer, now Lanxess, in 1996 [132]. By the 

Bayer design, a stamped metal containing through holes is placed inside the mold 

cavity and overmolded with molten polymer, producing a metal structure 

reinforced by polymer ribs. In this case, the polymer-metal hybrid structures are 

predominantly formed by mechanical interference through rivets by filling the 

polymer into the through holes of the stamped metal structure. Although the 

technique provides good polymer-to-metal bonding, there might be problems 

related to fatigue of the polymeric material in the regions where the fasteners are 

formed due to the high concentration of stresses at the site. 
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Figure 2.13: Schematic representation of a conventional polymer injection 

overmolding machine used for the injection overmolding process of polymer-

metal hybrid structures. Detail to the metal insert positioned inside the mold cavity 

and the polymer-metal interface. Source: Author. 

 

The joining of metal inserts with polymer based on injection overmolding 

has also been explored by Dow Automotive [131] and introduced in 2003 in front-

end modules of Volkswagen automotive prototypes [133]. This injection 

overmolding methodology employs two consecutive steps, where the stamped 

metal and the polymer (previously injection overmolded), are joined by adhesive. 

This process variant has some disadvantages in relation to the others, such as 

the adhesive curing time for the finalization of the part and lower chemical 

resistance and durability. 

 The technique of polymer injection overmolding on metal insert with direct-

adhesion ('direct-adhesion polymer-metal-hybrid technology [127]) presents itself 

as a viable alternative to circumvent the shortcomings of conventional injection 

overmolding techniques mentioned above. With the direct-adhesion process 

variant, the polymer component is bonded to the metal insert without the need for 

previous drilling of the metal insert or adhesive application. In the case of the 

direct-adhesion technique, the joining is achieved utilizing micro-mechanical 

anchoring generated by filling of the molten polymer with subsequent 

solidification on the surface irregularities purposely drawn on the metal insert 
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surface; Moreover, adhesive forces (Section 2.1) are also promoted at the 

polymer-metal interface. Additionally, good adhesive forces can be also achieved 

through application of adhesion promoter on the metal surface; this will induce 

covalent bonds with the injection overmolded polymer [57,76]. The direct-

adhesion technique presents considerable advantages over other manufacturing 

methods based on injection overmolding, such as no need of placing through 

holes in the metal structures for polymer filling and the formation of fasteners, 

which may compromise the mechanical performance of the hybrid structure. 

Polymer-metal hybrid structures with high interfacial strength between 

components fabricated by this technique can be obtained via optimization of 

process parameters, chemical modification of the polymer and/or surface 

treatment of the metal [49,133]. 

 

2.4.3 Effects of injection overmolding parameters and metal surface 

structure on the joining strength of polymer-metal hybrid structures 

The effects of injection overmolding process parameters and metal surface 

structure on the joining strength of polymer-metal hybrid joints produced via 

injection overmolding with direct-adhesion have been the subject of some 

studies. The published results available in the literature have been compiled in a 

review manuscript by the author and co-authors published elsewhere [76]. 

Data related to injection overmolding conditions and the metal surface 

treatments used in this PhD thesis, among others, are summarized in Table 2.1 

and described below. 

The study of Ramani and Moriarty [134] was one of the pioneers in 

injection overmolding with direct-adhesion. They investigate the joining of 

polycarbonate (PC) on AA6061-T6 alloy insert previously treated by abrasive 

blasting. Using a full-factorial (2k) experimental design of experiments (DoE), the 

authors investigated the influence of the temperature of the contact surface of the 

insert with the polymer, injection speed and pressure on the tensile strength of 

butt joints. The authors were unable to produce joints without preheating the 

metal insert and identified that the insert temperature has the greatest influence 

on the tensile strength of the joints. It was observed by scanning electron 
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microscopy that the increase in insert temperature allowed the polymer to 

infiltrate the metal microcavities produced by abrasive blasting. The authors 

showed that the tensile strength of joints increases by 15% for every 13 °C 

increment in insert surface temperature. 

 

Table 2.1: Materials, techniques of metal surface preparation, processing 

parameters, and mechanical strength of direct-adhesion injection overmolded 

polymer-metal hybrid joints. 

Polymer 
component 

Metal 
component 

Metal surface 
preparation 

Processing 
conditions 

Joining 
strength* 

Reference 

PP-30-50GF 
PPS-40GF 

AA6082 
Corundum 

blasting 

Injection 
speed [80 – 
120 mm/s] 

Metal 
preheating 

temperature 
[300 – 450 °C] 

0.58 – 0.97 
MPa 

[53] 

PP AA6061 Sandblasting 
Metal 

temperature 
[60 – 150 °C] 

Up to 250 N 
(overlap area 

of 10 × 15 
mm²) 

[62] 

PC 
AISI 1018 

AA6061-T6 
Grit blasting 

Injection 
speed [5.8 – 
10.688 cm/s] 

Holding 
pressure [129 
– 190 MPa] 

Metal 
temperature 

[170 – 204 °C] 

20.4 – 38.5 
MPa (tensile 
testing, butt 

joint geometry) 

[134] 

PP AA6061 Sandblasting 
Metal 

temperature 
[60 – 150 °C] 

Up to 248 N 
(overlap area 

of 10 × 15 
mm²) 

[78] 

PPS-30GF AA6061 Sandblasting 
Metal 

temperature 
[30 – 150 °C] 

56 – 652 N 
(overlap area 

of 10 × 15 
mm²) 

[79] 

PBT-30GF AA5052 Anodizing 

Injection 
speed [10 – 
300 mm/s] 
Packing 

pressure [20 – 
110 MPa] 

4 – 22 MPa 
(overlap area 

of 5 × 10 mm²) 
[56] 

ABS-30GF Stainless steel 
Embossing 
and laser 
structuring 

Injection 
speed [100, 
70, 150 and 
180 mm/s] 
Packing 

pressure [60, 
150 and 80 

MPa] 

Up to 2302 
kPa (overlap 
region of 50.8 
× 25.4 mm²) 

[135] 

PBT-30GF AA5052 
Laser 

structuring 

Packing 
pressure [20 – 

100 MPa] 

14 – 23 MPa 
(overlap area 

of 5 × 10 mm²) 
[84] 
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Holding 
pressure [0 

and 50 MPa] 
Melt 

temperature 
[220 – 245 °C] 

PC 
PMMA 

AA50552 
Laser 

structuring 

Packing/holdin
g pressure 

[80/60, 
50/37.5 and 
20/15 MPa] 

Injection 
speed [10, 50 
and 100 mm/s] 

Up to 30 MPa 
(overlap area 
of 5 x 10 mm²) 

[83] 

PPS-40GF DIN 1.4301 
Laser 

structuring 
Not shown 

300 – 1150 N 
(overlap area 
of 100 mm2, 
double-lap 

joint geometry) 

[80] 

PA-35GF 
Steel (grade 

HC 
340/590DP) 

Laser 
structuring 

Kept constant 
12.4 – 27.8 
MPa (5 × 10 

mm²) 
[136] 

PA66 
EN AW-6082-

T6 
Laser 

structuring 
Kept constant 

Up to 11.9 
MPa (overlap 
area of 25 × 
12.5 mm²) 

[81] 

PBT-30GF AA5052 
Laser 

structuring 
Kept constant 

Up to 18 MPa 
(overlap area 

of 5 × 10 mm²) 
[82] 

PBT-30GF AA5052 
Laser 

structuring 
Kept constant 

Up to 22.4 
MPa (overlap 
area of 5 × 10 

mm²) 

[85] 

PAEK-GF 316L 
Additive 

manufacturing 
Not shown 

Up to 73.8 
MPa (overlap 
region of 5 × 5 

mm², pull 
strength) 

[91] 

* Values determined by lap-shear testing by tensile loading, except when 

specified. 

 

Li et al. [78] investigated the effects of metal surface temperature on the 

joining strength of single-lap joints using polypropylene (PP) and 6061 aluminum 

alloy. The sandblasted metal inserts had an average surface roughness (Ra) of 

4.3 µm. During the injection cycle, the metal surface temperature was regulated 

using a custom-designed temperature control system consisting of heating rods 

and cooling tubes inserted within the mold. The authors showed that adhesion 

could not be achieved between PP and AA6061 at metal surface temperatures 

below 60 °C. This outcome was correlated with the formation of a thick solidified 

skin layer upon contact between the molten polymer and the cold metal surface; 

this prevented the polymer from filling the metal surface microstructures. In 
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contrast, PP and AA6061 were successfully joined at higher metal temperatures, 

with the joining strength improving steadily as the metal temperature increased 

up to 150 °C. This led to the formation of a thinner, solidified skin layer and 

facilitated the filling of surface microstructures. Furthermore, Li et al. [79] 

demonstrated in another work involving poly phenylene sulfide (PPS-30GF) and 

sandblasted AA6061 substrate that the joint strength increases with higher values 

of temperature and roughness in the metal insert. The authors attribute this 

increased mechanical strength to the filling of polymer into the roughness 

crevices and better polymer micro-interlocking at higher average roughness 

values. 

Kadoya et al. [56] evaluated the effects of injection speed and packing 

pressure on the joining strength of PBT-30GF/AA5052 single-lap joints. Metal 

insert was first cleaned with 5 wt% NaOH and 30 wt% HNO3 to remove the natural 

oxide layer and then anodized in a 5 wt% solution of phosphoric acid (H3PO4) at 

15 °C, under a potential of 50 V for 30 or 60 minutes to produce a nanostructured 

layer with average pore diameters of 50 and 70 nm, respectively. Scanning 

transmission electron microscopy (STEM) analysis revealed that the overmolded 

polymer infiltrated the nanopores on the metal surface, albeit the filling depth was 

significantly less than the pore depth. As injection speed increased, joining 

strength decreased, which was linked to probable nanopore structural 

degradation. In addition, the joining strength increased somewhat with increasing 

packing pressure for the slower injection speed (10 mm/s), which was correlated 

with a higher degree of pore filling. 

Kim and Lyu [135] manufactured single-lap joints of glass-fiber reinforced 

acrylonitrile-butadiene-styrene (ABS-30GF) and stainless steel. Metal surface 

was nickel electroplated with glass beads, ceramic beads, synthetic diamond 

particles, and aluminum oxide particles. The authors employed three diameter 

ranges for each particle set, resulting in embossed metal surfaces with varying 

patterns. Additionally, laser engraving was used to form grooves on the metal 

surface. In this instance, the authors altered the laser head angle (45°, 90°, and 

135°), which resulted in distinct patterns on the metal surface at a depth of around 

100 µm. Four levels of injection speed (100, 70, 150, and 180 mm/s) and three 
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levels of packing pressure (60, 150, and 80 MPa for 2, 6 and 2 s, respectively) 

were investigated. For embossed metal surfaces, plating with aluminum oxide 

particles resulted in maximum adhesive strength (average of 2.3 MPa for the 

bigger particles set). The result is attributed by the authors to the irregular form 

and rough surface of these particles, which increased the contact area between 

polymer and metal and produced recesses on the metal surface. The maximum 

adhesive strength (1.5 MPa) was found for laser-engraved metal surfaces with a 

45° laser head incidence angle and a right-angle cross pattern. This outcome was 

also linked to the formation of recesses on the surface of the metal, which offers 

mechanical interlocking between the polymer and metal. 

Zhao et al. [84] investigated the effects of packing and holding pressures, 

as well as polymer melt temperature, on the lap-shear strength of PBT-

30GF/AA5052 single-lap joints. Using a nanosecond pulsed laser, micrometric 

dimples with a fixed aspect ratio (depth/diameter) of 1.5 were placed in a square 

pattern on metal inserts. The authors studied two groups of molding conditions: 

one with varying packing pressures from 20 MPa to 100 MPa and polymer 

temperatures from 220 °C to 245 °C, and another group with changing holding 

pressure from 0 MPa to 50 MPa and polymer temperatures from 230 °C and 245 

°C, with a constant packing pressure of 100 MPa. For a packing pressure of 20 

MPa, the joining strength increased as the polymer temperature increases. 

Zhao et al. [83] examined the effects of injection overmolding parameters 

and the mechanical anchoring of amorphous polymers (polycarbonate - PC and 

poly(methyl methacrylate) - PMMA) onto laser-textured aluminum (AA5052). 

Holes of 50 µm in diameter, 100 µm in-depth, and spaced 60 µm apart were laser 

ablated into the metal surface. The injection speed varied between 10 mm/s and 

100 mm/s, the packing pressure varied between 20 MPa and 80 MPa, and the 

holding pressure varied between 15 MPa and 60 MPa. Other parameters were 

kept constant. The authors found that high joining strength was achieved using 

high packing pressure and injection speed values. For a packing/holding 

pressure of 80/60 MPa, the ultimate lap-shear strength increased from 7.5 MPa 

and 5.5 MPa at 10 mm/s to 30 MPa and 20 MPa at 100 mm/s for PC and PMMA, 

respectively. This increased mechanical strength was attributed to increased 
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filling of the polymer into the grooves formed on the metal surface. Moreover, a 

linear increase between polymer filling depth and ultimate lap-shear strength was 

observed.  

Byskov-Nielsen et al. [80] structured the metal surface using a 

nanosecond pulsed laser treatment in double-lap joints of glass-fiber reinforced 

poly(phenylene sulfide) (PPS-40GF) and stainless steel (DIN 1.4301). The laser 

treatment produced holes with a 110 µm diameter, 20–225 µm depth, and 100–

300 µm spacing between holes. The conditions for injection overmolding were 

not supplied. According to the authors, the joining strength decreased as the 

distance between holes increased with hole depth up to 100 µm.  A larger 

distance between the holes reduces the number of holes where the polymer can 

infiltrate and micro-mechanically anchor. 

Huang et al. [136] utilized nanosecond pulsed laser treatment to produce 

periodic holes on the metal surfaces of single-lap joints with glass-fiber reinforced 

polyamide (PA-35GF) and steel (grade 340/590 DP). The distance between 

neighboring holes varied between 50 µm and 300 µm. Prior to being placed into 

the injection mold, metal inserts were heated to 350 °C and maintained at a mold 

temperature of 90 °C. The conditions for injection overmolding were held 

constant. Using a line point pattern (ratio between hole diameter and distance 

between adjacent holes), the authors noted that joining strength increased as 

surface roughness and distance between consecutive holes increased, reaching 

a maximum value (27.8 MPa) for a line point pattern of 1:3.  According to the 

authors, the surface roughness improves the adhesive strength as a result of the 

increased effective contact area between the polymer and metal once the surface 

holes are produced. 

Gebauer et al. [81] employed cw and pw laser treatments to structure the 

metal surface in single-lap joints of polyamide 66 (PA66) and 6082-T6 aluminum 

alloy, producing trench patterns with hatch distances of 150 μm and 100 μm and 

depths of 158 μm and 40 μm. Optimized injection overmolding settings were 

constant. Continuous wave laser (cw) structured metal surfaces led to joining 

strengths up to 11.9 MPa, whereas pulsed wave laser (pw) structured surfaces 

had no adhesion with polymer. The authors attributed this to the deep and rough 
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pits in the cw laser structured surfaces that compensates for volumetric shrinkage 

during solid solidification, resulting in good polymer-metal adhesion.  

Enami et al. [82] used picosecond, nanosecond, and cw laser treatments 

to produce periodic dimples at square lattice vertexes on 5052 aluminum alloy 

surfaces to manufacture single-lap joints of glass-fiber reinforced poly(butylene 

terephthalate) (PBT-30GF) and AA5052. The authors examined how dimple 

sizes (40 μm – 80 μm) and aspect ratios (depth/diameter; 0.9 to 1.9) affected 

joining strength using the nanosecond laser. Injection overmolding 

parameters were constant. For the same structured area, specimens with 

smaller-diameter dimples had 10% higher joint strength. The load imparted to 

each polymer-filled dimple reduced as the number of dimples increased. The 

joining strength was positively correlated with the aspect ratio up to 0.6, but 

greater values did not appreciably alter it, even when the polymer entirely filled 

the dimples. According with the authors, polymer-metal adhesion at the dimple 

bottom had a minimal influence on joining strength. The picosecond laser 

treatment, which produced the most dimples, had the highest joining strength (18 

MPa) for the same structured area.  

Xu et al. [85] used a 355 nm ultraviolet (UV) laser to texture square grid-

shaped grooves on the metal surface with line spacing of 30–240 μm, depth of 

22–29 μm, and average width of 17 μm to evaluate the joining strength of PBT-

30GF/AA5052 single-lap joints. Grid-shaped micro-level polymer rivets were 

formed after injection overmolding at constant parameters. At 30 μm line spacing, 

the joining strength reached 22.4 MPa. The aluminum alloy surface had 95.3% 

residual PBT-30GF, indicating cohesive failure through polymer interface 

fracture.  

Verma et al. [91] used additive manufacturing to build lattice structures 

over a 316 L (stainless steel) substrate that function as mechanical interlocking 

components for injection overmolded glass-fiber reinforced polyaryletherketone 

(PAEK-GF). Body-centered cubic with z-axis reinforcement (BCCZ), cubic face-

centered (CFCC) and truncated octahedron (Kelvin) lattice structures are three 

forms of struts-based unit-cell topologies with varying relative densities that were 

produced using L-PBF method. The injection overmolding parameters were not 
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shown. The authors employed tensile testing to determine the pull strength of the 

hybrid joints and finite element analysis (FEA) to simulate the polymer lattice 

assembly. The authors ascribed the disparities between FEA and experimental 

results to internal faults or porosities in the lattice structures produced by L-PBF 

process constraints. Experimental testing and FEA modeling yielded the highest 

pull strength for BCCZ struts (0.25 mm diameter and 29% relative density). The 

experimental pull strength was 73.8 MPa, with a mixed failure ratio of polymer 

and lattice. The pull strength estimated by FEA modeling was 85.34 MPa, with 

lattice failure. The authors ascribed BCCZ lattice superior performance to the 

absence of horizontal struts, which are susceptible to defects depending on SLM 

process settings and machine resolution. 

Although these studies guide the influence of important injection 

overmolding parameters on the interfacial strength of the state-of-the-art 

polymer-metal joints, there are still gaps regarding the long-term performance of 

these joints, including fatigue and hygrothermal stability. Moreover, the 

hybridization by injection overmolding with direct-adhesion of polymer to metal 

inserts produced by additive manufacturing is very scarce. Finally, a detailed 

understanding study on the correlation between processing parameters, 

structures and properties is missing for a combination of diverse engineering 

materials, such as polycarbonate with rolled aluminum alloy 6061 and additive 

manufacturing alloys (e.g. AlSi10Mg).   

 

2.4.4 Advantages, limitations and potential applications 

 The main advantages of injection overmolding over conventional 

mechanical fastening and adhesive bonding of PMHs are: (i) weight reduction 

due to the absence of mechanical fasteners or the addition of adhesives; (ii) 

absence of volatile compounds related to adhesives composition and fasteners 

that contributes to sustainability; (iii) high capacity to produce polymer-metal 

hybrid structures in a few seconds or minutes; (iv) suitable for a wide range of 

different materials, such as thermoplastic polymers, thermosets, and elastomers;  

(v) high freedom to produce structures with complex geometry design; (vi) 

improved or comparable quasi-static and dynamic mechanical performance. The 
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main limitations of the process are [137,138]: (i) high upfront costs for injection 

mold manufacturing; (ii) metal insert surface treatment is required (e.g., laser 

treatment); (iii) more energy expended due to higher process temperatures and 

heating of the metal insert. 

 Due to the advantages presented, injection overmolded polymer-metal 

hybrid structures have a high potential to replace all-metal components in many 

sectors, such as transportation, household, biomedical devices and electronics. 

There are several existing uses of injection overmolded polymer-metal hybrid 

structures in various fields and more future applications, as outlined below. 

 Vehicle weight reduction is a hot topic in the automotive sector for reducing 

greenhouse gas emissions and increasing the payload for heavy vehicles. It is 

estimated that fuel consumption is reduced by 7% for every 10% reduction in 

vehicle weight [139]. Furthermore, with the advent of electric cars and the 

European Union decision to zero CO2 emissions from cars by 2035 [140], the 

need for lighter vehicles to compensate for the weight of the charge cells in the 

batteries is growing [138]. The Trelleborg Group, a global pioneer in engineered 

polymer solutions, designed a hybrid automobile brake pedal that combines a 

metal component with glass-fiber reinforced polyamide (GFRP) [141]. The 

procedure produces the final and full assembly in a single step.  This new method 

of producing brake pedals saves 30% to 50% of the weight compared to an all-

metal component while maintaining mechanical strength and durability and 

removing the costly metal stamping process [137]. Moreover, Mercedes-Benz 

produced a new front-end for cars manufactured by reducing weight by up to 40% 

and production costs by 20% through using an aluminum framework overmolded 

with glass fiber reinforced polyamide composite. 

 

2.5 Materials Survey 

2.5.1 Polycarbonate  

Polycarbonate (PC) is an engineering thermoplastic widely used in the 

automobile industry due to high stiffness, strength, impact resistance and 

transparency allow it to replace windshields and headlamp housings [142]. In 
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addition, it may be combined with other polymers in blends or composites with 

other automotive applications [143,144]. 

PC is synthesized by polycondensation between Bisphenol A and 

phosgene [145,146]. The molecular structure of PC is shown Figure 2.14. On the 

one hand, the phenylene groups are responsible for the stiffness of the 

thermoplastic as well as a low index of crystallinity, high transparency, and 

dimensional stability. On the other hand, the isopropylidene and carbonate 

groups provide greater mobility to the molecular chain, contributing to its high 

toughness and impact resistance [147]. 

 

 

Figure 2.14: Molecular structure of PC produced from Bisphenol A. Source: 

Author. 

 

In addition to its excellent transparency and mechanical properties, 

polycarbonate is extremely moldable via extrusion and injection molding. 

Moreover, it features excellent thermal stability, minimal water absorption, and 

low flammability [148]. 

 

2.5.2 Aluminum alloy 6061-T6  

 AA6061 aluminum alloy is a general-purpose metal produced in different 

shapes that enables countless applications in different sectors, from truck and 

railcar structures to aerospace and construction applications. This application 

versatility is due to its good mechanical properties and corrosion resistance [6]. 
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 AA6061 is a precipitation-hardenable alloy with magnesium and silicon as 

its main alloying elements. The nominal chemical composition of this alloy is 

shown in Table 2.2. The mechanical properties are highly dependent on temper, 

ranging from 125 MPa to 290 MPa in ultimate tensile strength for AA6061-O 

(annealed) and AA6061-T6 (solution treated and artificially aged), respectively 

[6,149]. However, Young modulus remains at 69 MPa regardless of the tempering 

[6]. After solubilization and tempering, the T6 heat-treated AA6061 material, 

which is one of the most used in the automotive industry, goes through artificial 

aging at temperatures. The T6 heat treatment induces the formation of β"-phase. 

(AlSiMg2) as the primary precipitation phase of hardening, which leads to higher 

mechanical strength [150,151]. 

 

Table 2.2: Nominal chemical composition of AA6061 [6].  

AA6061 

Composition (wt%) 

Si  Mg Cu Mn Fe Cr Zn 
Unspecified 

other 
elements 

0.40-
0.80 

0.8-1.2 
0.15-
0.40 

0.15 0.70 
0.04-
0.35 

0.25 0.35 

   

2.5.3 AlSi10Mg 

AlSi10Mg alloy belongs to the Al-Mg-Si casting alloy system and is utilized 

extensively in the automotive, aerospace, and electronic sectors [6]. Due to its 

optimal casting qualities, low weight and thermal expansion coefficient, and high 

mechanical strength, this alloy is a good alternative to cast iron for fabricating 

components [152]. Moreover, since the advent of additive manufacturing, 

AlSi10Mg powder alloys have been commonly employed to construct intricate 

geometries in additively manufactured components [153]. 

 The main alloying elements are silicon and magnesium, with additional 

elements present in amounts less than 1 wt% (Table 2.3). This aluminum alloy 

can undergo various heat treatments to improve mechanical properties, such as 

annealing and typical T6 heat treatment [154]. Other methods, such as hot 

isostatic pressing (HIP), can be utilized to minimize the internal porosity of 

additive manufactured AlSi10Mg parts [155,156]. 
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Table 2.3: Nominal chemical composition of AlSi10Mg [6].  

AlSi10Mg 

Composition (wt%) 

Si Mg Cu Mn Fe Ti Zn 
Unspecified 

other 
elements 

9 – 10  
0.20 – 
0.45 

< 0.05 < 0.45 < 0.55 < 0.15 < 0.10 < 0.20 
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3. MATERIALS AND METHODS 

3.1 Experimental approach  

This PhD work was divided into two parts, as illustrated in Figure 3.1. 

 

Figure 3.1: Experimental approach of this thesis. 

 

 In Part I, polycarbonate (PC) with 6061-T6 aluminum alloy joints were 

produced by injection overmolding with direct-adhesion and characterized. 

AA6061 rolled sheets were cut and machined in the form of specimens and 

subsequently textured with a pulsed laser to obtain deep grooves in the overlap 

joining surface. The injection overmolding joining process was optimized with a 

DoE followed by an analysis of variance (ANOVA). Three injection overmolding 

parameters that play a key role in the interfacial strength of polymer-metal joints 

were varied: barrel temperature, injection speed and holding pressure. The 

response value was the ultimate lap-shear force (ULSF) of the PC/AA6061 joints. 

Moreover, the fracture mechanisms of the PC/AA6061 joints were evaluated by 

scanning electron microscopy (SEM) and laser confocal microscopy. 
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Furthermore, the filling of polymer into the metal grooves formed by the 

texturization was correlated to the PC melt viscosity measured by capillary 

rheometry. In a further step, PC/AA6061 joints prepared with optimized injection 

overmolding parameters were subjected to hydrothermal aging and fatigue 

testing. Digital image correlation (DIC) was also employed to determine the 

displacement and stress distribution in the joints during lap-shear testing. 

 In Part II, the feasibility of metal additive manufacturing by laser powder 

bed fusion (L-PBF) was evaluated to produce AlSi10Mg substrates with 

submillimeter structures on the surface. For this, a DoE and ANOVA were 

employed on five important parameters for laser powder bed fusion to optimize 

the AM parts: laser power, laser scanning speed, laser spot diameter, layer height 

and hatching distance. The intrinsic roughness owing to the printing process in 

addition to three submilimetrical structures (i.e., as-built, inkpot, lattice and 

mushroom geometries), was explored. From the response values, the density of 

AM specimens was maximized. The level of defects on the substrate surface and 

in the submillimeter structures was also considered for the choice of the optimal 

printing parameter. The AM parts were produced using the optimized L-PBF 

parameters at various printing angles, and the resulting process-related surface 

roughness was measured.  PC/AlSi10Mg joints were manufactured using the 

optimized injection overmolding parameters. All PC/AlSi10Mg with different 

submilimetrical structures were submitted to lap-shear testing. DIC was used to 

evaluate the joint mechanical behavior. The joint with the highest average lap-

shear strength was selected for fatigue testing following the same approach 

adopted in Part I. A detailed description of materials and methods is provided in 

the following sections. 

 

 

3.2 Materials  

3.2.1 Polycarbonate  

 The polymer component used for injection overmolding was polycarbonate 

(PC), grade LEXAN 103, with a melt flow rate of 7 g/10min (ASTM 1238: 300 °C; 

1.2 kg) and UV-protection additive supplied by SABIC Innovative Plastics, Brazil. 
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PC is an amorphous engineering thermoplastic widely used in automotive parts 

and household appliances that combines high stiffness, strength and toughness, 

good dimensional stability, and optical transparency. In addition to the 

engineering relevance of this polymer, it was selected due to the high intrinsic 

transparency, therefore allowing for an easier visual inspection of the joint overlap 

area after processing. Selected properties of PC are shown in Table 3.1. 

 

Table 3.1: Selected physical and mechanical properties of LEXAN 103 [157]. 

Property Value 

Young modulus 2.35 GPa 

Tensile strength 65 MPa 

Yield strength 62 MPa 

Strain at break 110 % 

Density 1.19 g/cm3 

Thermal conductivity at 25 oC 0.19 W/m.°C 

 

3.2.2 AA6061-T6 

 AA6061-T6 rolled sheets produced by Alcoa, USA were used in this work. 

The alloy properties of interest are shown in Table 3.2. AA6061-T6 was selected 

due to its widespread use in general applications, such as trucks, towers, canoes, 

railroads cars, pipelines and other structural applications where needed strength, 

weldability, and corrosion resistance.  

 

Table 3.2: Selected physical and mechanical properties of AA6061-T6 [6]. 

Property Value 

Elastic modulus 68.9 GPa 

Tensile strength 310 MPa 

Yield strength 276 MPa 

Strain at break 12 % 

Shear strength 207 MPa 

Fatigue strength at 108 97 MPa 

Density 2.7 g/cm3 

Thermal expansion linear coefficient 
in the range 20 - 100 °C 

23.6 µm/m.K 

Thermal conductivity at 25 oC 167 W/m.k 
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3.2.3 AlSi10Mg 

 AlSi10Mg spherical powder (Figure 3.2) supplied by ECKART TLS 

(ALTANA, Germany). with a particle size distribution of 25 – 65 µm (D50 = 30-40 

µm) was used to produce the metal insert by L-PBF. The AlSi10Mg was selected 

due to its relevance for lightweight industrial application and proven 3D-

printability by L-PBF. Properties of interest are given in Table 3.3. 

 

 

Figure 3.2: Scanning electron microscopy (SEM) micrograph of AlSI10Mg 

powder (D50 = 30-40 µm). Source: Author.  

 

Table 3.3: Selected physical and mechanical properties of AlSi10Mg cast test 

bars [6]. 

Property Value 

Tensile strength 305 MPa  

Yield strength 170 MPa  

Strain at break 2.5 % 

Shear strength 190 MPa  

Elastic modulus 71 GPa  

Fatigue strength at 108 * 140 MPa 

Density 2.63 g/cm3  

Thermal expansion linear coefficient 
in the range 20 – 100 oC 

21 µm/m.K 

Thermal conductivity at 25 oC 113 W/m.k 
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3.3 Capillary rheometry 

 The shear viscosity of the PC at temperatures and rates similar to those 

applied in the injection overmolding of the joints was evaluated using a capillary 

rheometer SR50 (Instron, USA), with a capillary with diameter of 1 mm and length 

to diameter (L/D) ratio of 30. The analyses were performed in the shear rate range 

of 10 s-1 to 10000 s-1 at three temperatures: 280 °C, 305 °C and 330 °C. The 

Rabinowitsch correction was employed to determine the shear rates at the inner 

wall of the capillary according to Equation 3.1 [158]: 

 

                              γ̇
w

=  γ̇
A

 (
3+b

4
)                             (3.1)                                

  

 Where: γ̇
w is the shear rate at the wall, γ̇

A is the apparent shear rate at the 

wall, b = 1/n and n is the power law index.  

 

3.4 AA6061 metal inserts 

 The AA6061 metal inserts were cut and machined from the rolled sheets 

to the dimensions established in the 3D image of Figure 3.3. This metal insert is 

one symmetrical side of a half-lap splice joint. The insert consists of a rectangular 

part with dimensions of 56.5 mm in length, 24.8 mm in width and 3.2 mm in 

thickness. Moreover, a recess with 12.7 mm in length, 24.8 mm in width and 1.6 

mm in thickness was machined on one end of the insert. 

 

 

Figure 3.3: Metal insert design. Dimensions are given in mm. 
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3.5 AA6061 laser texturing 

 The recess area of the AA6061 insert (Figure 3.3) was texturized by laser 

to provide adhesion between the polymer and the metal. A pulsed Nd-YAG laser 

(Trotec SpeedMarker 50, Austria) with 20 watts of average power, wavelength of 

1064 nm and laser spot diameter of 45 µm was used. A pattern of grooves spaced 

(center to center) of 100 μm each and oriented in the direction transverse to the 

length axis of the AA6061 insert was produced, as shown in Figure 3.4a. Laser 

scanning conditions were: frequency 20 kHz, speed 500 mm/s and 4 scans. The 

parameters used were selected from the laser texturing parameters surveyed in 

the literature review (Section 2.3.1) and preliminary testing with results published 

in conference proceedings (Section of PUBLICATIONS). The laser was scanned 

line by line, back and forth, 4 times, resulting in grooves with a width of 45 ± 1 μm 

and depth of 55 ± 5 μm, as schematically shown in Figure 3.4b. These laser 

texturing conditions were adjusted with preliminary testing to provide interfacial 

failure during lap-shear testing of PC/AA6061 joints and thus allow an 

optimization study of injection overmolding conditions (Section 3.9). Metal inserts 

were cleaned in an ultrasonic bath with isopropyl alcohol for 10 minutes and 

temperature controlled at 30 °C followed by cleaning with pressurized air before 

and after laser texturing. This cleaning procedure was applied to remove grease 

and debris that does not adhere to the textured metal surface and can act as a 

weak boundary layer.  
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Figure 3.4: Laser texturing design over AA6061 substrates. a) Laser textured 

AA6061 insert; b) Laser scan strategy and grooves dimensions. Metal inserts 

dimensions are given in mm. 

 

3.6 Microhardness testing 

Hardness of laser texturized and machined (control) AA6061 inserts was 

measured by Vickers microhardness testing (EmcoTEST, DuraScan G5, 

Germany). Measurements were carried ou on the cross-section of the sample 

near the grooves formed by the laser texturization on the surface, as shown in 

Figure 3.5. The distance of the first indentation to the edges of the specimen was 

0.5 mm. Individual indentations were additionally placed as close as possible to 

the grooves bottom to identify possible process-related thermal changes in the 

metal. The testing parameters were 0.5 kgf load for 15 seconds with a 40x 

magnification lens following ASTM E92-17 [159]. 
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Figure 3.5: Position of indentations formed during cross-sectional microhardness 

testing in the recess region of AA6061 metal inserts without and with surface 

laser texturing. 

 

3.7 AlSi10Mg laser powder bed fusion  

 The printing and the surface structuring of AlSi10Mg inserts were 

performed by laser powder bed fusion (L-PBF) using a Creator metal 3D-printer 

(Coherent, Germany) with a 250 W Yb-fiber laser, wavelength (λ) of 1070 nm, 

under inert gas (Ar) operation atmosphere. The L-PBF equipment is located in 

the Additive Manufacturing Laboratory of the Institute of Materials Science, 

Joining and Forming (IMAT) at Graz University of Technology (TU Graz, Austria). 

For optimization of L-PBF process, a 2k-2 fractional factorial design of 

experiments with five factors and two levels (i.e. 25-2) was selected. As the 

correlation between L-PBF process parameters and relative density has already 

been described in the literature for this alloy [123] a rather simpler fractional 

factorial design with a smaller statistical resolution was selected. A detailed 

statistical analysis was not carried out.  The 25-2 fractional factorial design was 

performed with a center point and four replicates for each condition.  

The range of values for the selected parameters was based on previous 

work with the same AlSi10Mg material and similar equipment, considering the 

processing window of this aluminum alloy [160,161]. The input parameters were 

laser power, laser scan speed, laser spot diameter, layer height and hatching 

distance. The L-PBF-conditions with range of each parameter are shown in Table 

3.4. Print bed temperature was kept constant at 55 °C. No post-heat treatment 

was applied. The printing angle (θ) strategy was of θ = 45° to the length of the 
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metal insert (Figure 3.3) and leaning angle () – i.e. the angle between the printed 

part and laser beam of 45° showed in Figure 3.6a. For the optimization step, 

prismatic specimens with 10 x 10 x 2 mm (length x width x thickness) were 

printed. The evaluated response was relative density. 

In addition, after optimizing the relative density through DoE (refer to 

APPENDIX A for ANOVA results on the relative density), the influence of the 

leaning angle () on the surface roughness of L-PBF-printed specimens was 

investigated. For this purpose, identical parts were printed at following leaning 

angles: = 0° to 90° with a step of 10°, as illustrated in Figure 3.6b; the resulting 

surface roughness was then measured by laser confocal microscopy. 

 

Table 3.4: Conditions of the 25-2 fractional factorial design of experiments used to 
maximize the relative density of AlSi10Mg specimens. 

Condition 
Laser 
power 

[W] 

Laser scan 
speed 
[mm/s] 

Laser spot 
diameter 

[μm]  

Layer 
Height 
[μm] 

Hatching 
distance 

[μm] 

L-PBF - 1 150 750 40 60 120 

L-PBF - 2 240 750 40 20 40 

L-PBF - 3 150 1500 40 20 120 

L-PBF - 4 240 1500 40 60 40 

L-PBF - 5 150 750 60 60 40 

L-PBF - 6 240 750 60 20 120 

L-PBF - 7 150 1500 60 20 40 

L-PBF - 8 240 1500 60 60 120 

Center point (CP) 195 1125 50 40 80 

 

Analysis of variance (ANOVA) with a confidence level of 95% was used to 

estimate the influence of studied L-PBF parameters. Minitab software was used 

to perform the DoE and ANOVA. 

 For the surface structuring of AlSi10Mg substrates, in addition to the as-

built condition, three distinct types of structures with submillimetrical dimensions 

- namely mushroom, inkpot, and lattice patterns - were printed as presented in 

Figure 3.7 and Figure 3.8. These submillimetrical structures were added to 

provide mechanical anchoring of the consolidated polymer on the metal surface 

of the joints. Two L-PBF conditions with the highest relative density were selected 

out of the DoE runs: L-PBF-2, L-PBF-6. These two conditions with distinct energy 
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inputs were used to evaluate the influence of laser spot diameter and hatch 

distance on the roughness and geometry of submillimetrical structures. The DoE 

run leading to a more stable and reproducible printing of the futures was selected 

for further mechanical characterization.   

 

 

Figure 3.6: Schematic representation of printing strategy (θ) and leaning (β) 

angles: a) the geometric dimensioning and the printing angle of θ = ± 45°; b) Top 

view of the arrangement showing used leaning angles (β =0° to 90°, 10° pitch). 

 

 

Figure 3.7: Schematic drawings of the submilimetrical structures on the surface 

of the AlSi10Mg substrates. Dimensions in millimeters. 
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Figure 3.8: Examples of the submilimetrical structures patterns and as-built 

printed by L-PBF on the surface of AlSi10Mg substrates: a) as-built; b) 

mushroom; c) inkpot, d) lattice. Printing condition L-PBF-6, Table 3.4. 

   

3.8 AlSi10Mg relative density measurements 

The relative density of the AlSi10Mg printed parts was selected as the 

response to the design of experiments. The property was calculated by dividing 

the experimental density by the theoretical density of this aluminum alloy (2.63 

g/cm3) [6]. The experimental density was determined by Archimedes principle 

using a RADWAG WLC X2 precision balance (RADWAG, Poland) and ethyl 

alcohol for submerging the calibrated reference specimen and the L-PBF parts.  

 

3.9 Injection overmolding 

 PC/AA6061 joints with half-lap splice configuration (Figure 3.9) were 

prepared using an Arburg Allrounder 270V injection molding machine (Arburg, 

Germany) operated in semi-automatic mode, with the metal inserts being 

manually positioned into the mold cavity before each molding cycle. Figure 3.10 

shows a photograph of an injection overmolded PC/AA6061 hybrid joint 

specimen containing the sprue, runner and gate. 

Design of experiments of the type 23-full factorial with one center point and 

five replicates for each condition was used for the injection overmolding 

understanding and optimization of the injection overmolding of AA6061 laser-

structured inserts. The injection overmolding parameter values were set based 

on the PC processing window to produce integrate joints free of volumetric or 

surface defects. The DoE factors, namely, barrel temperature, injection speed 

and holding pressure were varied by 2 levels each, as shown in Table 3.5. Other 

injection overmolding conditions were kept constant as following: holding time of 
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6 s, mold temperature of 110 °C (taking as reference the heat distortion 

temperature (HDT) of 132 °C (ASTM D648 [162]: 1.82 MPa) and the glass 

transition temperature (Tg) of 145 °C of the PC, and cooling time of 25 s. The 

AA6061 substrates were preheated to 110 oC in an electrical oven for 2 hours, 

manually positioned inside the mold cavity to support the heating process of the 

substrate inside the mold, shortening heating of the substrate inside the mold 

prior to polymer injection. A waiting time of 60 seconds was applied before each 

molding cycle to ensure temperature equalization of the metal insert with the mold 

cavity. 

 

 

Figure 3.9: Geometry and dimensions of the injection overmolded PC/AA6061 

hybrid joint specimens. AA6061 in light gray. Dimensions in millimeters (mm). 

 

The investigate response to the design of the experiment was the joint 

ultimate lap-shear force (ULSF). ANOVA with a confidence level of 95% was used 

to estimate the influence of each injection overmolding parameter and its 

interactions. Minitab software (Pennsylvania State University, USA) was used for 

the statistical evaluation. 



49 

 

 

Figure 3.10: Photograph of an injection overmolded PC/AA6061 joint specimen 

containing the sprue, runner and gate. 

 

Table 3.5: Conditions of the full factorial design of experiments (23) used to 

produce PC/AA6061-laser-treated hybrid joints via injection overmolding direct 

joining. 

Condition 
Barrel temperature 

[°C] 
Injection speed 

[cm3/s] 
Holding pressure 

[bar] 

C1 280 40 600 

C2 330 40 600 

C3 280 80 600 

C4 330 80 1000 

C5 280 40 1000 

C6 330 40 1000 

C7 280 80 1000 

C8 330 80 600 

CP 305 60 800 

 

The PC/AlSi10Mg hybrid structures were prepared on the same injection 

overmolding machine in the form of a half-lap splice joint, whose geometry and 

dimensions are detailed in Figure 3.11. An area (6.35  12.4 mm2) of ¼ the 

surface area of the metal insert recess was structured with submilimetrical 

patterns, as schematically shown in Figure 3.11. A smaller structured area (in 

comparison to the AA6061 inserts – Figure 3.9) was necessary to ensure 
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cohesive fracture at the polymer-metal interface. For the preparation of these 

joints, the injection overmolding conditions optimized according to the study for 

the AA6061 inserts were employed (i.e., the condition C4 in Table 3.5). 

 

Figure 3.11: Geometry and dimensions of the injection overmolded PC/AlSi10Mg 

hybrid joint specimens. AlSi10Mg in light gray. Dimensions in millimeters (mm). 

 

Moreover, PC tensile specimens with dimensions according to ASTM 

D638 - Type I [163] were injection molded (APPENDIX B) using the optimized 

injection overmolding parameters (i.e., condition C4 in Table 3.5). 

 

3.10 Lap-shear testing  

 The joining strength of the PC/AA6061 and PC/AlSi10Mg joints were 

evaluated by lap-shear testing based on ASTM 1002 [164] using an Instron 5569 

universal testing machine (Instron, USA), with a distance between grips of 60 mm 

and a crosshead speed of 1.27 mm/min (0.05 inch/min) and a load cell of 50 kN. 

Five replicates were tested for each condition.  

 The tensile properties of injection-molded polycarbonate specimens, both 

unaged and aged by immersion in water at 80 °C for 30 days, were determined 

based on ASTM D638 [163] using the same universal testing machine with a 

crosshead speed of 5 mm/min. Young modulus was determined in the 

deformation range of 0% - 1% using a strain gauge with 50 mm aperture. Ten 
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replicates were tested. Mechanical tests were performed at room temperature of 

23 °C ± 1 °C and relative humidity of 50% ± 5%. 

 

3.11 Confocal laser scanning microscopy  

 A confocal laser microscopy LEXT OLS 4100 (Olympus, Japan) with 

wavelength of 405 nm was used to examine the surfaces of the AlSi10Mg printed 

samples and laser-textured AA6061 samples. The surface roughness, area and 

volume calculations were performed using the OLS4100 software (Olympus, 

Japan). 

 Optical microscopy images were captured with the confocal laser 

microscope from the cross-section of the PC/AA6061 and PC/AlSI10Mg joints to 

observe the fillinf of the polymer into the features formed on the metal surface. 

 

3.12 Scanning electron microscopy (SEM) 

 After shear testing, the fracture surfaces were examined using a FEI 

Inspect S50 scanning electron microscope (FEI, USA) equipped with secondary 

and back-scattered electron detectors operated at an accelerating voltage of 15 

kV, work distance of 10 mm and vacuum atmosphere. Energy dispersive X-ray 

spectroscopy (EDS) was used to perform chemical composition microanalysis on 

the fracture surfaces of the joints. The analyzed samples were placed on carbon 

tapes and then covered with gold and palladium before analyzing. 

 

3.13 Digital image correlation (DIC) 

Digital Image Correlation (DIC) was applied along with lap-shear testing to 

PC/AA6061 and PC/AlSi10Mg injection overmolded hybrid specimens produced 

with the optimized condition (condition C4, Table 3.5). 

Prior to DIC testing, hybrid specimens were sprayed with a thin layer of 

white paint on the sample surface in the region of interest (overlap region) to 

establish a ground coating. The area was then lightly sprayed with black paint to 

deposit black paint dots and provide contrast on the surface of interest.  
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During lap-shear testing, the DIC optical system method can precisely 

track the displacement of the joint through these dots. For this two CCD-cameras 

were utilized for image acquisition during lap-shear testing monitored by DIC. 

One camera was placed to record the joint front, where the polymer is on the 

metal; this camera will be identified as FC (frontal camera). The second camera 

was placed to record the specimen side; this camera will be designated as LC 

(lateral camera). Figure 3.12a depicts the schematics of the specimen areas 

recorded during mechanical testing. Figure 3.12b shows an overview photo of the 

the DIC system setup used. Universal joints were added to the testing jig on both 

sides of the mechanical gripping jaws to provide freedom of movement during 

shear testing. The details of technical specifications of the image acquisition 

system, DIC setup parameters and software can be found in APPENDIX C. 

 

 

Figure 3.12: Set-up of the position of the cameras concerning the joint subjected 

to shear strength testing. 

 

For the lap-shear testing with DIC analysis, an MTS E44 universal testing 

machine (MTS Systems Corporation, USA) equipped with a load cell of 50 kN) 

was used with 60 mm distance between grips, a crosshead speed of 0.5 mm/s, 

at room temperature. Reducing the crosshead speed relative to earlier lap-shear 

tests was required to maximize the data displacement acquisition to precisely 

measure the joint displacement. A loading and unloading protocol was applied to 

the lap-shear testing monitored by DIC, as shown in Figure 3.13.  Correli 3.0 [165] 
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framework was used to analyze the captured images and identify the 

displacement fields on the joint surface.  

 

 

Figure 3.13: Loading protocol applied in the lap-shear tensile testing monitored 

by digital image correlation (DIC). Recurring loading-unloading cycles of I: 0 - 500 

N; II: 0 - 1000 N; III: 0 - 1500 N; IV: 0 - fracture. Crosshead speed of 0.5 mm/min. 

 

3.14 Fatigue testing 

 PC/AA6061 and PC/AlSi10Mg hybrid joints produced with the DoE 

optimized injection overmolding condition (i.e., condition C4 in Table 3.5) were 

subjected to dynamic fatigue testing to estimate the mechanical durability of these 

joints. An MTS Bionix® universal testing machine (MTS, USA) was used, 

operated under the following conditions: sinusoidal tensile mode (R = 0.1); 

frequency 5 Hz; 4 load levels: 30%, 40%, 50%, and 70% of the ULSF recorded 

under lap-shear loading (Section 3.10). All fatigue tests were performed at a room 

temperature of 23 °C ± 1 °C and a relative humidity of 50% ± 5%. Three replicates 

were tested for each condition. The measurement of the temperature during 

fatigue test was manually performed with a laser thermometer on the surface of 

the overlap area. No relevant variation in temperature was detected (25 °C ± 3 

°C). The exponential model is one of the most used technique for evaluating the 

fatigue life of overlap joints [166–168]. ASTM standard E739 [169] describes in 
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detail the approach for fitting fatigue data using the exponential model. Using the 

aforementioned standard, 3.2 is used to establish the form of the S–N curve: 

 

log(𝑁) = 𝑎 + 𝑏𝐹                                 (3.2)                          

 

Where 𝑁 is the fatigue life data, 𝐹 is the maximum value of cyclic force and 𝑎 and 

𝑏 are the model parameters determined using a linear regression model.  

 

3.15 Hygrothermal aging 

 PC/AA6061 hybrid joints produced under optimized injection overmolding 

condition C4 (Table 3.5) were subjected to accelerated hygrothermal aging with 

a procedure adapted from ASTM D1151. The joints were immersed in a deionized 

water bath at 80 oC for different periods; 1 day, 7 days, and 30 days, and then 

subjected to lap-shear testing. The weight of the joints was measured before and 

after aging to evaluate the water intake. Five replicates were tested for each 

condition following the testing procedure described in (Section 3.10).   

 

3.16 Differential scanning calorimetry (DSC)  

 PC samples extracted from half of the cross section at the midpoint of the 

length near the overlap region of aged hybrid joints and unaged (control) PC 

specimens were subjected to differential scanning calorimetry (DSC) using a 

Q2000 equipment (TA Instruments, USA) for determining the glass transition 

temperature (Tg) of the polymer. Samples weighing 8.5 ± 0.2 mg were placed in 

aluminum crucibles and subjected to the following thermal cycle: (1) heating from 

23 °C to 330 °C at 10 °C/min; (2) cooling at 10 °C/min to room temperature, under 

nitrogen atmosphere (50 mL/min). These analyses were performed in duplicate. 
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4 RESULTS AND DISCUSSION 

4.1 PC/AA6061 hybrid joints 

As described in Section 3.1, this first part consisted of joint design, laser 

texturing of the metal insert and optimization of the injection overmolding process 

parameters through lap-shear testing joint response. Moreover, fracture analysis 

was performed through scanning electron microscopy (SEM) and digital image 

correlation (DIC) analyses. Furthermore, the durability of PC/AA6061 joints 

produced with optimized injection processing parameters was investigated 

through fatigue testing and hygrothermal aging. 

 

4.1.1 Surface analysis and microhardness testing of laser textured AA6061 

inserts  

 Figure 4.1a-b shows images and height profiles obtained by laser 

scanning confocal microscopy of the machined and laser textured surfaces of the 

overlap region of AA6061 inserts. The machined surface showed surface 

irregularities with an average depth of 0.8 ± 0.2 µm and roughness Ra and Rz 

values of 0.1 ± 0.01 µm and 0.4 ± 0.3 µm, respectively. The laser textured surface 

showed grooves with depth of 55 ± 5 µm and roughness Ra and Rz values of 8 ± 

0.5 µm and 27 ± 1 µm, respectively. Moreover, resolidified material can be 

observed on the laser-textured surface (Figure 4.1b). During the laser scanning, 

the heated material is expelled from the radiated spot and displaced onto the 

surface and/or in the grooves next to it, thereby solidifying in place [170]. 

Resolidified material, also known as slag, can aid in the micro-anchoring of the 

polymer on the metal surface when properly attached to the surface [14]. The 

center-to-center distance of the radiated lines remained constant at 100 µm, and 

the average width between peaks was 47 µm ± 2 µm, close to the diameter of the 

laser beam at the focus as well as the dimensions depicted in Figure 3.4. 

 The areas and the feature volumes of the analyzed surfaces (640  640 

m2) were determined using the laser confocal microscope software and 

extrapolated to the total area of the insert recess (12.7  24.8 mm2). The surface 

areas for the machined and laser-textured samples were 315 mm2 and 715 mm2, 
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respectively. Analogously, the feature volumes for the surface of the machined 

and laser-textured samples were 0.22 mm3 and 10.6 mm3, respectively. 

Therefore, laser texturing produces a huge increase (approx. 4,800%) in the 

micrometric volume available for filling of the polymer into the metal surface 

grooves. Nonetheless, laser texturing and groove design parameters on the 

AA6061 inserts were chosen to induce fracture at the PC/AA6061 hybrid joint 

interface in order to explore the effects of injection overmolding conditions on the 

joining strength, as will be shown in the next section.  

 

 

Figure 4.1: Laser scanning confocal image and height profile of the machined (a) 

and laser textured (b) AA6061 surfaces. 

 

 The local mechanical properties of machined and laser-textured AA6061 

substrates were investigated using Vickers microhardness testing (Section 3.6). 

This investigation was conducted because laser texturing may alter the metal 

microstructure due to the significantly high energy input to the substrate. Figure 

4.2 depicts the microhardness results for the two substrates. After laser texturing, 



57 

 

no significant difference in Vickers hardness was detected; the average 

microhardness was 109 ± 4 HV and 112 ± 4 HV for the machined and laser-

textured substrates, respectively. However, the study of the process-related 

microstructural changes was out of the scope of this work. Based on the 

microhardness measurements, one may infer that laser texturing did not 

significantly alter the microstructure of the metal surface. This is probably 

because of the combination of the aluminum high surface reflectivity and poor 

absorption of electromagnetic radiation [171], along with the applied low laser 

power (20 W on average), the metal surface microstructure was not 

compromised. Nevertheless, this should be investigated in greater depth using 

microscopy techniques. 

 

 
Figure 4.2: Vicker microhardness line measurements at the cross section (Figure 

3.5) of the machined and laser-textured AA6061-T6 substrates. 

 

Therefore, it is possible to conclude that laser texturing is not strongly 

changing the original AA6061-T6 base materials properties.  
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4.1.2 Effects of injection overmolding conditions on the interfacial structure 

and joining strength of PC/AA6061 joints 

 Figure 4.3 shows the mean values and respective standard deviations for 

the ultimate lap-shear forces (ULSF) of the PC/AA6061 joints injection 

overmolded at different conditions (Table 3.5). ULSF values ranged from 191 ± 

58 N to 2149 ± 127 N. Typical force vs. displacement curves are shown in 

APPENDIX D. The highest ULSF value of hybrid lap-shear specimens 

corresponds to about 94% of the force required for the ductile failure of PC 

component (2285 N, value obtained in the tensile strength testing presented in 

Section 4.1.5). All hybrid specimens presented shear fracture at the interface – 

i.e., delamination (Section 4.1.3, Figure 4.10) – (this will be addressed in the next 

section). It is worth mentioning that interfacial failure was intentionally provoked 

(by adjusting the laser texturing conditions of the metal) so that the effects of the 

injection overmolding conditions on the bonding strength could be evaluated at 

the interface between metal and polymer. In other words, net-tension failure (PC 

part failure) was intentionally prevented. Metal laser texturing conditions can be 

adjusted to cause the ductile failure of the polymer component and thus superior 

joining strength (this will be addressed at the end of this section). 

Using the Pareto chart (Figure 4.4) with a significance level (α) of 0.05 it 

was showed that the factors barrel temperature, injection speed, and holding 

pressure exert significant influences on the joining strength of the PC/AA6061 

joints, with the barrel temperature being the most significant factor, followed by 

the holding pressure, and then the injection speed. Moreover, the Pareto chart 

showed that interactions between these components are not statistically 

significant for the examined response. 

 Analysis of variance (ANOVA) with a 95% confidence level was 

used to estimate the influence of the factors on the analyzed response. The 

ANOVA for the ultimate lap-shear force of PC/AA6061 joints is summarized in 

Table 4.1. The F-values for the main effects and their interactions are calculated 

by dividing the mean square of the effect of interest by the mean square of the 

error. The barrel temperature showed the highest effect on the statistical model 

with an F-ratio of 60.84, followed by the holding pressure with an F-value of 45.47 
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and injection speed with a minor significant value of 4.59. Furthermore, the p-

value indicates if the parameter or interaction is significant to the model when α 

is lower than 0.05. 

 

 

Figure 4.3: Ultimate lap-shear force of PC/AA6061 joints as a function of injection 

overmolding conditions (see Table 3.4). 

 

The "mean of means" plot for ULSF in Figure 4.5 which compares the 

arithmetic mean of the response ULSF for minimum (-1) and maximum (+1) levels 

of the factors with the total arithmetic mean of all samples, indicates that the three 

factors analyzed (barrel temperature, injection speed and holding pressure) have 

a positive effect on the joining strength of the PC/AA6061 joints. The statistical 

model produced an adjusted R2 equal to 81%. The regression model equation is 

given in Equation 4.1 [172], where the first term is the total variation in the 

response y, the second is the variation in mean response and the last term is the 

residual value. 

 

∑(𝑦𝑖 − 𝑦̅)² = ∑(𝑦̂𝑖 − 𝑦̅)2 + ∑(𝑦𝑖 − 𝑦̂𝑖 )²                       (4.1)       
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Figure 4.4: Pareto chart of standardized effects for the ultimate lap-shear force of 

PC/AA6061 hybrid joints. 

 

Table 4.1: Analysis of variance (ANOVA) of the ultimate lap-shear force of 

PC/AA6061 hybrid joints. 

Source DF Adj SS Adj MS F-Value p-Value 

Model 8 10952755 1369094 56.61 0.001 

  Linear  

    Barrel temperature 1 5183600 5183600 214.33 0.001 

    Injection speed 1 391408 391408 16.18 0.001 

    Holding pressure 1 3874731 3874731 160.21 0.001 

  2-Way Interactions  

   Barrel temperature*Injection 
speed 

1 52311 52311 2.16 0.159 

   Barrel temperature*Holding 
pressure 

1 60697 60697 2.51 0.131 

   Injection speed*Holding pressure 1 112039 112039 4.63 0.055 

  3-Way Interactions  

  Barrel temperature*Injection 
speed*Holding pressure 

1 94368 94368 3.90 0.064 

Error 18 435327 24185   

Total 26 11388082    
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Figure 4.5: Main effect plots illustrating the influence of the injection overmolding 

parameters (barrel temperature, injection speed, and holding pressure) on the 

ultimate lap-shear force PC/AA6061 joints. 

 

Increasing the factors that exert a positive influence on this response, i.e., 

barrel temperature, injection speed, and holding pressure, resulted in greater 

fillinf of the PC into the grooves of the AA6061 surface, as shown for the polymer 

fracture surfaces and cross-sections (Figure 4.6a-c) of PC/AA6061 joints 

injection overmolded in the conditions C1, CP and C4. The joint which presented 

the lowest ULSF value (condition C1) exhibited a relatively little filling of the 

polymer into the metal grooves of 25 µm ± 1 µm, which corresponds to 

approximatively 50% of the average groove depth (55 µm ± 5 µm). Condition CP 

with intermediate ULSF value showed higher polymer filling of 41 µm ± 3 µm 

(75% of the average groove depth). Condition C4 (Figure 4.6c) with the highest 

ULSF value showed polymer filling of 55 µm ± 5 µm, filling completely the grooves 

formed on the metal surface. 
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Figure 4.6: On the left-hand side laser confocal microscopy images of polymer 

fracture surfaces and on the right-hand side color images obtained in the laser 

confocal microscope of the cross-section of PC/AA6061 joints injection 

overmolded under the following conditions: a) C1 (minimum levels); b) C9 (center 

point - CP); and c) C4 (maximum levels). Metal and polymer parts appear as light 

and dark, respectively. 

 

In direct-adhesion injection overmolding of PMHs, the degree of polymer 

filling into metal grooves is dependent on the rheology of the polymer. Based on 

this, the PC was subjected to capillary rheometry to estimate viscosity under 

conditions similar to those produced in the injection overmolding of PC/AA6061 

joints. 
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The viscosity curves for the PC at 280 °C, 300 °C and 330 °C are shown 

in Figure 4.7. In Figure 4.7, the range of shear rate to which the polymer is 

exposed in the polymer-metal joining zone during injection overmolding is 

depicted as a light gray area. For this estimation, Equation 4.2 was used, 

assuming that the PC flow in the overlap area (Figure 3.4, 𝑊 = 24.8 mm and 𝐻 = 

1.6 mm) is similar to a pressure-driven isothermal flow of a power law fluid in 

between parallel plates, where 𝑄 is the flow rate (injection speed), 𝑊 is the width 

and 𝐻 is the thickness of the channel [173]. For simplification purposes, the 

grooves structures were not considered.  

 

                γ̇
w

= (
2n + 1

n
)

2Q

W. H2
                              (4.2)                   

 

As expected, the melt viscosity of PC decreases with temperature and 

shear rate applied. The increase in the temperature increases the mobility of 

polymer chains and the higher free volume between polymer chains generates 

less friction, decreasing viscosity. The viscosity lowers as shear rates increase 

because, at high shear rates, the polymer chains tend to align in the direction of 

flow, reducing the degree of entanglement and flow resistance [173,174]. By 

examining the viscosity curve and the shear rate estimated for the joining region, 

one can estimate that the viscosity of the PC ranges from 215 Pa.s to 50 Pa.s, 

depending on the injection molding conditions. 

When the molten polymer hits the surface of the metal insert at a lower 

temperature (e.g. condition C1 with a barrel temperature of 280 °C), a thin 

solidified skin layer is formed; the magnitude of the thickness, depending on the 

injection overmolding conditions, will restrict the filling of the polymer into the 

grooves of the metal as seen in Figure 4.6a. Thus, as shown above, increasing 

barrel temperature decreases the viscosity of the polymer during the cavity filling, 

reducing the thickness of the frozen layer and facilitating the filling of the polymer 

into the metal grooves. Increasing injection speed results in a higher shear rate 

at the polymer-metal interface and a shorter filling time, which reduces the 

viscosity of the polymer melt and the thickness of the frozen layer, improving the 

filling of polymer into metal grooves. Increased holding pressure leads to 
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increased deformation of the frozen layer during the packing process, allowing 

for higher polymer filling into the metal grooves. Therefore, the maximum values 

of these parameters (barrel temperature, injection speed and holding pressure) 

assist in infiltrating the polymer into the grooves on the metal surface, as shown 

in Figure 4.6c for condition C4 (Table 3.5). Moreover, holding pressure acts to 

compensate for the thermal contraction of the polymer during the solidification in 

the mold cavity, helping to keep the polymer infiltrated into the metal grooves. In 

APPENDIX E, a pvT curve of a PC is shown in which it is possible to have an 

estimate of the polymer shrinkage after pressure and temperature relief in 

injection molding. As PC is an amorphous polymer, its volumetric shrinkage after 

injection molding is considerably low, allowing the metal grooves to remain 

completely filled with PC after joint cooling. 

 

 

Figure 4.7: Capillary rheometer viscosity curves of PC (LEXAN 103) at 

temperatures similar to that employed in the injection overmolding of the joints 

(see Table 3.4). Viscosity data at 280 oC were measured at shear rates below 2 

 103 s-1 since the upper limit of the rheometer load cell was reached. The range 

of shear rate to which the polymer is exposed in the polymer-metal joining zone 

during injection overmolding is depicted as a light gray area. 
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Effects of injection overmolding conditions on the mechanical strength of 

injection-molded polymer-metal overmolded joints have been explored in the 

literature with other combinations of polymers and metals and with various types 

of metal surface preparation. Zhao et al. [84] examined the effects of barrel 

temperature and packing and holding pressures on joints of PBT-30GF 

composite and laser-textured AA5052 insert. The authors noticed an 

improvement in the mechanical strength of the joints with increasing packing and 

holding pressure. At the same time, barrel temperature only positively affected 

joints molded with low packing pressure. The mechanical strength of these joints 

correlated well with the degree of PBT-30GF composite filling into the AA5052 

surface grooves. Lucchetta et al. [53] observed a positive effect of injection speed 

on the mechanical interfacial strength of PPS-40GF composite joints with 

AA6082 that had been treated with abrasive blasting. Overall, injection 

overmolding studies [50,53,56,83,84,90] have shown good correlations between 

the mechanical strength of the joints and the degree of polymer filling into the 

metal surface microcavities. According to published studies 

[55,62,78,134,175,176], the temperature of the metal insert, which is controlled 

by insert preheating and mold temperature, has a favorable impact on the 

interfacial mechanical strength of polymer-metal joints produced by injection 

overmolding. It is because the temperature of the metal insert increases and the 

thickness of the solidified polymer layer decreases, allowing for easier filling of 

the polymer into the metal microcavities, providing a larger contact area between 

the polymer and metal. Based on these studies, the AA6061 inserts were 

preheated and the mold temperature was adjusted to 110 °C using the heat 

distortion temperature (HDT) of 132 °C (ASTM D638: 1.82 MPa) and the glass 

transition temperature (Tg) of the PC as a reference guide. This approach allowed 

the PC to infiltrate the grooves of the AA6061 insert (Figure 4.6) while 

simultaneously allowing the PC/AA6061 joints to be extracted from the injection 

mold without affecting their dimensional integrity. 

Furthermore, the response (ULSF) was maximized for "higher is better" 

and the following parameters resulted from this optimization: barrel temperature 

330 °C, injection speed 80 cm3/s and holding pressure 1000 bar. Based on this, 
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condition 4 (Table 3.4) has the same parameters as the optimization response 

and was selected as optimized injection overmolding parameters to produce 

PC/AA6061 joints for digital image correlation (DIC), fatigue testing and 

hygrothermal aging analysis. 

The joining strength of the PC/AA6061 joints, as measured by the ultimate 

lap-shear force (ULSF), was shown to be linearly dependent on the filling depth 

of the PC into the grooves of the AA6061 surface, as shown in Figure 4.8. 

Increasing the filling depth of the PC into the grooves of the AA6061 increases 

the interference volume between the polymer and metal components, resulting in 

PC/AA6061 joints that are mechanically stronger. This behavior is consistent with 

the findings of previously published papers [80–82,85,90,136] on injection 

overmolded joints using different polymer-metal combinations. 

 

 

Figure 4.8: Ultimate lap-shear force of PC/AA6061 joints injection overmolded 

under different conditions as a function of the filling depth of the PC into the 

AA6061 grooves. 
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It is worth mentioning that the polymer-metal bonded area is not microscopely 

uniform in the overlap zone of PC/AA6061 joints. As can be seen in the top-view 

photograph of the PC/AA6061 hybrid joint (Figure 4.9) produced with injection 

overmolding parameters set on the center point (CP), there is a darker region in 

the center of the overlap zone indicating that the polymer is effectively bonded 

(attached) to the metal part. It seems that the polymer has detached from the 

metal surface at the outskirt regions of the overlap area. This is most probably 

due to inhomogeneous volumetric shrinkage after cooling, which produces 

residual stresses on the polymeric side [177–179]; these will induce delamination. 

In general, samples with lower ULSF values showed slightly smaller bonding 

areas. 

 

 

Figure 4.9: Top view of the overlap zone of a PC/AA6061 joint injection 

overmolded at condition CP (center point). The red arrows indicate the central 

region where polymer is bonded (attached) to the metal surface. At the surrounds 

polymer has delaminated from the metal surface after joint cooling owing to 

warpage (release of thermal-induced residual stresses). 
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However, the precise determination of the real bonded area is very 

complicated without destructing the specimens. Therefore, a common practice in 

joining and additive manufacturing of hybrid structures [1], the nominal overlap 

area is used to calculate joint strength. Considering that a NDT approach, such 

as X-ray microtomography, was out of the scope of this study, the overlap area 

was taken as being equal to the nominal area of the metal insert recess that had 

been laser textured, that is, 12.7 x 24.8 mm2 (Figure 3.4). As a result, the 

PC/AA6061 joint injection overmolded in the optimized condition, which obtained 

complete PC filling in the grooves of the metal (Figure 4.6c) and ULSF of 2149 ± 

127 N (Figure 4.3), has a nominal ultimate lap shear strength (ULSS) of 6.8 ± 0.4 

MPa. 

It is worth remembering that in order to make the study of the effects of 

injection overmolding conditions on the joining strength possible, laser texturing 

conditions applied on the metal surface were adjusted to provide interfacial shear 

failure during lap-shear testing of PC/AA6061 joints. Stronger joints could have 

been obtained by increasing the depth of the grooves produced on the metal 

surface. 

To try to confirm this assumption, a set of hybrid joints were produced 

under optimized injection overmolding condition (C4) using laser textured 

AA6061 inserts (produced with frequency 20 kHz, speed 500 mm/s and 8 scans) 

with deeper grooves (65 ± 6 µm against 55 ± 5 µm). The force-per-displacement 

curves and the cavity depth measurements are shown in APPENDIX F. In this 

case, the grooves on the metal surface were also completely filled by the polymer, 

ensuring adequate micro-mechanical anchorage of the polymer. A ULSF of 2249 

 53 N was obtained (APPENDIX F). If the joining area is assumed to be equal 

to the nominal area of the recess of the metal insert that had been laser textured, 

i.e., 12.7 x 24.8 mm2 (Figure 3.4 ), thus a ULSS of 7.2 ± 0.5 MPa is obtained. 

The increase in nominal ULSS of the hybrid joints produced with deeper 

grooves at the metal surface were only 6 % (from ULSS of 6.8 MPa to 7.2 MPa) 

larger than the specimens C4 produced with shallower grooves metal inserts. 

This small increase in ULSS is due to the minor variation between the depth of 
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the grooves on the metal insert (55 µm for 4 scans and 65 µm for 8 scans). As 

observed by Rodrguez-Vidal et al. [14], this slight increase in depth is due to a 

saturation of scans, making it unable to produce deeper grooves. 

This magnitude of joining strength is comparable to other polymer-metal 

joints produced by injection overmolding with metal inserts structured by laser-

texturing [80–85,180], as well as those with metal inserts structured by 

sandblasting [53,62,78,89,134,181–183], anodizing [56,96,184,185], additive 

manufacturing [91], electron beam surface structuring [186], chemical treatments 

[50,86–90] and silanization [99–102].  

 

4.1.3 Fracture analysis of PC/AA6061 joints 

Figure 4.10 shows photographs of the fracture surface s after lap-shear 

testing on PC/AA6061 joints produced under C1, C4 and CP injection 

overmolding conditions (see Table 3.5). The joint produced with condition C1 

failed locally with adhesive fracture. The little filling of polymer into the metal 

laser-formed grooves (Figure 4.6) led to a low level of micro-anchoring of the 

polymer on the metal surface and, thus lower ULSF (Figure 4.3). Under the 

optimized injection overmolding condition (C4) with complete filling of polymer 

into the metal grooves, one can see signs of cohesive fracture of the metal, which 

remained bonded to the polymer side (shown by the red squares, Figure 4.10b). 

Likewise, the PC/AA6061 joint produced under the center point condition (CP) 

with intermediate polymer filling level exhibits signs of cohesive metal fracture 

(Figure 4.10b, red squares) but in a smaller region than joint C4. 
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Figure 4.10: Fracture surface photographs of PC/AA6061 joints produced under 

a) C1, b) C4 and c) CP injection overmolding conditions. Red arrows indicate 

fracture of the strips formed on the metal surface. 

 

Figure 4.11a-c shows SEM images (secondary electrons) of the fracture 

surface on the metal part of the PC/AA6061 joint produced at condition C4. 

Indications of cohesive fracture can be seen. It is possible to identify that a portion 

of the metal strips in between the grooves formed by laser texturing has been 

displaced in the longitudinal direction of the joint (Figure 4.11b). It is also possible 

to observe that a portion of the strips has been pulled out from the metal (Figure 

4.11c). 

 

 

Figure 4.11:Scanning electron microscopy (SEM) images (secondary electrons) 

of the metal fracture surface of the PC/AA6061 joint produced with injection 

overmolding condition C4. a) Image with indications of cohesive fracture; b) 

Magnification of the region marked with red square where the strips were 

displaced; c) Magnification of the region marked with blue square where the strips 

were pulled out. 
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Figure 4.12 shows the fractured surface on the polymer side of the same 

joint viewed by SEM images with backscattered electrons (BSE) and energy-

dispersive X-ray spectroscopy (EDX) mapping. Pieces of strips detached from 

the metal surface can be seen in the zone of cohesive fracture (Figure 4.12a and 

b). At higher magnification (Figure 4.12c and d), one can also observe aluminum 

fragments, which can be attributed to the resolidified metal (refer to Section 4.1.1, 

Figure 4.12), a material volume that is weakly adhered to the metal surface and 

was pulled out during joint lap-shear testing. 

 

 

Figure 4.12: Scanning electron microscopy (SEM) images with backscatter 

electrons (BSE) (left side) and energy-dispersive X-ray spectroscopy (EDS) 

mapping of aluminum (right side) of the fracture surface on the polymer side of a 

PC/AA6061 joint produced in injection overmolding condition C4, a) and b) Low, 

and c) and d) high magnifications. 
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The main adhesion mechanism of the PC/Aluminum joints is the 

mechanical interlocking of the polymer into the metal grooves and this has been 

explored in the literature with different material combinations. Rodríguez-Vidal et 

al. [14] observed a dependency between the resolidified material height, density 

and aspect ratio (depth/diameter) of laser-formed grooves on ultimate lap-shear 

strength of joints with laser-textured low-alloy steel HC420 substrate and glass 

fiber reinforced polyamide 6 hybridized by injection overmolding. Byskov-Nielsen 

[80] observed an increase in joint strength with a higher density of dimples formed 

on the metal insert surface by laser. Similarly, Xu et al. [85] also observed that a 

higher density of grid-shaped grooves increases joint strength due to the greater 

number of grooves for mechanical interlocking with the polymer. Furthermore, 

one can speculate that the carbonyl groups on the PC chains (Figure 2.14) form 

Al−O−C chemical (covalent) bonds with the alumina layer on the surface of 

AA6061, as suggested by the studies of Li et al. [57] and Goushegir et al. [58]. 

Furthermore, digital image correlation (DIC) was used to monitor the 

displacement fields during lap-shear testing and thus provide additional 

information regarding the global failure mechanism of PC/AA6061 joints. A 

sample produced in the optimized injection overmolding condition (C4) was used. 

Figure 4.13a-b depicts the maximum primary displacement field for a 

PC/AA6061 joint at a loading level of 1 kN. Figure 4.13a overlays with horizontal 

lines indicating the location of each groove engraved on the metal surface. The 

regions called front view and lateral view are shown in Figure 3.12. This 

qualitative DIC analysis was performed to determine the highest principal 

displacement fields in the PC/AA6061 joint manufactured with optimized 

parameters (C4). For quantitative analyses, greater refinement of DIC 

accompanied by finite elements analysis should be performed to obtain 

quantitative values of maximum principal displacement and force. However, this 

was out of the scope of this study. 

The high displacement region at the top and bottom of the displacement 

field area in Figure 4.13a is due to the separation of the splice polymer-metal joint 

ends. These ends are not laser-textured and thus have poor polymer-metal 

adhesion, so they are quickly detached (delaminated) during the lap-shear 
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testing. The deformations on the overlap region are generally uniform, with a 

slightly higher displacement in the textured area on the polymer side. Moreover, 

it is noted that there is no considerable deformation at the lateral borders of the 

laser-textured area (region of the horizontal lines) due to the detachment of the 

polymer side owing to warpage [177–179], as shown and discussed in Figure 4.9. 

Figure 4.13b shows the lateral view of the joint with a quiver diagram superposed 

over the joint area. Due to the out-of-plane eccentricities of the structure and the 

difference in stiffness between the materials (see Table 3.1 and Table 3.2), 

secondary bending occurs at the metal end on the polymer side when the 

polymer-metal joint is subjected to loading [184,187–189]. This bending stress is 

responsible for the crack initiation in the lap-shear testing of the PC/AA6061 joint. 
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Figure 4.13: Images captured by digital image correlation (DIC) analysis for a 

PC/AA6061 joint injection overmolded in the optimized condition C4. a) frontal 

view: the maximum displacement at load level of 1 kN. On the displacement 

composition, a schematic depicting the position of the grooves textured by pulsed 

laser is superimposed; b) lateral view: Quiver diagram of deformation direction 

showing a secondary bending in the polymer side. 
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4.1.4 Fatigue behavior of PC/AA6061 joints 

PC/AA6061 joints produced in the optimized injection overmolding 

condition (Table 3.4; Condition 4) were subjected to dynamic fatigue testing at 4 

loading levels: 30%, 40%, 50% and 70% of the ULSF. Notably, all data reported 

in this section are displayed as load–life (F–N) graphs. Nonetheless, the term S–

N curve (strength–life) is employed due to its extensive use in the scientific 

literature. The S-N curve is shown in Figure 4.14. Joints subjected to loads of 

70%, 50%, and 40% failed after N = 70,000 ± 7,000; N = 464,000 ± 11,000; and 

N = 256,000 ± 17,000 cycles, respectively, by brittle net-tension fracture of the 

PC part near the end of the AA6061 insert (Figure 4.15), whereas joints subjected 

to a load of 30% endured 106 cycles without failure (the so-called run-out 

specimens), but with a visual onset of a transverse crack nucleating in the PC 

part near the end of the AA6061 insert.  

For all loading levels applied, the polymer-metal interface of the joints 

remained intact, which attests to outstanding interfacial mechanical durability 

under cyclic loading. In the region where the joints failed, the PC part is subjected 

to a combined tensile (principal) and bending (secondary) stress, as indicated in 

the digital image correlation test (Figure 4.13b). If we make an approximation that 

this region, with a cross-sectional area of 24.8  1.6 mm2 (width  thickness), is 

subjected to uniaxial tensile stress, then stresses of approximately 38 MPa, 27 

MPa, 22 MPa, and 16 MPa would be developed, respectively, for 70%, 50%, 

40%, and 30% of ULSF. PC tends to exhibit brittle fracture under these fatigue-

loading conditions [190], which has been attributed to the plastic deformation 

mechanisms of PC - shear bands and crazing - do not develop sufficiently under 

cyclic loading; they rather act as stress concentrators through which a crack 

nucleates and propagates, resulting in brittle fracture of the polymer [191].   

Furthermore, it should be noted that the high degree of PC molecular 

orientation resulting from injection overmolding high shear rates might increase 

the fatigue life of PC/AA6061 joints [191–193]. A log-linear (exponential) model 

[169] was utilized to fit the experimental S-N curve data. It is important to note 

that the inclusion of the point at 30% of ULSF is an approximation because under 

this condition, the run-out specimens did not fully fail; instead of this a crack was 
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initiated. These joints were subsequently subjected to quasi-static lap-shear 

testing resulting in a 61% residual strength, as shown in Table 4.2. In any event, 

the asymptotic behavior of the S-N curve suggests that the endurance limit of the 

PC/AA6061 joints is about 30% of ULSF. 

 

 

Figure 4.14: S-N curve in tensile mode (R = 0.1) at 5 Hz at load levels of 30%, 

40%, 50%, and 70% of the ULSF for PC/AA6061 joints produced in the optimized 

injection overmolding condition. The experimental data were fitted by log-linear 

(exponential) model. 
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Figure 4.15: Photograph exemplifying the failure mode of the PC/AA6061 joints 

injection overmolded in the optimized condition (C4) subjected to fatigue (tensile; 

R = 0.1; 5 Hz) testing at loading levels of 40%, 50% and 70% of the ULSF. Detail 

of the transverse brittle fracture of PC near the end of the metal insert. 

 

Table 4.2: Quasi-static residual lap-shear strength of PC/AA6061-laser-textured 

joints. 

Samples Force [N] 

PC/AA6061-laser-textured 2149 ± 127  

After 106 cycles 1315 ± 285 

 

Fatigue strength studies on polymer-metal joints produced by injection 

overmolding are scarce in the literature. Nevertheless, the fatigue behavior of the 

PC/AA6061 joints is comparable or superior to those reported in the literature for 

similar systems. For instance, Zhao et al. [90] evaluated the fatigue strength of 

injection overmolded joints of PBT-30GF with AA5052 nanostructured by 

chemical and hot water treatment. They observed that optimized joints reached 

105 cycles when subjected to milder conditions than those employed in this study, 

with cycling at 2 Hz and a tensile load of 15% of the ULSF. 

 

4.1.5 Hygrothermal aging of PC/AA6061 joints 

PC/AA6061 joints produced in the optimized injection overmolding 

condition (Table 3.4; Condition 4) were subjected to accelerated hygrothermal 

aging in a water bath at 80 °C for 1 day, 7 days, 30 days and then submitted to 

lap-shear testing. The samples were weighed before and after aging to evaluate 
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the water uptake. The ULSF after aging and the water absorption values are 

shown in Figure 4.16. The ULSF showed a 10% decrease after 1 day of 

hygrothermal aging, which were recovered after 7 days of hygrothermal aging. 

After 7 days of hygrothermal aging, the PC/AA6061 joint attained saturation 

(0.19%) for water uptake. Similar to unaged joints (Figure 4.10), hygrothermal 

aged joints exhibited mixed interfacial failure (adhesive-cohesive) in the lap-shear 

testing. 

A possible explanation for the recovery in ULSF after 7 days of 

hygrothermal aging may be related to the polymer enhanced stiffness. Other 

studies have observed a similar trend with bonded joints [194–196].  

 

 

Figure 4.16: Ultimate lap-shear force (ULSF) and water uptake of PC/AA6061 

produced in the optimized injection overmolding condition (C4) subjected to 

accelerated hygrothermal aging (immersion in an 80 °C water bath) for different 

periods. 

 

Since the polymer component of the joints is primarily responsible for water 

absorption under the hygrothermal aging conditions adopted, i.e. water 

absorption by the AA6061 component is negligible. The glass transition 
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temperature (Tg) of the PC was determined using differential scanning calorimetry 

(DSC) analysis on samples taken from aged and unaged (control) PC specimens. 

DSC curves (Figure 4.17) revealed that the Tg, defined by an endothermic 

inflection of the heat flow curve at about 150 °C, is not appreciably affected by 

hygrothermal aging in water at 80 °C from 1 day to 30 days. Moreover, the 

unaged PC sample exhibits an endothermic event immediately above Tg (black 

arrow, Figure 4.17)  which is not detected in the aged samples. This endothermic 

event above Tg is caused by the relaxation of polymer chains, which are initially 

in a glassy state but become mobile when heated over Tg. This relaxation results 

from the release of residual stresses associated with the orientation of the 

polymer chains, which are a result of the high shear and cooling rates imposed 

by the injection overmolding of PC specimens [197–199]. Therefore, the lack of 

the endothermic event slightly above Tg in the DSC curves of the PC samples 

aged in water at 80 °C at various periods suggests that hygrothermal aging of the 

PC/AA6061 joints led to release of residual stresses in the injection overmolded 

PC component.  

Relaxation of the PC chains in PC/AA6061 joint samples submitted to 

hygrothermal aging may result in physical aging of the PC. When an amorphous, 

glassy polymer such as PC is exposed to extended hygrothermal aging, 

particularly around its glass transition temperature, these two opposing 

processes, water absorption and chain relaxation are observed. While water 

diffusion causes the polymer to expand, physical aging, which consists of the 

chains in the glassy state relaxing to an equilibrium state, causes the polymer to 

shrink (densification) [200]. 
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Figure 4.17: DSC curves (heating at 10 °C/min) of samples extracted from 

injection overmolded PC subjected to hygrothermal aging by immersion in water 

at 80 °C for 1 to 30 days. 

 

In order to test whether there is competition between these two processes, 

polymer expansion and physical aging, PC samples were subjected to tensile 

testing before and after immersion in water at 80 °C for 30 days. In this 

hygrothermal aging condition, the PC sample absorbed 1% of water. The tensile 

properties of aged and unaged PC samples are shown in Table 4.3. The 30-days 

hygrothermal aging of PC did not significantly alter the stiffness (see Young 

modulus values) or yield stress, but it did reduce the ductility (see strain at break 

values) of the polymer. The comparable Young modulus and yield stress values 

of the 30-day aged and unaged samples show that the water absorption of the 

PC, which would lead to plasticization and a decrease in these properties, was 

probably counterbalanced by physical aging, which would lead to an increase in 

these properties. The decrease in the strain at the break of the aged sample 
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demonstrates that the two competing mechanisms, namely water diffusion and 

physical aging, result in structural defects that limit the ductility of the polymer.  

Moreover, since the unaged and aged PC/AA6061 joints exhibited similar 

failure mechanisms in the lap-shear testing, with a mixture of adhesive fracture 

of the interface and traces of cohesive fracture of the AA6061 surface, and with 

little contribution of viscoelastic or plastic deformation of the PC component, 

water diffusion and physical aging of the PC component due to hygrothermal 

aging did not significantly contribute to the ULSF of these joints. Therefore, the 

residual strengths of the aged PC/AA6061 joints were close to those of the 

unaged joints (Table 4.3), indicating that the PC/AA6061 joints have good 

hygrothermal stability. 

 

Table 4.3: Mechanical properties under tensile testing for injection molded 

polycarbonate grade LEXAN 103 before and after 30 days of hygrothermal aging. 

 Young Modulus (GPa) Yield stress (MPa) Strain at break (%) 

Non-aged PC 2.4 ± 0.1 58.6 ± 0.9 79 ± 10 
30 days aged PC  2.3 ± 0.1 59.1 ± 0.5 39 ± 23 

 

4.2 PC/AlSI10Mg hybrid joints 

 As presented in Section 3.1 (Figure 3.1), this second part consisted of 

additive manufacturing and characterization of AlSi10Mg inserts followed by lap-

shear testing, fracture analysis and fatigue testing of PC/AlSi10Mg joints 

produced with the optimized injection overmolding condition. 

 

4.2.1 Density and surface roughness analyses of 3D-printed AlSi10Mg 

inserts  

Figure 4.18 shows the average relative densities for AlSi10Mg printed 

parts as a function of the laser powder bed fusion (L-PBF) parameters (see Table 

3.4). Experimental values of relative density ranged from 91.5 ± 1.2% (condition 

5) to 98.5 ± 0.2% (condition 2).  
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Figure 4.18: Relative density of AlSi10Mg parts printed via laser powder bed 

fusion (L-PBF) as a function of the printing parameters (Table 3.5). 

 

After identifying the parameters with the highest effect on the relative 

density via DoE and ANOVA (see APPENDIX A), samples were printed with 

mushroom-like structures on the substrate surface with higher relative density 

conditions (conditions L-PBF-2, L-PBF-6 see Table 3.4) for roughness 

measurement and assessment of the definition of the submillimeter structure 

dimensions. SEM images of mushroom-like structures with printed under the two 

largest L-PBF conditions are depicted in Figure 4.19. The Ra for the substrate 

printed with the condition L-PBF-2 was 45 µm ± 18 µm, higher than the Ra of 26 

µm ± 14 µm for condition L-PBF-6 with a similar relative density (98%), as shown 

in Figure 4.18. When visually comparing the dimensions and surface finishing of 

the mushroom-like structures 3D-printed in the condition L-PBF-2 (Figure 4.19a) 

to those using the L-PBF-6 (Figure 4.19b)  conditions, a clearer definition of the 
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contours and proportions of the mushroom-like structure was achieved for the 

condition L-PBF-6.  

In order to understand the influence of process parameters on the 

roughness, one may use Energy density () as the measure of heat input by the 

L-PBF process. There are two ways of calculating  [201]  1) one considering 

the laser power (𝑃), laser scan speed (𝑣), layer height (ℎ) and hatching distance 

(𝐻𝐷) showed in Equation 4.3 [202]; and 2) considering the time interaction (𝐷𝑏 𝑣)⁄  

and laser spot diameter (𝐷𝑏) in place of their implicit addition from hatching 

distance (𝐻𝐷) showed in Equation 4.4 [203]. 

 

                                             1  =  
𝑃

𝑣 ∗ 𝐻𝐷 ∗ ℎ
                                         (4.3) 

 

                                                2 =
4𝑃

𝜋𝐷𝑏
2 ∗

𝐷𝑏

𝑣
                                           (4.4) 

 

On the one hand, the condition L-PBF-2 has the highest energy density 

among the two 3D-printing conditions (see Table 4.4) because of its smallest 

hatching distance (𝐻𝐷 = 40 µm) and laser spot diameter (𝐷 = 40 µm) at the same 

laser power and laser scanning speed than L-PBF-6, increasing  (Equations 4.3 

and 4.4). This probably causes an excessive increase in the temperature to the 

point where the metal melts and forms a molten pool. This melt pool surface is 

also accompanied by more intense alloy element evaporation, and the powder 

surrounding the irradiated region is ejected during the process and then falls on 

the surrounding surface by gravity and adheres to the surface of the melted pool 

during solidification [204]. On the other hand, the condition L-PBF-6 has a higher 

laser spot diameter (60 µm) than the L-PBF-2 (40 µm) and larger hatching 

distance (120 µm), which reduces the intensity of energy irradiated by the laser 

and reduces the intensity of the evaporation on the melt pool surface, i.e. 

decreases  (Equations 4.3 and 4.4). This decrease in energy density seems to 

have led to a more stable printing of the mushroom patterns at such 

submilimetrical scale. It is speculated when the energy density is high, the laser 
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energy is concentrated in a small volume of the powder bed, leading to rapid 

melting and consolidation of the powder particles. This rapid heating and cooling 

can cause distortions in the dimensions of the submillimetrical structures. 

Moreover, for an optimal energy density, the laser energy is distributed more 

evenly across the powder bed, and the melting and consolidation of the particles 

occur gradually. As a result, the molten material has more time to solidify and 

coalesce, leading to a smoother surface finish and higher submillimetrical 

structures definition. 

 

Table 4.4: Conditions of the design of experiments and volumetric energy density 

𝟏 e 𝟐  according Equations 4.3, and 4.4 respectively. 

Condition 
𝑷 

[𝒘] 
𝑽 

[𝒎𝒎/𝒔] 
𝑫 

[𝝁𝒎] 
𝒉 

[𝝁𝒎] 
𝑯𝑫 

[𝝁𝒎] 
𝟏 

[𝒋 𝒎𝒎³]⁄  

𝟐 

[𝒋 𝒎𝒎³]⁄  

L-PBF - 1 150 750 40 60 120 28 6.4 

L-PBF - 2 240 750 40 20 40 400 10.2 

L-PBF - 3 150 1500 40 20 120 42 3.2 

L-PBF - 4 240 1500 40 60 40 67 5.1 

L-PBF - 5 150 750 60 60 40 83 4.2 

L-PBF - 6 240 750 60 20 120 133 6.8 

L-PBF - 7 150 1500 60 20 40 125 2.1 

L-PBF - 8 240 1500 60 60 120 22 3.4 

CP 195 1125 50 40 80 54 4.4 

 

Furthermore, using the parameters improved (condition L-PBF-6; Table 

3.4) with one of the largest relative density of 98% AlSi10Mg parts printed by 

laser powder bed fusion (L-PBF), a total of three submilimetrical structures – i.e. 

mushroom, inkpot, and lattice (see Figure 3.7) - were produced on the metal 

surface. Different leaning angles ranging from 0° to 90° with a 10° pitch (see 

Figure 3.6b) were tested to further evaluate the influence of downskin on the 

roughness influencing the 3D-printing integrity of the parts. The average surface 

roughness (Ra) as a function of the entire range of printing angles is shown in 

Figure 4.20. Figure 4.21 shows SEM images of these structures produced with 

selected parts printed at 0°, 45°, 90°. One can identify two plateaus of surface 
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roughness in Figure 4.20, the first from 0° to 50° with Ra of approximately 20 µm 

and the second from 60° to 90° with Ra of approximately 35 µm. 

 

 

Figure 4.19: Scanning electron microscopy (SEM) images and average 

roughness (Ra) of a submillimeter mushroom-like structure printed on the 

AlSi10Mg part at different laser powder bed fusion (L-PBF) conditions. a) 

condition 2 (L-PBF-2); b) condition 6 (L-PBF-6), see Table 3.4. 

  

 

Figure 4.20: Average surface roughness a L-PBF-printed part with mushroom-

like structures on the surface and parameters from condition L-PBF-6 (see Table 

3.4) at different leaning angles (see Figure 3.6b). The structured surfaces at the 

angles marked by the red triangle symbol plot are shown in Figure 4.21. 
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This increase in the average roughness occurs due to the effect of the molten 

pool constantly moving downward by gravity during solidification, and the tensile 

effect at the solid-liquid interface is not sufficient to restrain the movement of the 

molten pool [115,204]. Moreover, when the molten material solidifies, the 

surrounding powder is continuously absorbed and drawn around it, forming 

partially melted particles on the solidified surface [116], as shown for all structures 

depicted in Figure 4.21 in different leaning angles. Furthermore, for surfaces with 

submillimetrical structures, there is a collapsed of the structures in the part 

printing angle range of 50° to 90° caused by gravity during solidification, as 

depicted in the SEM images of Figure 4.21 for the submillimetrical surfaces 

(inkpot, lattice and mushroom) printed at angle of 90o. 

 

 

Figure 4.21: Images of scanning electron microscopy (SEM) of the AlSi10Mg 

printed surface with three types of submillimetrical structures (mushroom, inkpot, 

and lattice) (see Figure 3.7) manufactured with part printing angles of 0°, 45°, 90° 

(see Figure 3.6b). 
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The L-PBF-6 condition with a 45° printing angle, which resulted in a relative 

density of 98  0.7% and Ra of 21  6 m was selected based on the study of the 

influence of the L-PBF-parameters and leaning angle on the relative density, 

average roughness, and definition of the structures. Metal inserts without and 

with submillimeter structures (inkpot, mushroom, and lattice) were 3D-printed 

following this procedure. 

 

4.2.2 Lap-shear behavior of PC/AlSi10Mg joints  

The PC/AlSi10Mg hybrid joints were manufactured using an injection 

overmolding machine as a half-lap splice joint (Figure 3.11). Submillimetrical 

structures (inkpot, mushroom, and lattice) were printed on an area of roughly ¼ 

square inch (half the surface area of the recess of the metal insert) with 

parameters from condition L-PBF-6 and leaning angle of 45°. The as-built 

condition (without submillimetrical patterns) were additionally 3D-printed for 

comparison purposes. For manufacturing these joints, the optimized injection 

overmolding condition selected with AA6061 inserts was employed (Condition 4 

in Table 3.5). 

The PC/AlSi10Mg joints were subjected to lap-shear testing and 

experimental results are shown in Figure 4.22. Typical force vs. displacement 

curves are shown in APPENDIX G. PC/AlSi10Mg joints prepared with as-built 

and inkpot structured metal inserts presented very low ULSF and displacement 

at break values. In contrast, the lattice and mushroom metal structuring resulted 

in strong PC/AlSI10Mg joints with excellent ULSF of 1400 N ± 230 N and 1613 N 

± 303 N, respectively.  The highest ULSF value of PC/AlSi10Mg specimens 

corresponds to about 70% of the force required for the ductile failure of PC (2285 

N, value obtained in the tensile strength testing, Section 4.1.5) component to 

undergo yielding during lap-shear testing. 

 



88 
 

 
 

 

Figure 4.22: Ultimate lap-shear force (ULSF) of injection overmolded 

PC/AlSi10Mg joints injection overmolded in the optimized condition C4 (see 

Table 3.5). 

 

Optical microscopy images of the cross-section of PC/AlSI10Mg joints 

prepared with additive manufactured metal inserts with different surface 

structures are shown in Figure 4.23a-d. For the as-built AlSI10Mg structuring, the 

injection overmolded PC could wet and adhere to the metal surface irregularities 

produced by additive manufacturing (Figure 4.23a). In the case of the inkpot 

structuring, as shown in Figure 4.23b and indicated by the red arrow, the injection 

overmolded PC was unable to fill completely the inkpot cavities. This can be 

attributed to air trapping within the inkpot that prevents the molten polymer from 

infiltrating into the metal cavities [52,79,205]. The PC/AlSI10Mg joints prepared 

with the as-built metal structuring presented low ULSF (Figure 4.22). Likewise, 

the ULSF of the PC/AlSI10Mg joints prepared with the inkpot structuring was also 

low (Figure 4.22). For the lattice structuring, the injection overmolded PC partially 

filled the spaces between the metal structures; voids (indicated by the blue arrows 

in Figure 4.23c) are formed at the bottom of the metal structures. In the case of 
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PC/AlSI10Mg joints prepared with metal inserts containing mushroom structures 

on the surface, the injection overmolded PC filled the space between the 

structures completely, as shown in Figure 4.26d. The PC filling obtained in the 

lattice and mushroom structures made it possible to obtain good mechanical 

anchoring and thus strong PC/AlSi10Mg joints (Figure 4.22). The PC/AlSi10Mg 

joints prepared with metal inserts with lattice and mushroom structures on the 

surface achieved lap-shear strengths of 17.8 ± 2.9 MPa and 20.5 ± 3.8 MPa, 

respectively, if the joining area was assumed to be equal to the nominal area of 

the recess of the metal insert that had been structured by additive manufacturing, 

i.e., 6.35 x 12.4 mm2 (Figure 3.11). These lap-shear strengths are about 2-3 times 

higher than the 7.3 ± 0.4 MPa achieved for the PC/AA6061 joints prepared with 

laser-textured metal inserts (Section 4.1) and can be considered above-average 

when compared to those of other polymer-metal joints produced by injection 

overmolding with metal inserts structured with other techniques such as laser-

texturing [80–85,180], sandblasting [53,62,78,89,134,181–183], anodizing 

[56,96,184,185], additive manufacturing [91], electron beam surface structuring 

[186], chemical treatments [50,86–90] and silanization [99–102]. Studies on 

injection overmolded polymer-metal hybrid structures prepared with metal inserts 

produced by additive manufacturing are scarce in the literature. No data was 

found for the combination of materials used in this work. An example of the 

literature by Verma et al. [91] used lattice-structured 316L stainless steel inserts 

prepared by L-PBF to manufacture joints with glass-fiber reinforced 

polyaryletherketone composite (PAEK-GF). Joints presented outstanding pull 

strength and mixed cohesive failure, confirming the potential of this approach. 



90 
 

 
 

 

Figure 4.23: Optical microscopy (OM) images of the cross-section of 

PC/AlSi10Mg joints prepared with additively manufactured metal inserts with 

structured surfaces with: a) as-built; b) inkpot; c) lattice; and d) mushroom. Dark 

area: PC. White area: AlSi10Mg. Red arrow: the injection overmolded PC was 

unable to fill the inkpot cavities completely. Blue arrow: voids due to lack of 

polymer filling.   

 

4.2.3 Fracture analysis of PC/AlSi10Mg joints 

The failure mechanisms of the PC/AlSi10Mg hybrid joints subjected to lap-

shear testing depend on the surface structure applied to the metal insert. 

Photographs of the metal and polymer fracture surfaces of the joints are shown 

in Figure 4.24. 

PC/AlSi10Mg hybrid joints prepared with as-built metal inserts failed 

mostly due to interfacial shear failure, as shown in Figure 4.24a. In addition, SEM 

analysis (Figure 4.25) revealed a few metal particles - which were presumedly 
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weakly adhered to the metal surface - attached to the polymer surface (as 

illustrated by the red arrows in Figure 4.25b). This suggests that local cohesive 

fracture took place on the surface of the as-built lap-shear specimens. However, 

these polymer-metal interactions were not enough to ensure strong adhesion 

leading to weak joints with low ULSF value of 140 N ± 50 N (Figure 4.22). 

The PC/AlSI10Mg joints with inkpot-type structures likewise failed mostly 

due to interfacial shear failure (Figure 4.24b). SEM analysis (Figure 4.26) showed 

incomplete polymer filling in the metal cavities. SEM analysis also revealed 

isolated metal particles adhered to the polymer surface, as indicated by the red 

arrows on the polymer side (Figure 4.26d). This weak interfacial interaction also 

resulted in a low ULSF value (130 N ± 47 N), which is comparable to that of the 

joint with an as-built metal insert (Figure 4.24). 

In the case of PC/AlSI10Mg hybrid joints with lattice structuring, failure was 

caused by a combination of delamination at the ends of the metal side followed 

by a tear-out failure (Figure 2.7c) of the PC component outside the overlap zone 

(Figure 4.24c), indicating good interfacial adhesion, which led to an excellent 

ULSF value (Figure 4.22). The maximal interfacial strength of this structure, 

however, could not be determined due to ductile polymer fracture. The fracture 

mechanisms of polycarbonate have already been extensively studied in the 

literature and yield shear band deformation or occur by sliding in specific shearing 

planes [206,207]. Moreover, the shear bands, which are narrow, flat zones of high 

shear deformation, are started in locations with a stress concentration or minor 

internal or external imperfections [146]. Thus one may deduce that the crack 

initiation occurred at the ends of the region with lattice structures on the polymer 

side. 

The PC/AlSI10Mg joints with mushroom structuring failure occurred mostly 

due to cohesive fracture at the base of the metal mushrooms. This helps to 

confirm the presence of micro-mechanical interlocking between metal 

mushrooms and the polymer part (Figure 4.24d). SEM analysis indicates the first 

row of pins was fractured by the action of a mixture of local tensile and bending 

loads related to the secondary bending (Section 2.2, Figure 2.4), i.e. out-of-plane 
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loading, as depicted in Figure 4.27a (first row of mushrooms indicated by white 

arrows) showing stretched pins.  

 

 

Figure 4.24: Metal and polymer fracture surfaces of PC/AlSi10Mg hybrid joints 

prepared with additively manufactured and structured metal inserts subjected to 

lap-shear testing. a) As-built surface; b) Inkpot-like structures; c) Lattice 

structures; d) Mushroom-like structures. Hybrid joints were produced with the 

optimized parameters Condition C4 (Table 3.5) and L-PBF-6 (Table 3.4) for 

injection overmolding and 3D-printing of metal inserts, respectively.   

 

In Figure 4.27b shows an example of a stretched mushroom displaying this mixed 

type of cohesive failure. The adjacent rows were fractured by shear near the base 

of mushrooms (Figure 4.24b-c), as a change in the state of stress and strain 

distributions took place as the crack front propagates along the metal-polymer 

interface.  
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Figure 4.25: SEM images of the fracture surfaces of a PC/AlSi10Mg hybrid joint 

prepared with as-built L-PBF metal structuring subjected to lap-shear testing. a) 

metal surface; b) polymer surface (red arrows indicate metal fragments adhered 

to the polymer). 

 

 

Figure 4.26: SEM images of the fracture surfaces of a PC/AlSi10Mg joint 

prepared with inkpot metal structuring subjected to lap-shear testing. Metal 

surface: low (a) and high (b) magnifications; polymer surface: low (c) and high (d) 

magnifications (red arrows indicate metal fragments adhered to the polymer). 
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Figure 4.27: SEM images of the polymer fracture surface of a PC/AlSi10Mg joint 

prepared with mushroom metal structuring subjected to lap-shear testing. First 

row of mushrooms as indicated in Figure 4.24d: low (a) and high (b) 

magnifications; last row of mushrooms as indicated in Figure 4.24d low: (c) and 

high (d) magnifications. 

 

Digital image correlation (DIC) was also used to monitor the displacement 

fields during lap-shear testing and thus provide additional information regarding 

the failure mechanism of PC/AlSi10Mg joints. A sample with mushroom-like 

structuring was chosen due to its resulting highest ULSF value (1613 N, 4.2.2, 

Figure 4.22). as well as because of its distinctive fracture at the base of the 

mushroom-like structures (Figure 4.27). 

Figure 4.28a depicts the maximum principal displacement field of a loaded 

joint at 1 kN. On the displacement fields, a diagram depicting the dimensions and 

position of each structure mushroom head is superimposed. Moreover, the range 

of displacements values on the color map was constrained to 0.01 to emphasize 

the values in the region containing the mushroom-like structures due to the 

extremely high deformation values in the upper, final region of the polymer-metal 
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overlap on the polymer side. It is important to note that this is an exploratory study 

since a more complex DIC treatment must be conducted to account for out-of-

plane surface deformations. The calculated displacement fields in the polymer 

reveal a concentration of displacement in the lowest row of mushrooms, referred 

to as the first row. The second row is positioned in a zone with minimal 

deformation, showing that the first and second rows anchor the polymer and limit 

its deformation. In addition to the interfacial shear stress, the polymer component 

(PC) is subjected to a secondary bending at the region towards the end of the 

metal component (Figure 4.28b), similar to the secondary bending effect found 

for PC/AA6061 joints (Figure 4.13b). 

In a nutshell, as for the laser treated AA6061 substrates, the AlSi10Mg 

structured substrate joint showed improved bonding strength at the interface by 

mechanical micro-anchoring of the PC to the 3Dprinted structures (i.e. the 

submilimetrical structures), especially the mushroom and lattice types. Similarly, 

Verma et al. [91] obtained high mechanical strength joints by soft anchoring 

glass-fiber reinforced polyaryletherketone (PAEK-GF) on 3D-printed steel 

substrates with different surface structures. Finally, it is important to add that 

covalent bonds may also have occurred between the CP and the metal insert, as 

identified in the studies of Li et al. [57] and Goushegir et al. [58] 

Another side-study led by the PhD-thesis author also used those metal 

inserts with mushroom-like structures printed in condition L-PBF-6 to produce 

strong PC/AlSi10Mg hybrid joints entirely through additive manufacturing, in 

which PC was deposited on the metal side by fused filament fabrication (FFF) 

[16]. The large lap-shear strength results reported in this s study help to support 

the choice of the mushroom structures as the most adequate submillimetrical 

feature when combining AlSi10Mg with PC. 
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Figure 4.28: Images captured by digital image correlation (DIC) analysis for a 

PC/AlSi10Mg joint with mushroom-like metal structuring. a) frontal view: the 

maximum principal deformation at load level of 1 kN. On the displacement 

composition, a schematic depicting the position of the mushroom-like structures 

is superimposed; b) lateral view: Quiver diagram of displacement direction 

showing a secondary bending in the polymer side. 
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4.2.4 Fatigue behavior of PC/AlSi10Mg joints  

PC/AlSi10Mg hybrid joints with mushroom-like metal structuring were 

subjected to fatigue testing at 4 loading levels: 30%, 40%, 50% and 70% of the 

ULSF following the same procedure adopted for the PC/AA6061 hybrid joints and 

described in Section 3.14 Fatigue testing. The resulting S-N curve is shown in 

Figure 4.29. 

 

 

Figure 4.29: Force-life (S-N) curve in tensile mode (R = 0.1) at 5 Hz at load levels 

of 30%, 40%, 50%, and 70% of the ULSF for PC/AlSi10Mg joints with mushroom-

like metal structuring produced in the optimized injection overmolding. The 

experimental data were fitted by a log-linear (exponential) model (Equation 3.2). 

 

The PC/AlSi10Mg hybrid joints with mushroom-like metal structuring 

presented distinct failure modes as a function of the loading level in the fatigue 

test. PC/AlSi10Mg hybrid joints subjected to 70% loading showed mixed failure 

by delamination, cohesive fracture of the metal pins, and the formation of 
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transverses cracks in the polymer part near the metal end and in the metal insert 

near the beginning of the recess (Figure 4.30a). One can also see two distinct 

fracture zones of metal mushrooms (separated by the dashed red line in Figure 

4.30a. The first zone (Figure 4.30a-i) comprehends the central mushrooms 

except for the first row. The second zone (Figure 4.30a-ii) consists of the contours 

of the first zone involving part of the first row (near the tip of metal insert). 

Figure 4.31a-d  shows SEM images of the contour zone (zone (i)) for both 

metal and polymer sides for the regions demarcated by the red squares in Figure 

4.30a. One can see presence of ductile fracture of the mushroom-like structures, 

which broke at their base, leaving shallow oval holes on the metal surface (Figure 

4.31the crack initiation in the base of the fracture mushrooms followed a stable 

crack propagation (beachmarks) and a final failure (Figure 4.31b) are 

characteristics of fatigue failure. This suggests a slower crack propagation in this 

zone [208]. This ductile fracture with slow crack propagation indicates that the 

interfacial failure of the PC/AlSi10Mg joints with mushroom-like structures 

originated near the endpoints of the structured area, mainly in the first mushroom 

row. Possibly at this loading level of 70% of ULSF, the first row undergoes greater 

deformation, as observed by digital image correlation (DIC) in Figure 4.28, 

justifying slow crack propagation during each applied loading cycle in the 

mushroom structures on the first row. Figure 4.32 shows SEM images of the 

central zone (zone ii) for both metal and polymer side, a magnified view of the 

region demarcated by the yellow squares in Figure 4.30a, a unique brittle shear 

fracture is observed. Therefore, after initial ductile fracture of the mushrooms in 

the contour zone, cracks appear to propagate toward the central zone, whereby 

the mushrooms fracture rapidly, evidencing a brittle fracture surface. 

PC/AlSi10Mg joints subjected to 50% and 40% loads showed brittle 

fracture in the PC near the first row of the metal pins (Figure 4.30b). PC/AlSi10Mg 

joints subjected to 30% loading withstood 106 cycles without failure, as for the 

case of PC/AA6061 hybrid joints. The experimental data of the S-N curve were 

fitted by a log-linear (exponential) expression.  
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Figure 4.30: Metal (left) and polymer (right) fracture surfaces of PC/AlSi10Mg 

joints with mushroom-like metal structuring produced in the optimized injection 

overmolding subjected to fatigue (tensile; R = 0.1; 5 Hz) testing at loading levels 

of a) 70% (image above), b) 40%-50% (image below) of ULSF. 
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Figure 4.31: Zone (ii) showed in Figure 4.30 of the fracture surface of a 

PC/AlSi10Mg joint with mushroom-like structuring after fatigue testing at 70% of 

ULSF. Low (a) and high (b) magnifications of the fracture surface of the base of 

mushroom-like structures on the metal part; low (c) and high (d) magnifications 

of the fracture surface of the polymer part showing the base of mushroom-like 

structures ruptured and attached to the polymer part. 
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Figure 4.32: SEM images of the zone (i) of the fracture surface of a PC/AlSi10Mg 

joint with mushroom-like structuring after fatigue testing with 70% loading. Low 

(a) and high (b) magnifications of the fracture surface of the base of mushroom-

like structures on the metal side; Low (c) and high (d) magnifications of the 

fracture surface of the base of mushroom-like structures on the polymer side. 

 

The run-out PC/AlSi10Mg hybrid joints subjected to fatigue testing at 30% 

ULSF were subjected to quasi-static lap-shear testing to evaluate residual lap-

shear strength. Results revealed a 93% residual joining strength, as shown in 

Table 4.5. This suggests that the endurance limit of the PC/AlSi10Mg joints is 

close to 30% of the ULSF, similar to that observed for the PC/AA6061 joints 

(Figure 4.14).  
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Table 4.5: Ultimate lap-shear force (ULSF) of run-out PC/AlSi10Mg hybrid joints 

with mushroom-like structuring.  

PC/AlSi10Mg ULSF [N] 

Before fatigue testing 1610 ± 60 

After 106 fatigue cycles 1495 ± 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 

 

5. CONCLUSIONS 

In this study, hybrid joints of polycarbonate (PC) and aluminum alloys 

AA6061 and AlSi10Mg were manufactured by injection overmolding, followed by 

an in-depth study on processing conditions, adhesion mechanisms, short and 

long-term mechanical strengths and hygrothermal stability. 

In the first part, injection-overmolded PC/AA606 joints with laser-textured 

metal inserts machined from rolled sheets were produced and characterized. 

Using design of experiments (DoE) and analysis of variance (ANOVA), it was 

shown that the injection overmolding parameters barrel temperature, holding 

pressure and injection speed played positive effects on the filling degree of 

polymer into the laser-textured grooves on the metal surface, which direct 

contributed to the lap-shear strength of the joints. Under optimized injection 

overmolding conditions – barrel temperature 330 °C, holding pressure 1000 bar, 

injection speed 80 cm3/s (with mold temperature fixed at 110 °C) – joints reached 

ultimate lap-shear force (ULSF) of 2.249 N ± 53 N (overlap area of 12.7 mm x 

24.8 mm) thus proving a lap-shear strength of 7.2 ± 0.5 MPa, which is comparable 

to the shear strength of other related joints shown in the literature. PC/AA6061 

joints exhibited mixed (adhesive and cohesive) failure with pull-out of the grooves 

at the metal end on the polymer side. Digital image correlation (DIC) analysis 

revealed out-of-plane forces in the joint causing secondary bending on the 

polymeric side. PC/AA6061 joints showed excellent mechanical durability in 

fatigue tests withstanding 106 cycles at 30% ULSF, indicating the endurance limit 

is close to this, with residual ULSF of 1315  285 N. Also, PC/AA6061 joints 

exhibited excellent hygrothermal stability after aging at 80 oC during 30 days, with 

residual ULSF of 2236  253 N. Additional studies on hygrothermal aged PC 

specimens suggested two competing mechanisms - water absorption and 

physical aging - that appear to balance stiffness and strength of the polymer while 

reducing ductility, with no significant effect on the joining strength. 

 In the second part, injection-overmolded PC/AlSi10Mg joints with additive 

manufactured metal inserts were produced and characterized. DoE and ANOVA 

analysis revealed that laser powder bed fusion (L-PBF) printing conditions, laser 

power and hatching distance had a positive impact on the relative density of 
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printed parts and other factors (layer height, scan speed, and laser spot diameter) 

showed negative impact. On optimized L-PBF conditions - laser power 240 W, 

layer height 20 µm, laser scan speed 750 mm/s, laser spot diameter 60 µm and 

hatching distance 120 µm - parts with relative density of 98% were produced. 

Following, submillimetrical mushroom, inkpot and lattice shaped structures were 

printed on the metal surface to provide anchoring with the polymer part. The 

leaning angle between the printed part with submillimetrical pattern on the surface 

and the laser beam proved crucial for achieving a smoother surface. Two 

roughness plateaus were found, the first between 0° and 45° with an average 

roughness of 20 µm and the second between 50° and 90° with an average 

roughness of 35 µm. PC/AlSi10Mg joints manufactured with optimal injection 

parameters attained ULSF values of 1400 N ± 230 N and 1613 N ± 303 N, 

respectively, for metal inserts containing lattice and mushroom structures on the 

surface. Considering a structured area of 6.35 mm x 12.4 mm, the lap-shear 

strength for these joints were, respectively, 17.8 MPa ± 2.9 MPa and 20.5 MPa ± 

3.8 MPa. These are above-average when compared with other injection 

overmolded polymer-metal joints with metal inserts structured with other 

techniques. In addition, a significant effect of secondary bending on the polymeric 

side was observed DIC analysis. Furthermore, an endurance limit close to 30% 

ULSF (samples withstand 106 cycles with residual ULSF of 1495  54 N) was 

identified in dynamic fatigue testing for PC/AlSi10Mg with mushroom-like 

structures on the metal surface. Additive manufacturing shows high potential for 

structuring complex shapes on micrometric scales on the metal surface to 

increase polymer-metal adhesion. This sort of structure with a high level of 

complexity can be a viable choice for future applications in industries that employ 

additive manufacturing to produce metal inserts with subsequent hybridization 

with polymers. 
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6. SUGGESTIONS FOR FUTURE STUDIES 

This Ph.D. dissertation enabled the manufacturing and optimization of PC-

aluminum alloys injection-molded hybrid joints with excellent joining strength. 

Moreover, it contributed to the knowledge of the mechanical behavior of hybrid 

joints with direct-adhesion when subjected to cyclic load, a scarce topic in the 

literature. Furthermore, for the first time, the hygrothermal aging of polymer-metal 

hybrid joints produced with injection overmolding was investigated, as well as the 

use of 3D printed aluminum substrates with submillimeter-scale pattern of the 

surface under lap-shear tests. However, this work dealt with a complex system 

of different material classes and topics and the following future investigations are 

needed: 

• A comprehensive examination of the effects of laser texturing on the 

microstructure of the surface of AA6061 component should be conducted. 

• AA6061 inserts with deeper grooves and smaller textured area should be 

employed in order to estimate the maximum joining strength of the 

PC/AA6061 joint. 

• Use dynamic mechanical analysis (DMA) for the determination of the glass 

transition temperature (Tg) of PC samples before and after hygrothermal 

aging. 

• Use nanohardness on the polymer side of PC/AA6061 joints and DIC 

testing for the joints after hygrothermal aging tests to investigate the 

phenomena involving changes in polymer stiffness by physical aging and 

release of residual stresses. 

• Apply finite element analysis (FEA) to support the understanding of the 

mechanical behavior of injection overmolded hybrid joints. 

• Finite element modeling and topology optimization of the texturing profile 

patterns on the micrometric/submillimeter scale to further improve the 

quasi-static and cyclic mechanical performance of L-PBF/Polymer hybrid 

joints. 
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APPENDIX A 

Using a Pareto chart (Figure A.1) with a significance level (α) of 0.05, it 

was shown that all five studied L-PBF parameters (laser power, scan speed, laser 

spot diameter, layer height and hatching distance) play a significant influence on 

the relative density of the AlSi10Mg printed parts, with layer height and laser 

power showing the highest influence on the relative density. Moreover, the Pareto 

Chart indicates that only two-way interaction influencing the relative density is the 

laser scan speed-laser spot diameter; however, only at a small level. Other 

interactions do not show a significant level of influence on the density. 

As shown in the main effect plots of Figure A.2, the laser power positively 

affected the relative density since aluminum alloys require high energy to melt 

due to their low electromagnetic absorption and high reflectivity [209]. In contrast, 

relative density exhibited a negative dependency on scanning speed, laser spot 

diameter, and layer height since the energy delivered by the laser is inversely 

proportional to these factors [124]. The hatching distance showed a positive effect 

on the relative density of the AlSi10Mg inserts, as shown in reference [161]. 

 

 

Figure A.1: Pareto chart of standardized effects for relative density of AlSi10Mg 

printed parts via L-PBF. 
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Figure A.2: Main effect plots illustrating the influence of the laser powder bed 

fusion (L-PBF) parameters (laser power, scan speed, spot diameter, layer height 

and hatching distance) on the relative density of AlSi10Mg printed parts. 

 

Table A.1: Analysis of variance (ANOVA) of the ultimate lap-shear force of 

PC/AA6061 hybrid joints. 

Source DF Adj SS Adj MS F-Value p-Value 

Model 8 138.194 172.743 40.73 0.001 

  Linear 5 118.318 236.637 55.80 0.001 

    Laser power 1 44.282 442.817 104.42 0.001 

    Laser scan speed 1 12.327 123.267 29.07 0.001 

    Laser spot diameter 1 8.882 88.817 20.94 0.001 

    Layer Height 1 47.602 476.017 112.25 0.001 

    Hatching distance 1 5.227 52.267 12.32 0.002 

  2-Way Interactions 2 2.308 11.542 2.72 0.093 

    Scan speed*Laser spot 
diameter 

1 2.282 22.817 5.38 0.032 

    Scan speed*Hatching 
distance 

1 0.027 0.0267 0.06 0.805 

Error 18 7.633 0.4241   

Total 26 145.827    

 

 

 

 

 

 



133 

 

APPENDIX B 

 

Figure B.1: PC tensile specimens with dimensions according to ASTM D638 - 

Type I. 
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APPENDIX C 

Table C.1 provides the image acquisition system technical specifications and 

setup. Moreover, the details of the DIC analysis parameters and software are 

detailed in Table C.2.  

 

Table C.1: Details of the used cameras and image acquisition settings. 

Camera Canon EOS 5DS* 

Definition 8736x5856 

Color filter Bayer 

Gray level amplitude 14 bits 

Lens Macro 180 mm 

Aperture F8 

Image scale 11.4 µm/px (FC) and 3.7 µm/px (LC)* 

Image acquisition rate 4 s 

Exposure time 1/10 

Patterning technique Sprained paint 

• A Canon EF 2x lens extender was used to better image acquisition. 

 

Table C.2: Digital Image Correlation (DIC) software and analysis parameters. 

DIC software Correli 3.0 framework 

Image filtering None 

Shape functions Linear (T3) 

Element length Variable 

Matching criterion Regularized sum of squared functions 

Strain calculation Strain derivative of shape functions 
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APPENDIX D 

 

Figure D.1: Typical force-per-displacement curve for PC/AA6061 joints with a 

metal insert laser textured with 4 scans and injected overmolded using design of 

experiments parameters depicted in Table 3.5. 

 

Figure D.2: Displacement at the break of injection molded PC/AA6061 joints 

injection overmolded in different conditions (see Table 3.5). 
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APPENDIX E 

 

 

Figure  E.1: pvT diagram of polycarbonate (PC). Extracted from reference [210]. 

 

 

 

 

 

 

  

 

 

 

 

 



140 
 

 
 

 



141 

 

APPENDIX F 

 

Figure F.1: Typical force-per-displacement curve for a PC/AA6061 joint with a 

metal insert laser textured with 8 scans (grooves with depth of 65 µm) injection 

overmolded at the optimized condition. 

 

 

Figure F.2: Laser scanning confocal image and height profile of the laser textured 

AA6061 surface. On the left-hand side a 3D surface image and on the right-hand 

side the surface profile. Laser texturing parameters: frequency 20 kHz, scan 

speed 500 mm/s and 8 scans. 
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APPENDIX G 

 

Figure G.1: Typical force-per-displacement curve for PC/AlSi10Mg joints with a 

metal insert produced with laser powder bed fusion (L-PBF) with different surface 

structures (Inkpot, Lattice and Mushroom; see Figure 3.7). 

 

Figure G.2: Displacement at the break of injection overmolded PC/AlSi10Mg 

joints injection overmolded in the optimized condition C4 (see Table 3.5). 


