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1. Background 

 

1.1. Multi-material structure 

  Carbon dioxide (CO2) gas is one of the main green-house gases that causes global 

warming around the world. Automobiles are responsible for about 12% of CO2 emission in entire 

EU CO2 emission [1.1]. The fuel efficiency of vehicles must be improved to reduce the CO2 

emission. Figure 1.1 shows actual fuel efficiency in US reported in 2019 and future fuel efficiency 

targets of key vehicle markets [1.2, 1.3]. EU, China, Canada and US are planning to increase the 

fuel efficiency around 2~3 km/l from 2020 to 2025. US needs rapid increase in a fuel efficiency 

to achieve the target of 17 km/l in 2020 because the actual fuel efficiency in 2019 of US was about 

11 km/l.  

Reducing the body weight of automobiles is one of the most promising ways to increase 

the fuel efficiency. Lightweight vehicle bodies require a lower amount of energy to move 

regardless of the propulsion system because frictional force decreases with a decrease in the mass. 

It can be also accelerated and decelerated easily because acceleration is expressed by an equation 

of force divided by the mass [1.4]. Many researches have been carried out to investigate the effect 

of car body weight reduction on the fuel efficiency. Isenstadt et al. reported that 10% reduction of 

vehicle body weight improves 5.1% of the fuel efficiency [1.4] and Cheah et al. insisted that 10% 

reduction of car body weight increases the fuel efficiency by 6.9% [1.5]. The multi-material 

Fig. 1.1 Change in fuel efficiency targets in each country with year and actual fuel 

efficiency in US in 2019 [1.2, 1.3]. 
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structure, which is composed of high tensile strength steel (HTSS), light metals, and polymers, 

has been adopted to an automobile body to decrease the vehicle body weight. Figure 1.2 shows 

an example of the vehicle body built based on the multi-material structure concept [1.6]. The body 

weight of vehicles could be reduced about 30% when carbon fiber reinforced plastics (CRPPs) 

are adopted to automotive components with steels [1.7]. There is a case which successfully 

reduced the body weight around 100 kg by using the CFRP and Al alloy together in the body 

structure [1.8]. The multi-material structure includes joint parts between metals and polymers. 

Joining dissimilar materials is a key technology for the practical application and design for the 

multi-material structure.  

Suzuki et al. [1.9] reviewed various joining technology for joining metals and polymers. 

Table 1.1 summarizes metal/polymer joining methods and associated advantages and 

disadvantages. Adhesive, mechanical fastener, and thermal joining are the representative joining 

methods. All the joining methods have several advantages and disadvantages. For example, the 

adhesives distribute stress over the entire bonded interface. However, the adhesives could degrade 

with high temperature and humid conditions [1.10] and require much processing time for curing. 

The mechanical fasteners indicate high joint strength and durability, however, stress concentration 

and increase in the body weight and the number of components are the main issue. The thermal 

joining is a direct joining method which does not use the adhesives and mechanical fasteners. The 

thermal joining is possible when a polymer material is melted and contact with a metal surface. 

The method utilizes mechanical interlocking which acts when the liquid polymer interlocked with 

asperities (e.g. dimples, grooves, and protrusions) on the metal surface. The formation of chemical 

Fig. 1.2 An example of vehicle body built by multi-material structure concept [1.6]. 
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bonding at the interface formed during the thermal joining process is often responsible for the 

adhesion. Stress anisotropy is the main issue with this method. The joint strength decreases when 

a stress is applied perpendicular to the interface [1.11]. Thus, it cannot be concluded that which 

method is the best among general joining methods. However, it is important to solve the 

disadvantages of each method to extend the scope of application. The present study focuses on 

solving disadvantages of the thermal joining. 

 

1.2. Characteristics of metal/polymer direct joining 

Several well-known factors which influence the joint strength of directly joined 

metal/polymer hybrid structure are reviewed here.  

 

1.2.1. Surface wetting 

Wetting the surface of a metal by a polymer is the most essential because a penetration 

of the polymer into asperities formed on the metal substrate and the formation of chemical 

bonding does not occur without an intimate contact between the metal and polymer. Figure 1.3 

illustrates the relationship among the surface tension of the liquid (γL), solid (γS) and the surface 

tension between the liquid and solid (γLS). The wettability (A) between the liquid and solid 

substrate is given by following Young’s equation. 

𝛾𝑆 −  𝛾𝐿𝑆 = 𝛾𝐿 cos 𝜃     (1.1) 

where 𝜃 is the contact angle and used as a measure for indicating the wettability. Low contact 

angle indicates good wettability. The contact angle value of 90° is usually a criterion for a wetting 

Table 1.1 Metal polymer joining methods and comparison [1.9]. 
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or non-wetting condition. The work of adhesion (W) is defined as a required work to separate the 

liquid and solid from the interface.  

𝑊 = 𝛾𝑆 +  𝛾𝐿 − 𝛾𝐿𝑆     (1.2) 

γS + γL indicates the tensions of new surfaces created by separating the solid metal and liquid 

polymer and γLS indicates the surface tension arising on the metal/polymer interface. More energy 

is needed to seperate the liquid polymer from the solid metal surface by an increase in the work 

of adhesion. Substituting Eq. (1.1) into Eq. (1.2), the following equation is obtained. 

𝑊 = 𝛾𝐿(1 + cos 𝜃)     (1.3) 

The work of adhesion increases with increasing γL and decreasing the contact angle. γL is a unique 

value for each liquid, while the contact angle is affected not only the combinations of solids and 

liquids, but also the chracteritics of the solid surfaces including the morphology and functional 

group [1.12]. In summary, the low contact angle is favorable to join metals with polymers easily 

and obtain high joint strength. 

 

1.2.2. Chemical bond  

There are two kinds of bond, primary and secondary bonds. Metallic bond, covalent 

bond, and ionic bond are the primary bonds. Van der Waal’s force is the most basic secondary 

bonds. The primary bond is stronger than the secondary bond in nature [1.13]. However, the 

primary bond basically does not act between metals and polymers. Therefore, the secondary bond 

largely contributes the adhesion between metals and polymers [1.14]. 

The metallic bond and covalent bond act mainly in metal and polymer materials, 

respectively. Traditionally, it was thought that these materials cannot be welded because they have 

different types of bond in nature [1.14]. However, it has been found that some polymer materials 

can be welded to metals. Katayama et al. [1.15] demonstrated the weldability between a 

Fig. 1.3 Schematic illustration of a liquid drop on a solid sheet showing contact 

determined by the balance among the surface tensions. 
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polyethylene terephthalate (PET) and a stainless-steel plate. Cr oxide and an intimate contact of 

atoms were formed at the interface of the PET/steel joint structures. Arkhurst et al. [1.16] welded 

a carbon fiber reinforced plastic (CFRP) with a Mg alloy by hot-pressing at the temperature higher 

than the melting point of the polymer matrix. The matrix for the CFRP was thermoplastic 

polyurethane, which contains C=O functional group. It was found that Mg oxide was formed 

along with the Mg alloy/CFRP interface, resulting in high joint strength. Kondoh et al. [1.17] 

joined a pure Ti substrate with polyamide66 (PA66), polystyrene (PS) and PET substrates by hot-

pressing. The PA66 and PET substrates were able to be joined with the Ti substrate in the case 

that the joining temperature increased close to the melting temperature of each polymer material 

as indicated in Fig. 1.4 (a). It was found that Ti oxide was formed along with the Ti/polymer 

interface. In constant, the PS substrate was not joined with the Ti substrate. The structural 

formulas of the used polymers are shown in Fig. 1.4 (b). The authors insisted that the PA66 and 

PET contains C=O/C-O functional groups, which facilitated the formation of the Ti oxide.  

Isoyama et al. [1.12] summarized adhesion characteristics between polymer and Al 

surface. The adhesion force between the Al surface and polymer can be divided into hydrogen 

bonding and Van der Waal’s force. Van der Waal’s force is also divided into dipole-induced dipole 

interaction and dispersion bond. The hydrogen bond and dispersion force are the strongest and 

weakest secondary bond, respectively. The hydrogen bond is formed when OH group on the Al 

surface interacts with O atom in polymer.  

It seems that functional groups in the polymers play an important role in the joinability 

between metals and polymers. 

Fig. 1.4 (a) Change in lap shear strength of Ti/polymers lap joints formed by hot-

pressing as a function of joining interfacial temperature and (b) chemical structural 

formula of each polymer [1.17].  
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1.2.3. Mechanical interlocking  

 Mechanical interlocking functions properly only when the polymer in liquid phase 

interlocks with the asperities. Mechanical interlocking almost always contributes to adhesion 

between polymers and metals. It is believed that adhesion is possible only by mechanical 

interlocking when chemical bonding does not act [1.14]. According to Kondoh et al [1.17], the 

PS substrate was not able to be joined with aluminum substrate. However, Taki et al. [1.18] joined 

Al substrates with polybutylene terephthalate (PBT), acrylonitrile butadiene styrene (ABS) and 

PS substrates by injection molded joining process. The Al substrate was textured by laser ablation 

before the joining process. Groove morphology formed on the metal surface facilitates mechanical 

interlocking with all types of polymers, resulting in the high joint strength. Schricker et al. [1.19] 

also demonstrated that polycarbonate (PC) was not joined with a steel substrate with smooth 

surface, but could be joined with the surface textured metal by laser. In addition, the joint strength 

of a stainless-steel/polyamide-6 (PA6) hybrid structure greatly improved with the surface grooves. 

Obviously, polymer materials which include unfavorable functional group for forming chemical 

bonding with a metal surface can be joined with the metal if mechanical interlocking is adopted.  

 

1.2.4. Stress singularity 

 One of the problems for joining metals and polymers is a stress singularity generated at 

the interface edge. The large difference in the mechanical characteristics between metals and 

polymers (e.g. Poisson’s ratio and Young’ modulus) is the main reason for the stress singularity. 

The value of the singularity is theoretically infinite [1.20]. This interface edge of the metal and 

polymer joint often becomes the origin of failure, therefore, it is important to reduce the 

singularity to improve the metal/polymer joint strength. 

 Suzuki et al. [1.21] carried out experiments and a computational analysis to reduce the 

stress singularity of Al/epoxy resin joints by introducing interpenetrate phase layer (IPL) at the 

interface of the Al and epoxy resin. An open porous layer was formed on the Al surface, followed 

by an infiltration of the epoxy resin into the porous layer. The Al and epoxy resin three-

dimensionally interlocked each other at the porous layer and formed the IPL. The joint strength 

increased with an increase in the thickness of the IPL as shown in Fig. 1.5. The IPL which 

indicates the medium mechanical properties between the Al and epoxy resin reduced the singular 

stress (von Mises stress), resulting in increasing in the joint strength.  
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1.3. Metal/polymer direct joining through mechanical interlocking 

 Plastics can be divided into two groups, thermoplastics and thermosettings. The main 

difference between the thermoplastics and thermosettings is that the thermoplastics can be melted 

again at high temperature whereas the thermosettings cannot. The thermoplastics are getting 

attention as a matrixes of a fiber reinforced polymer [1.22]. According to Jones [1.23], the 

thermoplastics are classified into two groups, semi-crystalline and amorphous thermoplastics. The 

amorphous thermoplastics consist of chain molecules without periodicity. The thermoplastics 

which have the repeated molecule chain units are the semi-crystalline thermoplastics. The semi-

crystalline thermoplastics consist of amorphous and crystalline phases. The direct joining through 

mechanical interlocking often carried out with the thermoplastics because it associates with 

polymer melting process. 

The mechanical interlocking, which is also called anchor effect or hooking, is a critical 

factor for the direct joining between metals and polymers as mentioned in section 1.2.4. The 

intrusive and protrusive morphology on the metal surface facilitate the transmission of an applied 

external force along the surface [1.24]. The joint strength significantly depends on the presence 

of the undercut [1.25], which is defined as a space formed by the removal or deposition of the 

material on the surface. In short, distributing the external force through the surface by forming 

the undercut on the surface is a critical point for the mechanical interlocking.  

 The metal/polymer direct joining process utilizing the mechanical interlocking involves 

metal surface modifying and joining processes. Previous researches were briefly introduced in 

this section.  

Fig. 1.5 Effect of thickness of the interpenetrating phase layer (IPL) on the singular 

stress and tensile strength of Al/epoxy joint via the IPL [1.21]. 
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1.3.1. Metal surface modifying process 

 The surface morphology of a metal surface is responsible for changing in the joint 

strength of the metal/polymer hybrid structure. The schematic illustration and an example 

modified surface are shown in Fig. 1.6. Laser surface texturing [1.11, 1.18, 1.26-1.31] and 

chemical etching [1.25, 1.32-1.36] are used to fabricate pores or grooves on the metal surface. 

Sand blasting [1.37-1.40] is also used to form the rough metal surface. Rodriguez-vidal et al. 

[1.28] modified a metal surface using laser ablation. Grooves were formed and molten metal 

material was re-casted around the grooves during the laser ablation process. They changed the 

number density, depth, and width of grooves and height of the re-casted structure by changing the 

number of the laser scanning. The aspect ratio of grooves, height of the re-casted structure and 

number density of the grooves indicated a positive correlation with the joint strength. Nagato et 

al. [1.34] controlled the depth and diameter of dimples by electrochemical process. The joint 

strength increased as the depth and diameter of the dimple increased. Kleffel et al. [1.25] modified 

a metal surface by electrochemical method. Tensile strength of the metal/polymer joint was 

Fig. 1.6 Schematic illustrations of surface treatment processes for modifying metal 

surfaces and their example images of surface structures; (a) laser ablation [1.18], 

(b) sand blasting [1.37], and (c) chemical etching [1.32]. 
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measured, and roughness parameters were not enough to explain the joint strength perpendicular 

to the joining surface. The presence of the undercut was responsible for the high joint strength. 

Kajihara et al. [1.37] and Lucchetta et al. [1.39] modified a metal surface by sand blasting and 

found that the roughness parameter related with the depth showed a positive correlation with the 

joint strength. Li et al. [1.40] treated a metal surface by sand blasting and found that the metal 

surface with homogeneously distributed many large holes was beneficial for increasing the joint 

strength. These studies measured the morphology of the metal surface quantitatively and 

demonstrated that the joint strength significantly depending on the morphology of the metal 

surface.  

 

1.3.2. Joining processes and metal/polymer joint characteristics 

 Many kinds of joining processes have been carried out for joining metals and polymers. 

Injection molded direct joining, laser assisted welding, ultrasonic welding, friction (spot) stir 

welding, resistance spot welding, and hot-pressing are the representative thermal joining process. 

Schematic illustrations of the metal/polymer joining process are shown in Fig. 1.7. 

Schematic illustration of the injection molded direct joining process is shown in Fig. 1.7 

(a). The injection molded direct joining is based on the injection molding technique. A surface 

modified metal is put in a mold, followed by the injection molding of a polymer. Taki et al. [1.18] 

produced laser-textured Al/polymer lap joints by the injection molded direct joining. The joint 

strength increased with increasing the temperature of nozzle and mold. The viscosity of the 

polymer decreased with increasing the temperature, resulting in the enhanced penetration of 

polymer into the grooves. Kimura et al. [1.33] joined Al and polymers by injection molded direct 

joining. The Al substrate was textured by laser before the joining process. The joint strength 

increased with increasing the molding pressure and decreasing the injection speed. The infiltration 

of the polymer improved due to the high pressure. Viscous resistance decreased with a decrease 

in the injection speed. 

Figure 1.7 (b) shows schematic illustration of the ultrasonic welding process. Balle et 

al. [1.41] reviewed the ultrasonic welding process and investigated the effects of process 

parameters on the joint characteristics and possible joining mechanism. The ultrasonic welding 

process is characterized by low energy input, low temperature, and short welding time. The 

ultrasonic welding process is suitable for welding CFRPs and Al alloys. The direction of 

oscillation, welding force and oscillation amplitude were optimized for increasing the joint 

strength. The carbon fiber bundles without the polymer matrix were able to be welded to the Al 

surface. The interface of the CFRP/Al joint welded by the ultrasonic process showed that the Al 

and carbon fibers were interlocked, and the polymer was displaced out from the interface. It was 

thought that the interlocking of the Al and carbon fibers is the main reason for the weldability of 
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the Al/CFRP by the ultrasonic process. Yeh et al. [1.13] utilized the ultrasonic technique to 

fabricate an Al/ABS hybrid joint. A laser was used for texturing the Al surface before joining. 

Surface grooves facilitated interlocking with the ABS polymer, which made it possible to join the 

metal and polymer. The joint strength increased with an increase in the mold temperature during 

the joining process.  

The laser welding is characterized by high power input at high speed in short time. The 

schematic illustration is shown in Fig. 1.7 (c). The stacked metal/polymer substrates are irradiated 

Fig. 1.7 Schematic illustrations of metal/polymer joining process; (a) injection 

molded direct joining [1.33], (b) ultrasonic welding [1.40], (c) laser welding, (d) 

friction assisted welding, (e) resistance spot welding and (f) hot-pressing. 
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by the laser. In the case of the polymer with high transparency, the metal surface can be heated by 

laser irradiating on the polymer side. In the case of the polymer with low transparency, the 

polymer is heated by thermal conduction from the metal substrate irradiated with the laser 

Katayama et al. [1.17] firstly developed the metal/polymer laser direct welding. Stainless-steel 

and PET substrates were used as joining materials. Transmission electron microscopes (TEM) 

demonstrated that tight bond in atomic level was formed. Bubbles were formed around the 

metal/polymer interface. It was thought that the molten polymer expanses rapidly due to the 

generation of the bubbles, resulting in penetrating the molten polymer into the asperities on the 

metal substrate. The authors insisted that both mechanical interlocking and chemical bonding 

contributed the joint strength. Lambiase et al. [1.42] investigated the effects of process parameters 

of the laser spot welding on the mechanical behavior of a laser-textured Al/polyetheretherketone 

(PEEK) hybrid joint. Laser power and laser heating time were adjusted. The metal/polymer 

interface joining temperature increased with an increase in the laser power and heating time. 

However, the PEEK degraded by longer heating time, resulting in the reduced joint strength. 

Higher laser power with short welding time was favorable for high joint strength.  

 The friction assisted welding is schematically illustrated in Fig. 1.7 (d). When the 

welded region is spot, the processes are called friction spot welding. Amancio-Filho et al. [1.43] 

demonstrated the feasibility of the friction assisted welding. The friction assisted welding is 

characterized by operation simplicity and short joining cycles. Metals and polymers are stacked 

together, followed by rotating a tool on the metal to generate friction heat. The mechanical 

interlocking between two materials is achieved during the friction process. It is thought 

mechanical interlocking and chemical bonding are contributing factors for the friction assisted 

welding. Goushegir et al. [1.44] examined the effect of process parameters on the mechanical 

performance of an Al/CFRP (polyphenylene sulfide matrix, PPS) joint. The joining pressure, 

joining time, sleeve plunge depth, and rotating speed were controlled as the process parameters. 

The joining time, rotating speed, and joining pressure significantly affected the joined area 

because heat input and flow of molten polymer is influenced by these parameters. The rotating 

speed was the most critical process parameter. 

Schematic illustration of the resistance spot welding is shown in Fig. 1.7 (e). Nagatsuka 

et al. [1.45] attempted to join stainless-steel and CFRP (PA6, acid-modified polypropylene (PP), 

and PPS matrix) substrates by the resistance spot welding. The joint strength showed correlations 

with welding current and welding time. Local heat generated by current pass through the metal 

substrate melted polymer matrix, resulting in chemical bonding between the metal and polymer. 

The CFRP with PPS matrix was not able to be joined because of the absence of a polar functional 

group in the polymer. 

The hot-pressing is the simplest thermal joining process. The schematic illustration is 



17 

 

indicated in Fig. 1.7 (f). A polymer substrate is put on a metal substrate placed on a hot-plate and 

pressurized while heating the hot-plate. The joining process is finished by taking out the joint 

from the hot plate. Arkhurst et al. [1.16] and Kondoh et al. [1.17] fabricated metal/polymer joints 

by hot-pressing. The metal and polymer were joined when the hot plate was heated around the 

melting temperature. They found that metal oxide was generated at the interface of the metal and 

polymer. It was also found that functional groups in the polymer were an important factor for the 

joinability. 

 

1.4. Metal/polymer direct joining via an additively manufactured anchor layer 

 The conventional surface modifying processes were briefly reviewed in section 1.3.1. 

Many researchers utilized the grooves or pores for joining metals and polymers. There are several 

disadvantages with these processes. Schematic illustration of metal/polymer joints via the pores 

is shown in Fig. 1.8 (a). These processes fabricate the pores or grooves on the metal surface by 

removing material. In this case, the tensile strength (perpendicular to the joint interface) is low 

compared to the shear strength (parallel to the joined surface) since the absence of the undercuts 

parallel to the joint interface [1.11]. Moreover, when the metal/polymer joint via the pores 

generated on the metal surface, the stress concentrates on the root of polymer penetrating pores 

due to the geometrical feature. As a result, the joint strength determined by the strength of polymer 

which is lower than that of metal. Also, a high pressure needs to be applied during joining 

processes to penetrate the polymer into the pores.  

Fig. 1.8 Schematic illustrations of metal/polymer joints formed via (a) dimples and 

(b) additively manufactured anchor layer. 
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Recently, a novel route to fabricate the metal/polymer hybrid structure was developed. 

The schematic illustration of the joining method is shown in Fig. 1.9. A powder blend is staked 

on the metal surface, followed by a single track laser irradiation. A metallic layer is additively 

manufactured on the metal surface, which is called as an anchor layer. The anchor layer interlocks 

with the polymer as inducing the anchor effect, and the metal and polymer is joined via this anchor 

layer. The anchor layer has protrusive morphology. The anchor layer can be fabricated rapidly 

and locally at a target area on the metal surface. It is thought that the protrusive morphology has 

several advantages for joining metals and polymers. Schematic illustration of metal/polymer joint 

via the anchor layer is indicated in Fig. 1.8 (b). For example, it is expected that the joining 

pressure during the process will significantly decrease because high stress will arise on the top of 

the protrusive structures and promote the interpenetration of the polymer with the anchor layer. 

In addition, the stress concentration arises on the root of the protrusive structures which indicate 

higher strength compared with the polymer, leading to high joint strength. Reducing the joint 

strength anisotropy is also expected because the undercut in the direction parallel to the joint 

interface is formed easily. 

 

1.5. Purpose of this research 

In previous studies, metals and polymers were often joined via the dimples or grooves 

formed on the metal surface. As mentioned in section 1.3.4, the anchor layer which shows 

protrusive morphology will be beneficial in terms of the joint strength and easiness of joining 

process. However, the process for fabricating this kind of anchor layer has never been researched 

before. The main purpose of this study is to develop a process for additively fabricating the anchor 

layer on the Al substrate to strongly join metals and polymers. The effect of the anchor layer 

fabricating process conditions on the structure and microstructure of the anchor layer and the 

mechanical properties of the Al/polymer joint via the anchor layer were investigated. In addition, 

the optimal joining process during hot-pressing and the structural design hints of the anchor layer 

for enhancing the joint strength were suggested. 

The present thesis is composed of 7 chapters.  

The social background for the necessity of the multi-material structure and previous 

researches about joining metals and polymers were reviewed in Chapter 1. 

Fig. 1.9 Schematic illustration of anchor layer forming process. 
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The effects of surface treatments on the wettability of metal surface is investigated in 

Chapter 2.  

The anchor layer is fabricated on an Al alloy (A5052) surface with Al-Ti-C, Al-Ti and 

Al powders. The fabricated anchor layers are characterized and mechanical behaviors of the 

Al/PA6 joint via each anchor layer are analyzed in Chapter 3. 

The influence of temperature history during hot-press joining on the mechanical 

behaviors of the Al/PA6 joints is investigated in Chapter 4. 

The C powder composition in the Al-Ti-C powder mixture was controlled. Change in 

the morphology and microstructure of the anchor layers and mechanical behaviors is examined in 

Chapter 5. 

The laser energy input is controlled by changing in the laser scan speed and power. 

Change in the morphology and microstructure of the anchor layers and joint strength is 

investigated in Chapter 6. 

The results obtained in this study are summarized and future works are stated in Chapter 

7. 
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2. Effects of surface treatments on the wettability of metal surface 

 

2.1. Introduction 

 The wettability is a critical factor to form chemical bonding and mechanical interlocking 

at the interface between metals and polymers as mentioned in section 1.2.4. The surface tension 

of liquid (γL) is a unique value for each liquid. It is necessary to increase the surface tension of 

solid (γS) or decrease the surface tension of liquid/solid interface (γLS) for increasing the 

wettability according to Eq. (1.2). Normally, organic impurities originating from the processing 

oil and atmosphere are adhered to surfaces of metal substrates [2.1]. The impurities decrease the 

surface tension of solid, resulting in low wettability between liquid polymers and solid metals.  

 It is well known that the plasma surface treatment can remove the organic impurities 

adhered on the metal surface. The process is environment-friendly because no waste liquid is 

generated after the treatment [2.2]. Recently, an atmospheric pressure plasma processing has 

attracted attention as a surface treatment method. The atmospheric pressure plasma process can 

be applied with a simple apparatus for short processing time due to absence of a vacuuming 

process [2.1]. 

 The purpose of this chapter is investigating the effects of surface treatments and 

associated surface conditions on the wettability between liquids (water and epoxy resin) and an 

Al substrate. Various surface treatments including ethanol wiping, sand papering, and atmospheric 

plasma treatment are used. The wettability was evaluated by measuring the contact angle. 

Scanning electron microscopy (SEM) was used to observe the change in the surface morphology 

after the sand papering. X-ray photoelectron spectroscopy (XPS) was used to analysis the changes 

in the chemical conditions after all surface treatments. 

 

2.2. Experimental method 

The surface treatments on an Al alloy substrate (A5052) were conducted prior to 

measuring the contact angle. The surface treatments are summarized in Table 2.1. The sand 

papering was carried out with #220, 550, and 1200 SiC papers. The photography image of the 

atmospheric plasma treatment device is shown in Fig. 2.1. N2 (0.5 %) + Air (99.5 %) gas mixture 

was flowed into the plasma head at a rate of 5 L/min and electrically discharge for generating a 

plasma. It was released through the rectangular exit with dimensions of 20 mm × 0.5 mm (length 

× width) located under the plasma head. The Al substrate was located on the conveyer belt. Speed 

of the conveyer belt (S) was fixed at 0.3 mm/s. Plasma treatment time (t) was controlled by the 

number of scan time (N) and calculated as follow. 

𝑡 = 𝑁 ∙ 0.5(width of the plasma exit)/𝑆    (2.1) 
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The surface morphology of the Al substrate before and after sand papering was observed 

using the SEM. The XPS was conducted for investigating the change in chemical binding state of 

the Al surface after the surface treatments. The XPS measurement was carried out in a vacuum of 

5 × 10-7 Pa. The take-off angle of the XPS apparatus was 0° and Al K(1486.6 eV) was used as 

the X-ray source. The measurement mode was a twin anode. To prevent contamination of the 

XPS equipment, the analysis with as-received Al substrate was not carried out.  

Figure 2.2 (a) shows the photography image showing an apparatus for measuring the 

contact angle (θ) by sessile-drop method. An example of captured sessile drop image by the CCD 

camera is shown in Fig. 2.2 (b). Water and epoxy resin were used as liquids to measure the contact 

angle. To unify the size of the droplets, the same volume of the liquids was dropped on the Al 

substrate. Figure 2.3 shows an example of time dependent change in the contact angle between 

the Al substrate and epoxy. The contact angle was measured 2 s after dropping the liquids. The 

average contact angle obtained from 5 measurements was calculated.    

Fig. 2.1 Photo image of atmospheric pressure plasma treatment device. 

Table 2.1 Surface treatment for measuring the change in the contact angle. 
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2.3. Results  

2.3.1. Change in the contact angle 

 The changes in the contact angles of water and epoxy resin on the Al substrate with 

different surface treatments are shown in Fig. 2.4. All of surface treatments affected the contact 

angle.  

The contact angle between water and the as-received Al substrate was about 95°, which 

Fig. 2.3 An example of time dependent change in the contact angle. 

Fig. 2.2 (a) Contact angle measuring device and (b) representative sessile drop 

image to measure contact angle.  
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means the wettability was poor (No. 1). The contact angle with water after ethanol wiping (No. 

2) and sand papering + ethanol wiping (No. 3) was about 81 and 63°, respectively. Ethanol wiping 

and sand papering improved the wettability between water and the Al substrate. Plasma treatment 

alone (No. 4) drastically improved the wettability. The combination of the sand papering, ethanol 

wiping, and plasma treatment (No. 5) was effective for improving the wettability compared with 

the plasma treatment alone. The contact angle gradually decreased with an increase in the plasma 

treatment time (No. 5 and 6).  

 In the case of epoxy resin, the wettability with the as-received Al substrate was relatively 

good (approximately 54°). The wettability was improved after the ethanol wiping (No. 2) and 

sand papering + ethanol wiping (No. 3). The atmospheric plasma treatment (No. 4) also decreased 

the contact angle to almost the same value as sand papering and the ethanol wiping. The sand 

papering and ethanol wiping before the plasma treatment hardly affected the wettability compared 

with the plasma treatment alone (No. 4 ~ 6).  

 

2.3.2. Change in surface conditions 

 Figure 2.5 (a, b) shows the surface morphology of (a) the as-received Al substrate and 

(b) the specimen after sand papering and ethanol wiping. It was observed that the surface was 

roughened by sand papering.  

Fig. 2.4 Contact angle of liquid drop on the Al substrate 

with various surface treatment 
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Wide XPS profiles of ethanol treated, sand papered + ethanol wiped, and plasma treated (3s) 

Al surface are shown in Fig. 2.6. Al 2s, Al 2p, O 1s, and C 1s peaks were the most intensive peaks. 

It appears that the intensities of O 1s and C 1s peaks of the plasma-treated specimen were higher 

and lower, respectively, than those of ethanol treated and sand papered specimens. The C 1s and 

Al 2p peak regions were magnified and shown in Fig. 2.7 (a) and (b). Four kinds of C binding 

energy peaks were included in the C 1s peaks in the ethanol wiped and sand papered + ethanol 

Fig. 2.5 SEM images showing the surface of the A1050 substrate: (a) as-received 

specimen and (b) specimen after sand papering and ethanol wiping. 

Fig. 2.6 Wide XPS profile of the ethanol wiped, sand papered + ethanol wiped, and 

plasma-treated (3s) Al substrate. 
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wiped specimens, while only two kinds of C binding energy peaks were included in the C 1s peak 

in the plasma-treated specimen. The C=O and C-O peaks were not observed from the plasma-

treated specimen. Al-O and Al-Al binding energy peaks were observed in the Al 2p peaks in all 

the specimens. The Al-O binding energy peak was derived from Al2O3 or AlOOH.  

 

2.4. Discussion 

 The C and Al-O binding energy peaks in Fig. 2.7 are considered as organic impurities 

and Al oxide on the Al substrate, which can affect the wettability between the liquids and the Al 

substrate. To compare relative elemental composition on the Al substrate surface after each 

treatment, the integral intensity of the C binding energy peaks area and Al-O binding energy peak 

were divided by the integral intensity of the Al-Al binding energy peak and shown in Fig. 2.8. It 

was revealed that Al oxide increased after the atmospheric plasma treatment, which was in 

accordance with other reports [2.1, 2.3]. It is considered that activated oxygen species supplied 

from the plasma head contributed to the surface oxidation [2.3]. The surface energy of the Al 

surface might increase due to O atoms in the Al oxide. The O atoms in the Al oxide might also 

form hydrogen bonding with liquids, in turn decreased the surface energy at the interface of 

liquid/solid. Another important finding was that the amount of carbon decreased significantly, 

which demonstrates the excellent cleaning ability of the plasma treatment. The activated oxygen 

species reacted with the impurities and formed volatile chemical compound such as CO2 and H2O 

Fig. 2.7 XPS profile of (a) C1s and (b) Al2p binding energy peaks of ethanol 

treated, sand papered + ethanol treated, and plasma-treated (3s) Al substrate. 
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[2.4]. The decrease in the surface contaminants increased the surface energy of Al substrate. In 

short, it is thought that the improvement of wettability after the plasma treatment stems from the 

surface cleaning and formation of Al oxides [2.1].   

The wettability of water and epoxy resin with the Al surface increased after ethanol 

wiping and sand papering. It is thought that ethanol wiping removed significant amount of the 

surface contaminants, which might result in increasing the surface tension of Al substrate and 

decreasing the surface tension between the Al substrate and liquids. The sand papered + ethanol 

wiped Al substrate indicated almost the same amount of C binding energy peak, therefore, 

different mechanism worked for increasing the wettability. It is thought that roughening the 

surface increased the surface area and increased the surface energy of the solid. As a result, the 

wettability improved. 

 

2.5. Summary 

 The wettability of Al substrate increased by ethanol wiping, sand papering, and atmospheric 

plasma treatment.  

 The ethanol wiping increased the wettability by reducing organic impurities on the surface. 

The sand papering increased roughness of the Al substrate, and the wettability increased. The 

atmospheric plasma treatment showed a significant effect on the wettability.  

 The XPS analysis revealed that impurities were remarkably removed, and Al oxide was 

increased by the plasma treatment. As a result, the wettability between liquid phases and the 

Al substrate increased. 

 

 

Fig. 2.8 Intensity of Al-O and C- bonding peaks area divided by Al-Al peak area with 

various surface treatments. 
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3. Manufacturing process of an anchor layer through laser-induced 

in-situ reaction for joining Al alloy and PA6 substrates. 

 

3.1. Introduction 

 It is necessary to establish a method for producing the anchor layer on the Al substrate. 

One potential route to fabricate the anchor layer is utilizing powder metallurgical process. Omura 

et al. [3.1] fabricated TiC dispersed Al matrix composite through a powder metallurgical process 

using the combustion reactions of Ti-C and Al-Ti systems. Al molar ratio in the Al-Ti-C powder 

mixture was controlled while Ti/C molar ratio was fixed at 0.95. A porous material was obtained 

when the Al molar ratio was 1.0. Kobashi et al. [3.2] produced porous material utilizing 

combustion foaming process between Al and Ti powder. The effects of Al/Ti molar ratio and 

exothermic agent on the morphology of the porous material were investigated. When these 

reactions were induced on Al substrate, the anchor layer which has porous morphology is 

expected to be additively manufactured because the reaction heat will be used for bonding the 

anchor layer with the substrate. In this chapter, combustion reactions for Al-Ti-C and Al-Ti 

systems were used to fabricate the anchor layer on an Al alloy (A5052) substrate. Al powder alone 

was also used for comparison. Laser was utilized as a heat source because laser can locally heat 

the powder while minimizing heat affection to the substrate. The produced anchor layers were 

characterized regarding structure, microstructure, and constituent chemical compounds. The Al 

substrate with the anchor layer was joined with a PA6 substrate by hot-pressing. Mechanical 

behaviors of the Al/PA6 lap joints were studied using joint strength and fractography. An 

appropriate powder for fabricating anchor layer exhibiting strong joint with polymers was 

discussed using above results. 

 

3.2. Experimental methods 

 Three kinds of starting powders were blended using Al (< 45 µm, purity 99.99%), Ti (< 

45 µm, purity 99.9%), and C (≒5 nm, purity 98%) powders. Al-Ti (molar ratio of 1:1) and Al-

Ti-C (molar ratio of 1:1:1) powders were wet mixed with ethanol. The reason why these powders 

and compositions were selected is stated in the Appendix A. For comparison, Al powder alone 

was also wet stirred with ethanol to standardize conditions. Each starting powder was located 

without compaction on the Al substrate in a rectangular shape. The length, width, and height of 

the bedded powder mixture were about 15 mm, 5mm, and 50 µm, respectively. The dimension of 

the Al substrate was 50 mm × 20 mm × 1 mm. The laser pulse frequency, wavelength, beam 

diameter on the work plane and pulse length were adjusted to be 1 kHz, 970 nm, 1.2 mm and 0.7 

ms, respectively. Laser power and scan speed were 400 W and 40 mm/s, respectively. The laser 

scanned for 10 mm on the bedded powder in atmospheric circumstance. Unreacted powders were 
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removed by ultrasonic cleaning with water. The anchor layer was observed with the SEM from 

the laser irradiation direction (top-view). The area of each anchor layer was quantified by image 

analysis. 

 The anchor layer was cured in the epoxy resin. The cured samples were cut along the 

laser scanning direction to expose cross-section of the anchor layer. The cross-sectioned sample 

was polished using # 320, 800, 1200 and 2400 emery papers and buffed with 6 and 3 m diamonds 

slurries, followed by platinum deposition for preventing the charge-up. The cross-sectioned 

anchor layer was observed using the SEM (back scattered electron mode). X-ray diffraction 

(XRD) analysis was carried out with Cu-K radiation at 40 mA and 40 kV for identifying 

constituent chemical compounds of the anchor layer. The scanning rate was a speed of 4 °/min in 

the range of 2 = 30° ~ 90°. Energy dispersive X-ray spectroscopy (EDS) analysis was carried 

out with the cross-sectioned anchor layer to obtain elemental distribution of Al, Ti and C. The 

anchor layer produced with Al-Ti-C powder was chemically etched using 20% NaOH aqueous 

solution. Vinod kumar et al. [3.3] fabricated Al-Ti-C alloy by casting. The Al matrix was dissolved 

by NaOH aqueous solution leaving chemical products from Al-Ti-C reaction. After etching, the 

anchor layer was observed with the SEM. 

 A pre-molded PA6 substrate was used as polymer material for fabricating Al/polymer 

lap joint samples via the anchor layers fabricated with the Al-Ti-C, Al-Ti, and Al starting powders. 

The dimension of PA6 substrate was 50 mm × 20 mm × 3 mm. The Al and PA6 substrates were 

joined using a hydraulic hot press. The joining process is schematically described in Fig. 3.1 (a). 

The Al substrate with the anchor layer was put on the hot plate heated at 215 °C, which was below 

the melting point of PA6 (220 °C). The PA6 substrate was put on the Al substrate so as to 

sandwich the anchor layer. Pressure of 1.8 MPa was adopted to infiltrate the polymer into the 

anchor layer while keeping the hot plate temperature at 215 °C. The hot plate was cooled down 

Fig. 3.1 (a) Schematically illustrated process for fabricating Al/PA6 lap joint and (b) 

joining temperature history.  
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to 190 °C while applying the pressure, followed by air cooling without pressure. Temperature 

history adopted to the Al/PA6 lap joint samples is shown in Fig. 3.1 (b).  

 An Al/PA6 lap joint via the Al-Ti-C anchor layer was cross-sectioned and observed by 

an optical microscopy to ascertain the mechanical interlocking between the anchor layer and PA6. 

Figure 3.2 shows the photo image of the anchor layer fabricated Al substrate and an Al/PA6 lap 

joint. 

 Lap shear tests were carried out to measure the joint strength using a universal testing 

machine. The tests were carried out at room temperature (25 °C) with a crosshead speed of 1 

mm/min. The dimension of fabricated Al/PA6 lap joint for the shear test is indicated in Fig. 3.3. 

Alignment pads were used to align the center axis of the jig during the shear test. The ultimate 

shear force (joint strength) was measured from force-stroke curves. Three lap joint samples via 

each type of the anchor layer were tested to obtain average ultimate shear force. After the lap 

Fig. 3.2 Photography image of an anchor layer on the Al substrate and an Al/PA6 

lap joint.  

Fig. 3.3 Schematically illustrated Al/PA6 lap joint for shear tests.  
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shear tests, fracture surfaces on Al alloy side were deposited with platinum and observed with the 

SEM.  

 

3.3. Results 

3.3.1. Characterization of the anchor layer 

 Representative SEM images of the anchor layers formed with different starting powder 

are shown in Fig. 3.4. When the Al powder was used, granular protrusions with 200 ~ 600 μm 

size were produced on the Al substrate. The magnified image of the protrusion indicated that its 

surface was smooth. On the cross-sectioned anchor layer, the microstructure was homogeneous. 

The anchor layer and Al substrate were well-bonded.  

    A dense layer was produced on the laser irradiated region when the Al-Ti starting 

powder was used. In the dense layer, groove-like structures were formed as indicated by the white 

arrows. The magnified surface of the dense layer indicated that rough surface was generated on 

the dense layer. Various phases with different contrast was formed and the dense layer was well-

bonded with the Al substrate as indicated in the cross-sectional view of the anchor layer.  

 When the Al-Ti-C powder was used, many granular protrusions with < 400 μm size were 

generated on the Al substrate. High-magnification image of the anchor layer shows that the 

Fig. 3.4. SEM micrographs of top-view and cross-sectioned anchor layer formed 

with different starting powders. 
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surface of the granular protrusion was rough. The cross-section view of the anchor layer shows 

that small grains with bright contrast dispersed in the granular protrusions. The grains were also 

formed below the interface between the granular protrusion and Al substrate, suggesting that the 

granular protrusions were firmly bonded with the Al substrate. 

Figure 3.5 shows the XRD profiles of the Al-Ti and Al-Ti-C anchor layers. The final 

products of the Al-Ti combustion reaction from the Al-Ti powder with equimolar composition are 

Al-Ti phases [3.4]. Al and TiC phases are the final product from the Al-Ti-C powder reaction [3.1]. 

-Ti and Al-Ti phases (Al3Ti, AlTi, and AlTi3) were confirmed in the case of the Al-Ti anchor 

layer. The TiN phase peaks were also detected, which was originated from Ti-N (N2 from air) 

reaction. The α-Al, Al3Ti, and TiC phases were detected in the case of the Al-Ti-C anchor layer.  

 Figure 3.6 shows the SEM micrographs and element maps (Al and Ti elements) of the 

cross-sectioned Al-Ti anchor layer. In the magnified SEM image, the phase in the bottom region 

with brightest contrast was -Ti since only Ti element was detected. The -Ti phases were 

encompassed by an Al-rich Al-Ti compound, which is regarded as Al3Ti judged from the XRD 

profile. The Al3Ti phase was elongated in a downward direction in the figure, i.e., toward the 

substrate. Ti-rich phases were found in the upper region. These phases were regarded as AlTi or 

AlTi3 judged from XRD results. The Al-Ti anchor layer consisted of -Ti and several Al-Ti 

compounds.  

Fig. 3.5 XRD profiles of anchor layers formed with different starting powders. 
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 Representative SEM micrograph and elements maps (Al, Ti, and C) of the cross-

sectioned Al-Ti-C anchor layer is shown in Fig. 3.7. In the granular protrusion, the middle region 

and the region near the substrate were magnified in Fig. 3.7 (a) and (b). As indicated in Fig. 3.7 

(a), two phases were observed in the middle region. The phase with brightest contrast was TiC 

because the C and Ti elements were detected. The TiC phase was encompassed by an Al-Ti 

Fig. 3.6 SEM micrographs and EDS element maps of Al and Ti in cross-sectioned 

Al-Ti anchor layer. 

Fig. 3.7 SEM micrographs and EDS element maps of Al, Ti, and C in cross-

sectioned Al-Ti-C anchor layer: (a) middle region and (b) region near the 

substrate. 
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compound, which was Al3Ti judged from the XRD result. As shown in Fig. 3.7 (b), three phases 

were observed in the near substrate region. The brightest phase was TiC phase because the C and 

Ti elements were detected. The Al and Ti elements were detected in the phase with middle contrast, 

which was regarded as the Al3Ti phase judged from the XRD result. The TiC and Al3Ti phases 

were formed in the granular protrusion and around the interface between the Al substrate and 

granular protrusion. The phase with darkest contrast was -Al because only Al element was 

detected. The Al-Ti-C anchor layer consisted of theα-Al, Al3Ti and TiC phases. 

 Figure 3.8 shows the Al-Ti-C anchor layer after etching with NaOH aqueous solution. 

A severely etched granular protrusion is shown in Fig. 3.8 (a). The granular shape was maintained 

even after etching treatment. The surface of the etched protrusion was magnified in Fig. 3.8 (b). 

The surface was porous structure, indicating that chemical compounds produced by powder 

reaction were connected to one another forming a skeleton structure in the granular protrusion.  

 

3.3.2. Characteristics of Al/PA6 lap joints 

 Representative cross-sectional view of an Al/PA6 lap joint is shown in Fig. 3.9. The 

joint was the Al-Ti-C anchor layer. Granular protrusions were observed and interlocked with PA6. 

No gaps were found at the interface between the anchor layer and PA6 substrate, indicating that 

PA6 well infiltrated into the anchor layer.  

Representative shear force - stroke curves obtained from the lap shear tests of Al/PA6 

joints via each anchor layer are shown in Fig. 3.10 (a). The average ultimate shear force and stress 

of Al/PA6 lap joint is indicated in Fig. 3.10 (b). To obtain the average ultimate shear stress, the 

average ultimate shear force was divided by the areas of Al-Ti-C, Al-Ti, and Al anchor layers, 

which were 17.9, 14.4, and 9.21 mm2, respectively. Error bars represent the difference between 

minimum and maximum values of three tests for each joint. When the Al/PA6 lap joint was formed 

via the anchor layer produced with Al powder, the ultimate shear force was the lowest and the  

Fig. 3.8 SEM micrographs of (a) low and (b) high magnification granular protrusion 

etched with NaOH solution. 
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Fig. 3.9 Optical microscopy image of the cross-sectioned Al/PA6 lap joint via the Al-

Ti-C anchor layer. 

Fig. 3.10 (a) representative shear force-stroke curves and (b) average ultimate 

shear force of Al/PA6 lap joints formed via each anchor layer. 
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range of the error bar was the highest. When the joint was fabricated via the Al-Ti-C anchor layer, 

the ultimate shear force increased significantly and the range of error bar was the lowest. In the 

case of the ultimate shear stress, almost same value was obtained from all kinds of anchor layers. 

These results indicated that Al/PA6 lap joint fabricated via the Al-Ti-C anchor layer shows high 

joint strength and reliable mechanical property.  

 Figure 3.11 shows SEM images indicating the top-view of the anchor layer before 

joining and the corresponding fracture surface on Al substrate side after the lap shear tests. When 

the anchor layer produced with Al powder was used for joining with the PA6 substrate, most of 

the protrusions fractured. The granular protrusions remained on the Al surface were plastically 

deformed (indicted by white arrows in the SEM image after shear test) in the same direction in 

which the PA6 substrate was pulled (black arrow in white box). PA6 did not remain on the fracture 

surface, which indicates that the anchor layer was not strong enough to hold PA6 on the substrate. 

Fig. 3.11. SEM micrographs of the anchor layers before joining and corresponding 

fracture surfaces (the direction of applied force is indicated in the white box). 
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When the Al-Ti anchor layer was used, the dense layer remained on the Al substrate. On 

the fracture surface, PA6 remained (indicated by white arrows in the SEM image after shear test) 

in the groove-like structures (indicated by black arrows in the SEM image before joining). 

However, PA6 did not remain on the surface of the dense layer.  

In the case of the Al-Ti-C anchor layer, the granular protrusions remained on the Al 

substrate. PA6 remained among granular protrusions (indicated by black arrow in the SEM image 

after shear test), indicating PA6 and granular protrusions well interlocked each other.  

 

3.4. Discussion 

3.4.1. Characterization of anchor layer 

 When the Al powder was used, large granular protrusions were produced along with the 

laser-irradiated region on the Al substrate (Fig. 3.4). It was reported that so-called balling 

phenomenon of molten metals occurs on metal substrates during laser irradiation under specific 

laser condition because of shrinking tendency and poor wettability between the substrate and 

molten metal [3.5]. The balling phenomenon could cause the formation of granular protrusions 

with Al powder in the present study. 

 The dense layer was formed when the Al-Ti starting powder was used (Fig. 3.4). Yang 

et al. [3.6] demonstrated that wettability between the ceramic substrate and liquid metal was 

improved by interfacial chemical reaction. The formation of elongated Al-rich phase toward the 

Al substrate region demonstrated the Al-rich phase was formed by reaction between the Ti powder 

and Al substrate (Fig. 3.6). The interfacial reaction between the Ti powder and Al substrate 

improved wettability between the anchor layer and Al substrate and preferentially generated dense 

layer rather than the granular protrusions.  

 The addition of C powder significantly changed the constituent phase and morphology 

of the anchor layer. In addition to the Al-Ti intermetallic compound (Al3Ti), the TiC phase was 

newly formed and thought to be responsible for the change in the morphology of the anchor layer. 

The TiC phase formed the skeleton structure in the granular protrusion (Fig. 3.8). However, the 

reason why the TiC phase had connected each other as the skeleton structure rather than dispersed 

as particles required to be investigated. The Al3Ti and TiC phases were produced not only in the 

granular protrusions and below the interface between the granular protrusion and Al substrate 

(Fig. 3.7). The granular protrusion and Al substrate were firmly bonded, which stems from the 

interfacial reaction between molten powders and the Al substrate.  

 

3.4.2. Mechanical behaviors of Al/PA6 lap joints 

 The anchor layer produced with Al powder indicated metallic bonding with the Al 

substrate and homogeneous microstructure was observed (Fig. 3.4). The joint strength was the 
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lowest in the joints in this study (Fig. 3.10). When external shear force was adopted to the Al/PA6 

lap joint, the anchor layer could not resist it. The poor mechanical strength of the granular 

protrusion resulted in the deformation and fracture of the granular protrusions.  

 When the Al and PA6 substrates were joined via the Al-Ti anchor layer, the joint strength 

was improved (Fig. 3.10). The PA6 remained in the groove-like structure, indicating that the 

anchor effect acted in the groove-like structure. The anchor layer remained on the Al substrate 

after the lap shear test, which was derived from the formation of Al-Ti chemical compounds 

around the interface (Fig. 3.6). Al-Ti intermetallic compounds indicate higher strength and elastic 

modulus compare to pure Al [3.7]. The anchor layer was able to resist higher external shear force, 

resulting in higher joint strength. 

 In the case of the Al/PA6 lap joint via the Al-Ti-C anchor layer exhibited the highest 

joint strength (Fig. 3.10). The high joint strength was derived from the homogeneously distributed 

granular protrusions. A number of granular protrusions interlock with PA6 and exhibited the 

anchor effect. The TiC and Al3Ti phases were observed at the interface between the granular 

protrusions and Al substrate (Fig. 3.7 (b)), which allowed the anchor layer to resist high external 

shear force without failure, contributing to higher joint strength.  

 The joint strength difference between maximum and minimum value was relatively low 

in the Al/PA6 lap joint via the Al-Ti-C anchor layer. It is considered that the homogeneously 

distributed granular protrusions were responsible for the high reliability. It can be seen that the 

granular protrusions in the anchor layer produced with Al powder were not distributed 

homogenously (Fig. 3.4 and 3.11). The groove-like structures in the Al-Ti anchor layer were 

randomly formed (Fig. 3.4 and 3.11). It is thought that these randomly formed structures in the 

anchor layers were responsible for the large difference between maximum and minimum joint 

strength.  

  Seong et al. [3.8] carried out experiments with adhesively bonded Al/CFRP lap joints 

to investigate the effects of the configurations of the lap joints, such as adherend thickness, 

overlap length, and bonding pressure, on the joint strength. The joint strength in [MPa] unit and 

failure load in [N] unit were used to evaluate the mechanical behavior of the joints. The joint 

strength in [MPa] unit was derived by dividing the failure force [N] by the overlap area [mm2]. 

Figure 3.12 shows changes in the joint strength and failure load with the overlap length. The joint 

strength decreased with increasing the overlap length. The failure force is not linearly proportional 

to the overlap length. These facts suggest that the same area needs to be used for comparison with 

different kinds of anchor layers. The ultimate shear stress values of the joints via the Al, Al-Ti, 

and Al-Ti-C anchor layers were almost same. Consider that the area of the Al-Ti-C anchor layer 

was the largest, the Al-Ti-C anchor layer exhibited the highest efficiency. It is thought that the 

external stress was efficiently distributed through the Al-Ti-C anchor layer. Therefore, it is the 
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most suitable for joining with the polymer substrate. The ultimate shear stress of the Al/PA6 joint 

was approximately 45 MPa. Consider that automobile company requires more than 20 MPa in 

shear strength [3.9], the joining metal and polymer via the anchor layer in this study is thought to 

be efficient.  

 

3.5. Summary 

 The anchor layer produced with Al-Ti-C starting powder consisted of homogeneously 

distributed granular protrusions.  

 Al3Ti and TiC phases were detected in the granular protrusions and around the interface 

between the granular protrusions and Al substrate.  

 When the Al and PA6 substrates were joined via the Al-Ti-C anchor layer the joint strength 

was the highest. Homogeneously distributed granular protrusions in the anchor layer 

interlocked with PA6.  

 The Al3Ti and TiC phases reinforced granular protrusions and allowed the anchor layer resist 

high external shear force. These chemical products formed in the granular protrusions 

prevented the deformation of the anchor layer, resulting in high joint strength.  
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4. Influence of joining thermal history during hot-pressing on the 

mechanical behaviors of the Al/PA6 lap joints 

 

4.1. Introduction 

 Many studies used semi-crystalline polymers as joining materials as mentioned in 

sections 1.3.1 and 1.3.2. The mechanical properties of semi-crystalline polymers are determined 

by crystalline characteristics. Polymer fabrication processes greatly influence the crystalline 

properties. Fornes et al. [4.1] studied crystallization behaviors using PA6 bulk specimens 

produced by injection molding. The crystal structure and degree of crystallinity were different in 

core and skin regions of the injection molded specimens because the cooling rate was differed by 

the core (higher cooling rate) and skin region (slow cooling rate). Tensile tests were carried out 

with various PA6 films (α-, γ- and β-PA6) by Miri et al. [4.2]. The α-PA6 and γ-PA6 are the 

crystalline phases of PA6 and the β-PA6 is the amorphous phase of PA6. The α-PA6 indicated the 

highest yield stress, while β-PA6 showed the lowest yield stress. Yang et al. [4.3] fabricated PEEK 

specimens by 3D printing process. It was reported that the elastic modulus and tensile strength 

rose with an increase in the degree of crystallinity. The degree of crystallinity is determined by 

the ratio of the amorphous and crystalline phases. These findings can also be adopted in the field 

of metal/polymer joining process involving high temperature for melting the polymer. When the 

molten polymer contacts with dimples or protrusions on the metal surface and solidifies, thermal 

conditions such as the temperature of the metal substrate and the cooling rate of the system 

influence on the crystalline properties of the polymer in the vicinity of metal. 

In this study, the Al and PA6 substrates were joined by hot-pressing. The influence of 

joining thermal history on the crystalline properties of the PA6 and mechanical properties of 

Al/PA6 lap joint was investigated. The joining thermal history was controlled by changing the 

cooling rate (furnace cooling and air cooling) and the joining complete temperature. The changes 

in the degree of crystallinity and crystal phases according to the joining thermal histories were 

investigated using differential scanning calorimetry (DCS) and the XRD analysis. The mechanical 

properties of the Al/PA6 lap joints through different thermal histories were evaluated by the lap 

shear tests and discussed based on the above analyses and the fractography. 

 

4.2. Experimental methods 

4.2.1. Al/PA6 lap joint fabrication by hot-pressing 

 The process for producing the anchor layer was same as that explained in section 3.2. 

The anchor layer was fabricated with the Al-Ti-C powder blend with molar ratio of 1:1:1.  

 The Al and PA6 substrates were joined using a hot press. The PA6 substrate was dried 

in a vacuum chamber at 120 °C prior to the joining process. Figure 4.1 (a) indicates schematic 
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illustration of the hydraulic hot press machine. The machine composed of upper plate, sample 

stage, load sensor and hydraulic ram. The upper plate and the sample stage can be heated. Pressure 

is adopted by rising the hydraulic ram and the load is measured with the load sensor. Figure 4.1 

(b) shows schematically illustrated joining process for fabricating the Al/PA6 lap joint. The 

sample stage was heated to 215 °C prior to the joining process. The preset temperature (215 °C) 

was chosen since the PA6 substrate collapsed badly when joined at the melting point of PA6 

(220 °C). The Al substrate with the anchor layer and PA6 substrate were set on the heated sample 

stage as indicated in Fig. 4.1 (b). The Al and PA6 substrates were pressured at 0.5 MPa, which 

was lower controllable pressure of the machine used in this study. The joining process using the 

anchor layer is available even at low pressure. After applying the pressure for 1 min (Pre-heating), 

it was cooled to desired temperatures (215, 210, 190, and 150 °C) while maintaining the pressure 

(furnace cooling). The desired temperature is defined as joining complete temperature (TJC) in 

this study. When the temperature reached TJC, the Al/PA6 lap joint was taken out from the 

machine and air-cooled to room temperature (25 °C). Same joint dimension as indicated in Fig. 

3.3 was used in this study.  

The joining thermal history is described in Fig. 4.2. A thermocouple was used to record 

the change in the interfacial temperature between Al and PA6 substrate. The rates of furnace and 

air cooling were approximately 2 and 90 °C/min, respectively.  

Fig. 4.1 Schematic illustration of the (a) hot-pressing machine and (b) the 

process for fabricating Al/PA6 lap joint. 
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4.2.2. Mechanical behaviors of Al/PA6 lap joint 

 Joint strength was measured as same method as explained in section 3.2. Four Al/PA6 

lap joint samples were used to calculate average ultimate shear force for each TJC. The average 

ultimate shear stress for each TJC was not calculated since the anchor layer was fabricated with 

the Al-Ti-C powder only. Fracture surfaces on the Al substrate side were observed using the SEM. 

The shear test of a joint produced at TJC of 190 °C was interrupted before the test piece was 

ruptured. The interrupted joint was cross sectioned to observe the crack propagation paths using 

the SEM. 

 

4.2.3. Change in PA6 characteristics 

 PA6 films (30 µm in thickness) were used to examine the influence of joining thermal 

history on the crystal structures, degree of crystallinity, and Vickers hardness. The thin films were 

used since it was difficult to directly cut off PA6 from the PA6 substrate which underwent the 

thermal history applied for the joining process. The same temperature history as the process for 

fabricating joints mentioned in section 4.2.1 was applied to the PA6 films (about 6 mg). The 

crystal structures of the PA6 film were examined using the XRD. The scan was conducted at a 

rate of 1 °/min in the 2θ range of 10 - 30° with Cu-Kα radiation run with 40 kV and 40 mA. In 

general, γ- and α- (α1 and α2) forms of sharp peaks and β-form of a broad peak (amorphous) are 

observed in the PA6. DSC measurements were conducted to examine the degree of crystallinity 

of the PA6 films. The PA6 films were heated from 25 to 240 °C with a rate of 10 °C/min to obtain 

heating curves. The heating curves were used to obtain the heat of fusion (∆𝐻𝑓). The heating 

curves were integrated from 170 to 230 °C for calculating the ∆𝐻𝑓. The ∆𝐻𝑓 was divided by the 

Fig. 4.2 Joining thermal history during the joining process. 
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heat of fusion of pure crystalline form (∆𝐻𝑓
0) to obtain the degree of crystallinity (Xc). According 

to Fornes et al. [4.1], ∆𝐻𝑓
0 values of γ- and α-forms were 239 and 241 J/g, respectively. 

𝑋c =
∆𝐻f

∆𝐻f
0 × 100      (5.1) 

 To investigate the change in mechanical characteristic of PA6, Vickers hardness tests 

were conducted with the PA6 films which underwent the thermal history applied for the process 

for fabricating joints mentioned in section 4.2.1. The indentation loading time and load were 15 

s and 100 gf, respectively. The average value was calculated for each TJC after the Vickers 

hardness tests were conducted for three times. 

 The effect of cooling rate on the crystallization behaviors was investigated using the 

DSC. As-received PA6 films (6 mg) were put in the DSC apparatus and heated to 240 °C. The 

PA6 films were maintained at 240 °C more than 300 s for stabilizing DSC scan curve. After the 

scan curve was stabilized, the films were cooled to 25 °C at rates of 2, 20, and 40 °C/min. The 

crystallization starts below the melting point of PA6 and the heat is generated during the 

crystallization. The generated heat was divided by the mass of PA6 to obtain enthalpy of 

crystallization. 

 

4.3. Results 

4.3.1. Mechanical behaviors of Al/PA6 lap joints 

 Representative shear force – stroke curves of joints are shown in Fig. 4.3 (a). Each curve 

showed a yielding point (indicated the by the black arrows) which was consistent with the ultimate 

shear force. Figure 4.3 (b) shows the average ultimate shear force as a function of TJC. Error bars 

indicate the difference between the minimum and maximum values. The ultimate shear force was 

Fig. 4.3 (a) Shear force – stroke curves of Al/PA6 lap joints and (b) ultimate shear 

force as a function of T
JC

. 
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almost constant when TJC was in the range of 150 ~ 190 °C and declined with increasing TJC from 

190 to 215 °C. 

 The SEM micrograph showing the cross-section of the interrupted Al/PA6 lap joint 

before rupture is indicated in Fig. 4.4. Granular protrusions and crack paths were observed. The 

crack propagated at the interface between PA6 and the top of the granular protrusion. The crack 

was also observed in PA6 near the interface between the Al and PA6 substrates, which suggests 

that mechanical behaviors of Al/PA6 lap joint are closely related to the PA6 in the vicinity of the 

Al surface.  

 Representative SEM micrographs of fracture surfaces on the Al substrate sides are 

indicated in Fig. 4.5. The PA6 substrates were pulled upward in the images (indicated by the gray 

arrow). It was observed from the low magnification fracture surfaces that granular protrusions 

and PA6 interlocked each other and remained on the Al substrate after the lap shear tests under 

all TJC conditions. The fracture morphologies of PA6 changed with TJC in the high magnification 

SEM images. In the case of TJC = 190 °C, the remained PA6 surface showed the fracture surface 

resembled the cleavage fracture of metal materials (indicated by the white arrow in the high 

magnification fracture surface). PA6 hardly exhibited plastic deformation. When TJC was 210 and 

215 °C, PA6 severely deformed to the direction of the applied force. The so-called ligaments were 

observed at TJC of 215 °C (indicated by the black arrow in the high magnification fracture surface). 

The effect of the degree of crystallinity of a PP specimen on the fracture morphology was 

Fig. 4.4 SEM micrograph showing crack paths near the interface between Al and 

PA6 substrates. 
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investigated by Dasari et al. [4.4]. It was reported that cleavage like fracture surface of the PP 

indicated brittle fracture.  

 

4.3.2. Change in the PA6 characteristics 

 Considering the approximate height of crack paths was around 30 μm (Fig. 4.4), the 

PA6 film with the thickness of 30 μm was thin enough to investigate the characteristic changes 

of PA6 near the metal surface. The XRD profiles of the PA6 films that underwent the same 

thermal history as the joining process are shown in Fig. 4.6. Peaks at 2θ = 20.4 and 23.7° were 

Fig. 4.5 SEM micrographs of the fracture surface of the Al/PA6 lap joints (Al 

side) formed with different T
JC

. 
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detected at all TJC conditions. These peaks corresponded to the crystalline phase of PA6 (α-form, 

α1 and α2). The amorphous phase of PA6 (β-form) was detected as a broad peak at all TJC 

conditions. It was revealed that the γ-form of crystalline PA6 was not detected at all TJC. The PA6 

films that underwent the same thermal history with joining process consisted of α-form crystalline 

phase and β-form amorphous phase. 

 Figure 4.7 (a) shows heating curves of the PA6 films subjected to the same thermal 

history with the joining process. Endothermic peaks appeared around the melting point of PA6 

under all TJC conditions. As the heat of fusion of pure crystalline form (∆𝐻𝑓
0), 241 J/g was used 

because the detected crystalline phase was only α-form (Fig. 4.6). Figure 4.7 (b) shows the degree 

of crystallinity as a function of TJC. The degree of crystallinity was almost constant when TJC was 

in the range of 150 ~ 190 °C and declined with increasing TJC from 190 to 215 °C. It was revealed 

that the change in the degree of crystallinity was analogous to the change in the joint strength 

(Fig. 4.3 (b)). 

 Figure 4.8 shows the results of Vickers hardness tests of the PA6 films that underwent 

the same thermal history as the joining process. The Vickers hardness indicated almost constant 

value when TJC was in the range of 150 ~ 190 °C and declined with increasing TJC from 190 to 

Fig. 4.6 XRD profiles of the PA6 films heated and cooled to different T
JC

s. 
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215 °C. The change in the Vickers hardness was analogous to the change in the joint strength (Fig. 

4.3 (b)) and the degree of crystallinity (Fig. 4.7 (b)). 

 

4.4. Discussion 

 The influence of thermal joining history on the Al/PA6 lap joint strength was 

investigated. It was revealed that the joint strength, the degree of crystallinity, and the hardness 

of PA6 was almost constant when TJC was in the range of 150 ~ 190 °C and declined with 

increasing TJC from 190 to 215 °C (Fig. 4.3 (b), 4.7 (b), and 4.8). Fracture surface indicated that 

Fig. 4.7 (a) DSC heating curves of the PA6 films heated and cooled to different T
JC

 

and (b) change in the degree of crystallinity as a function of T
JC

. 

Fig. 4.8 Vickers hardness of the PA6 films heated and cooled to different T
JC

. 
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the PA6 remained on the Al substrate hardly deformed plastically at lower TJC than 190 °C (Fig. 

4.5). According to Dasari et al. [4.4], the fraction of brittle fracture surface rose, and ligaments 

decreased with increasing the degree of crystallinity. These findings suggest that the degree of 

crystallinity of PA6 near the Al/PA6 interface couldn’t increase any more when the PA6 was 

furnace-cooled below 190 °C. The PA6 was strengthened due to the increased degree of 

crystallinity, resulting in increasing the joint strength. The yielding strengths in the shear force - 

stroke curves (Fig. 4.3) were consistent with the joint strengths. Humbert et al. [4.5] found that 

the degree of crystallinity and yield stress indicated a linear correlation in the case of polyethylene 

(PE) semi-crystalline polymer. The increase in the yield strength of PA6 with its degree of 

crystallinity caused the increase in the joint strength.  

 The cooling curves of the as-received PA6 films are shown in Fig. 4.9. Exothermal 

peaks appeared under all TJC conditions. The crystallization beginning and ending temperature 

were different depending on the cooling rate. The crystallization beginning/ending temperatures, 

and enthalpy of crystallization were obtained from the cooling curves and summarized in Table 

4.1. It was found that the crystallization beginning/ending temperature and enthalpy of 

crystallization increased with a decrease in the cooling rate. When the cooling rate was low, the 

crystallization started and ended at higher temperature compared with higher cooling rate 

condition. The crystallization was suppressed under the fast cooling rate conditions. These 

findings were consistent with previous reports. Di Lorenzo et al. [4.6] found that the 

crystallization beginning temperature of PP decreased in the faster cooling conditions. The degree 

of crystallinity of PA6 increased under the slow cooling condition according to Pesetskii et al. 

[4.7].  

Fig. 4.9 DSC curves measured under the cooling scans of the as-received PA6 films 

with different cooling rate 
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Figure 4.10 shows changes in (a) the crystallization beginning/ending temperatures and 

(b) the enthalpy of crystallization obtained using as-received PA6 films with different cooling 

rate. The cooling rate significantly influenced the crystallization behavior of PA6. The same 

thermal profiles which were used for fabricating Al/PA6 lap joint are indicated in black (TJC = 

150 °C) and gray (TJC = 215 °C) arrows. When the Al and PA6 substrates were joined at 215 °C 

and furnace-cooled to 150 °C (TJC = 150 °C), PA6 near the interface of the PA6 and Al substrate 

were crystallized sufficiently since it was experienced slow cooling (2 °C/min) below the 

crystallization ending temperature (black arrows in Fig. 4.10). On the other hand, when the Al 

and PA6 substrates were joined at 215 °C and taken out from the hot sample stage, PA6 could not 

be crystallized sufficiently because the cooling rate was fast (90 °C/min) (indicated by the gray 

arrows in Fig. 4.10). The change in the cooling rate was responsible for the crystallization 

behavior of PA6, resulting in the change in the joint strength. 

 The findings revealed in the present study have a potential to improve the joint strength 

of metal/semi-crystalline polymer structures. Most of thermal joining processes utilize high 

temperature above the melting point of polymer for interlocking the molten polymer with dimples 

or protrusions formed on the metal surface. The joint strength can be improved without providing 

extra energy by adopting the slow cooling in the joining machine after the joining process. 

Another possible way is annealing the metal/polymer hybrid structures around the polymer 

crystallization temperature. It was reported that the joint strength improved by annealing the 

metal/polymer lap joint [4.8].  

 Recently, carbon fiber reinforced thermoplastics (CFRTPs) have been introduced for 

structural components because of its high specific strength and formability. The CFRTPs can be 

joined with metal substrates by not only adhesive and mechanical fasteners but also thermal 

process because thermoplastics are used as matrix materials [4.9]. PA6 is one of the matrix 

materials for the CFRTPs [4.10]. It is considered that the results revealed in this study are 

applicable for joining CFRTPs consisting of PA6 matrix with metals even though future research 

is required.  

Table 4.1 Crystallization beginning/ending temperatures and enthalpy of 

crystallization obtained using as-received PA6 films with different cooling rate. 
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4.5. Summary 

 The Al/PA6 lap joint strength, the degree of crystallinity and Vickers hardness of PA6 were 

constant at TJC below 190 °C and declined as the TJC increased from 190 °C to 215 °C.  

 The strength of PA6 near the joint interface increased due to the increase in the degree of 

crystallinity. As a result, the joint strength increased. 

 In the case of the Al/PA6 lap joint fabricated at TJC below 190 °C, the degree of crystallinity 

of PA6 increased sufficiently because of slow cooling under the crystallization ending 

temperature. 

 The fracture morphology of PA6 remaining on the Al substrate after lap shear test indicated 

brittle fracture surface at TJC below 190 °C due to its high crystallinity. 

  

Fig. 4.10 Changes in (a) the crystallization beginning and ending temperatures 

and (b) enthalpy of crystallization of as-received PA6 film as a function of the 

cooling rate. 
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5. Effect of the molar ratio of C powder in Al-Ti-C powder blend on 

the structure and microstructure of the anchor layer for joining an 

Al alloy and Polyamide-6 
 

5.1. Introduction 

 The anchor layer was fabricated using the Al-Ti (molar ratio of 1:1) and Al-Ti-C (molar 

ratio of 1:1:1) starting powders in Chapter 3. The anchor layer consisted of a dense layer when 

the Al-Ti starting powder was used. On the other hand, the anchor layer consisted of many 

granular protrusions when it was fabricated with the Al-Ti-C starting powder. The TiC phase was 

generated by the addition of C powder and dramatically changed the morphology of the anchor 

layer by forming the TiC skeleton structure in granular protrusions. The above results give a 

potential that the structure of the anchor layer can be controlled by adjusting the C molar ratio. In 

this chapter, the effect of C molar ratio in the Al-Ti-C starting powder on the microstructure and 

morphology of the anchor layer was investigated. The morphology of the anchor layer was 

evaluated quantitatively and discussed based on the microstructure and thermodynamic 

calculations. Each anchor layer fabricated by the Al-Ti-C starting powders with different C molar 

ratio was used for joining an Al alloy (A5052) and PA6 substrates. The relationship between the 

joint strength and morphology was investigated. 

 

5.2. Experimental methods 

 The process of fabricating anchor layer was same as the process that explained in section 

3.2. The molar ratio of Al:Ti:C was set at 1:1:MC (MC = 0, 0.4, 0.6, 0.8, 1.0, and 1.5). After the 

powder mixing, each starting powder was observed using the SEM. The EDS analysis was 

conducted to confirm the distribution of Al, Ti and C powders. The top-view of the anchor layer 

was observed using the SEM. The XRD analysis was conducted for each anchor layer with the 

same condition as explained in section 3.2. 

The cross-section of the anchor layer was observed using the SEM (back scattered 

electron mode). The method to expose the cross-section of the anchor layer was same as explained 

in section 3.2. The EDS analysis was conducted on the cross-sectioned anchor layer to obtain 

element maps of Al, Ti, and C.  

The structure of the anchor layer was quantitatively evaluated using the SEM images of 

top-view and cross-sectioned view of the anchor layer with ImageJ software. Figure 5.1 (a) shows 

the representative entire SEM micrograph showing the anchor layer. The area of each anchor 

layer was calculated with the entire SEM image of the anchor layer. Figure 5.1 (b) shows the 

representative top-view anchor layer and its binarized image. Projected area fraction of granular 

protrusions was calculated by dividing white area by total area (black area + white area). Two 
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images for each anchor layer were used to calculate the area and projected area fraction. Bonding 

ratio of granular protrusions, which indicates the adhesiveness between the granular protrusions 

and substrate, was calculated using SEM images of the cross-sectioned anchor layers as indicated 

in Fig. 5.1 (c) by following equation. 

Bonding ratio =  
∑ 𝑙𝑛𝑛

∑ 𝑊𝑚𝑚
     (5.1) 

where 𝑊𝑚 and 𝑙𝑛 correspond to the maximum width of each granular protrusion and length of 

each bonded part of protrusions with the Al substrate, respectively. More than 25 granular 

protrusions for each anchor layer were used to calculate the bonding ratio.  

 Hot-pressing was used to join the Al and PA6 substrates. The joining process was same 

as explained in section 4.2.1. In this section, joining complete temperature (TJC) was fixed at 190 

ºC. Schematic illustration with dimensions of the Al/PA6 lap joint is shown in Fig. 5.2. The area 

where the PA6 and Al substrate overlap became shorter from 10 mm to 4 mm to minimize the 

influence from the Al substrate part where the anchor layer was not formed on the joint strength. 

The lap shear testing was carried out as the same method and conditions explained in section 3.2. 

Fig. 5.1 Representative images for quantitative evaluation of the anchor layers: (a) 

entire SEM micrograph of the anchor layer, (b) top-view anchor layer and binarized 

image, (c) cross-sectioned anchor layer. 
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Four Al/PA6 lap joint samples were tested to evaluate average ultimate shear force (FUSF) for each 

anchor layer. After the lap shear tests, fracture surfaces on the Al substrate side were observed 

using the SEM.  

Thermodynamic equilibrium calculations were carried out for the Al-Ti-C ternary 

system using a conventional database of PanAluminum [5.1]. The Scheil solidification simulation 

was carried out to examine the solidification path and component partitioning during the 

solidification after laser irradiation on Al-Ti-C starting powders. Assumptions of the Scheil 

simulation are equilibrium at the liquid-solid interface, complete mixing of elements in the liquid 

phase, and no diffusion in the solid phase [5.2]. The Scheil solidification model can estimate the 

trend of solidified phases in the case of rapid cooling [5.3]. A detailed explanation about the Scheil 

simulation is given in the Appendix B. 

 

5.3. Results 

5.3.1. Characterization of the anchor layers 

 Figure 5.3 indicates the SEM micrographs and EDS maps (Al, Ti, and C elements) of 

starting powders with the C molar ratio (MC) of 0.4, 0.6, and 1.5. The Al and Ti powders were 

homogeneously blended in each starting powder. Although the C powder aggregated, the 

aggregated powder was well distributed in each starting powder. 

 The representative SEM micrographs showing the top-view of the anchor layers 

produced with each MC are shown in Fig. 5.4. The morphology of the anchor layer changed 

significantly depending on MC. When C powder was not included in the starting powder (MC = 

0), the dense layer was produced along with the laser irradiation direction. It was observed that 

Fig. 5.2 Schematically illustrated Al/PA6 lap joint for shear test.  
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granular protrusions were produced after the C powder was added (MC = 0.4). However, the 

granular protrusions were not distributed homogeneously and not formed around the centerline  

of the laser irradiated region. In the case of MC ≥ 0.6, the granular protrusions were distributed 

homogeneously on the laser irradiated region. 

Fig. 5.3 SEM micrographs of starting powders and EDS element maps of Al, 

Ti, and C elements. 

Fig. 5.4 Representative SEM micrographs showing the top-view of the anchor 

layer produced with each C molar ratio (M
C
).  
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 The quantitatively evaluated projected area fraction of the top-view anchor layers as a 

function of C molar ratio is shown in Fig. 5.5. Error bars indicate maximum and minimum values. 

The projected area fraction increased in the range of MC = 0.4 ~ 0.8 and declined in the range of 

MC = 0.8 ~ 1.5. 

 The representative SEM micrographs showing the cross-sectioned anchor layers were 

shown in Fig. 5.6. The surfaces of the Al substrates were indicated with dotted lines in the images, 

which were extrapolated from the surface of the non-laser-irradiated region. In the case of MC of 

0.4, the dense layer was deposited on the Al substrate instead of the granular protrusions. The 

dense layer consisted of various phases with different contrast. The granular protrusions were 

produced on the surface of the Al substrate when MC were 0.6 and 1.0. The granular protrusions 

were filled with the phase with the brightest contrast. In the case of MC = 0.4 and 0.6, the phase 

with the brightest contrast was formed below the Al substrate surface line, while it was mainly 

formed in the granular protrusions in the case of MC of 1.0.  

 Figure 5.7 indicates quantitatively evaluated bonding ratio of the granular protrusions 

as a function of MC. The bonding ratio indicated a high value of over 0.8 when MC was in the 

range of 0.4 ~ 0.6 and sharply decreased when MC changed from 0.6 to 0.8. The bonding ratio 

was almost constant at approximately 0.35 when MC was in the range of 0.8 ~ 1.5.   

Fig. 5.5 Change in projected area fractions of the anchor layers as a function of C 

molar ratio (M
C
). 
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The XRD profiles of the anchor layers fabricated with each starting powder are shown 

in Fig. 5.8. Peaks for TiC, Al4C3, Al3Ti, and α-Al were detected from all the anchor layers. The 

peaks for the Al4C3 and Al3Ti changed depending on MC. Peak intensity changes at 31.9˚ (one of 

diffraction peaks for Al4C3) and 39.2˚ (one of diffraction peaks for Al3Ti) as function of C molar 

ratio are indicated in Fig. 5.8 (b) and (c). The peak intensity at 31.9˚ increased with an increase 

in MC, while the peak intensity at 39.2˚ reduced with an increase in MC. These results suggested 

that the Al3Ti and Al4C3 phases were formed preferably in lower and higher MC, respectively. 

Fig. 5.6 Representative SEM micrographs of the cross-sectioned anchor layer 

formed with different C molar ratio (M
C
 = 0.4, 0.6, and 1.0). 

Fig. 5.7 Bonding ratio of the anchor layer as a function of C molar ratio (M
C
). 
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Figure 5.9 shows representative SEM images and elements maps (Al and Ti) of the 

cross-sectioned anchor layer produced with different starting powders (MC = 0.6 and 1.0). The 

EDS element maps indicated that the Ti element was enriched in the phases with brighter contrasts 

in the granular protrusions. The Ti-enriched phases were detected below the surface of the Al 

substrate in the case of MC = 0.6.  

The SEM micrographs and elements maps (Al, Ti, and C) in the middle region 

(surrounded by dotted line in Fig. 5.9) of the cross-sectioned anchor layer are shown in Fig. 5.10. 

Two phases were observed when MC was 0.6 (Fig. 5.10 (a)). The phase with brighter contrast 

containing the Ti and C elements was TiC judged from the XRD result. The TiC phase indicated 

granular and dendritic morphologies. The darker phase containing the Al and Ti elements was 

Al3Ti judged from the XRD results. In the case of MC = 1.0 (Fig. 5.10 (b)), three phases were 

observed. The darkest phase containing only the Al element was α-Al. The other phases were 

Al3Ti (middle contrast) and TiC (brightest phase) judged from the XRD and EDS results. The 

amount of Al3Ti phase was higher in the case of MC = 0.6 than in the case of MC = 1.0. The SEM 

Fig. 5.8 (a) XRD profiles of the anchor layers formed with different C molar ratio 

(M
C
). Changes in peak intensities at (b) Al

4
C

3
 (2θ = 31.9˚) and (c) Al

3
Ti (2θ = 39.2˚) 

as a function of C molar ratio (M
C
). 
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micrographs and elements maps (Al, Ti, and C) in the region near substrate (surrounded by solid 

line in Fig. 5.9) of the cross-sectioned anchor layer are shown in Fig. 5.11. The Al, TiC, and Al3Ti 

phases were observed in both MC = 0.6 (Fig. 5.11 (a)) and 1.0 (Fig. 5.11 (b)). The Al3Ti phase 

was elongated to downward direction in the figures (toward the substrate). 

Fig. 5.10 High magnification SEM micrographs and element maps (Al, Ti, and C) in 

the middle region of the granular protrusions formed with different starting powders 

((a) M
C
 = 0.6 and (b) M

C
 = 1.0). 

Fig. 5.9 SEM micrographs and Al, Ti element results of cross-sectioned anchor 

layer formed with different starting powders (M
C
 = 0.6 and 1.0). 
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5.3.2. Mechanical properties of Al/PA6 lap joints 

The changes in the ultimate shear force (FUSF) and area of the anchor layer as a function 

of MC are shown in Fig. 5.12. The FUSF indicated the highest and lowest values at MC = 0.6 and 

1.5, respectively. The area of the anchor layer indicated almost constant value at MC = 0.4 and 

0.6. It slightly decreased when MC changed from 0.6 to 0.8 and maintained constant value at MC 

= 0.8 ~ 1.5.  

The SEM micrographs of the top-view of the anchor layers and corresponding fracture 

surfaces for each starting powder after lap shear tests are shown in Fig. 5.13. It was observed 

from the fracture surfaces that the PA6 (indicated by the black arrows) and granular protrusions 

(indicated by the white arrows) remained on the Al substrate, indicating PA6 and granular 

protrusions interlocked each other. In the case of MC = 0.4 and 0.6, many granular protrusions 

remained on the Al substrate. In the case of MC = 0.4, PA6 did not remain around the centerline 

of the laser-irradiated region where the granular protrusions were hardly formed. In the case of 

Fig. 5.11 High magnification SEM micrographs in the near substrate region of 

the granular protrusions formed with different starting powders ((a) M
C
 = 0.6 

and (b) M
C
 = 1.0). 

Fig. 5.12 Changes in ultimate shear force (F
USF

) of Al/PA6 lap joint and entire area 

of the anchor layers as a function of C molar ratio (M
C
). 
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MC ≥ 0.8, many granular protrusions fractured in comparison with the micrographs before the lap 

shear test.  

Fig. 5.13. SEM images showing the anchor layer before joining and 

corresponding fracture surface after shear tests (direction of applied force 

is indicated in white box). 
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5.4. Discussion 

5.4.1. Morphology and microstructure of the anchor layer 

 The influence of MC in the starting powders on the morphology and microstructure of 

the anchor layer was examined. When MC was 0.8, the projected area was the highest value (Fig. 

5.5). The TiC phase was formed in the anchor layer over all MC conditions (Fig. 5.8 and 5.10). 

As indicated in Fig. 3.8, the TiC phase helped to form the granular protrusion. It is thought that 

the amount of TiC phase influenced the change of the projected area fraction of the anchor layers. 

The bonding ratio decreased rapidly when MC changed from 0.6. to 0.8 (Fig. 5.7). The Al3Ti phase 

elongated below the substrate was observed at the interface between the Al substrate and anchor 

layer which indicated high bonding ratio (Fig. 5.7 and 5.11). The bonding ratio and the formation 

of Al3Ti phase increased with a decrease in MC (Fig. 5.7 and 5.8). According to Yang et al. [5.3], 

the wettability between a metal surface and molten metal was improved by interfacial chemical 

reaction. From the above results, it is considered that the increase of the bonding ratio was 

attributed to the Al3Ti formation reaction, which occurred at the interface between the Al substrate 

and anchor layer. Therefore, the formation of the TiC and Al3Ti phases are meaningful. 

Thermodynamic analysis was carried out to understand the TiC and Al3Ti phases 

formation process. Figure. 5.14 (a) shows that calculated liquidus projection for the Al-Ti-C 

system and its calculated vertical section of equilibrium phase diagram in the case of the Al/Ti 

molar ratio = 1.0 (dotted-line in Fig. 5.14 (a)) is shown in Fig. 5.14 (b). It was found from the 

liquidus projection that the TiC phase is the primary solidifying phase in the case of all powder 

compositions (indicated on the dotted-line in Fig. 5.14 (a)). The TiC phase indicated both 

dendritic and granular morphologies (Fig. 5.10). According to Emamian et al. [5.5], the dendritic 

and granular morphologies of TiC was formed in a partially solid melt pool. These facts suggest 

that the dendritic and granular morphologies of TiC phases were derived from the TiC + liquid 

phases region indicated in Fig. 5.14 (b) and the temperature reached the TiC + liquid phases 

region at least. As indicated in Fig. 5.14 (b), secondary solidifying phases (Al3Ti or Al4C3) would 

change depending on the C content in the studied Al-Ti-C starting powders (indicated in the 

dotted-lines in Fig. 5.14 (b)). The Al3Ti and Al4C3 phases would be fabricated in the partially 

melted and quickly solidified powder generated by laser scanning. Figure. 5.15 shows (a, b) 

solidification sequence and (c, d) component partitioning in liquid phase during solidification 

calculated based on Scheil assumption: (a, c) MC = 0.6 and (b, d) MC = 1.0. In the case of MC = 

0.6, after the primary TiC phase is generated in the liquid phase, the Al3Ti phase is formed as 

indicated in the solidification sequence (Fig. 5.15 (a)). During the solidification process, the Ti 

and C contents in liquid phase form the TiC phase and decrease monotonically as shown in 

component partitioning (Fig. 5.15 (c)). After the TiC formation, the Ti element remains in the 

liquid phase and then forms Al3Ti phase at low temperature. In the case of MC = 1.0, the formation 
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of the TiC phase is followed by the formation of the Al4C3 phase as indicated in solidification 

sequence (Fig. 5.15 (b)). The C element remains in the liquid phase after the formation of the 

phase TiC and then forms the Al4C3 phase as indicated in component partitioning (Fig. 5.15 (d)). 

It is revealed that the formation of Al3Ti or Al4C3 is determined depending on the relative amount 

of the C and Ti elements. 

Fig. 5.15 (a, b) Solidification sequence and (c, d) component partitioning in liquid 

phase during solidification calculated based on Scheil assumption: (a, c) M
C
= 0.6 

and (b, d) M
C
= 1.0. 

Fig. 5.14 (a) Liquidus projection of Al-Ti-C ternary system and (b) its vertical section 

of equilibrium phase diagram at Al/Ti = 1.0. 
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The changes in mole fractions of final solid phases (Al4C3, TiC, and Al3Ti) calculated 

based on the Scheil solidification assumption as a function of MC is summarized in Fig. 5.16. It 

is noteworthy that the TiC mole fraction indicates maximum at MC = 0.8. Considering the TiC 

phase formed the skeleton structure in granular protrusions (Fig. 3.8), large amount of TiC phase 

facilitated the formation of granular protrusions. The calculated final mole fraction of TiC phase 

is in good agreement with the changes in the experimentally evaluated projected area fraction 

(Fig. 5.5). In the case of low MC (0.4 and 0.6), the mole fraction of the Al3Ti phase indicates high 

value, while the Al4C3 phase formation is low. In the case of high MC (0.8, 1.0, and 1.5), the mole 

fraction of the Al3Ti phase decreased rapidly in contrast to the formation of the Al4C3 phase. 

These calculation results are consistent with the experimentally measured XRD results (Fig. 5.8). 

In the case of the starting powder with low MC, the Ti content was redundant in the liquid phase 

and formed the Al3Ti phase by reacting with the Al element supplied from not only the starting 

powder but also the Al substrate. The reaction between the Ti powder and Al substrate formed 

the Al3Ti phase below the surface of the Al substrate (Fig. 5.11 (a)), resulting in increasing the 

bonding ratio. When the starting powder with high C content was used, the Al3Ti phase was hardly 

formed due to the lack of the Ti element. The Al3Ti phase was rarely observed in the near Al 

substrate (Fig. 5.11 (b)). The bonding ratio decreased because the interfacial reaction between the 

Ti powder and Al substrate did not occur much.  

An Al4C3/Al composite was synthesized with graphene oxide and Al powder mixture 

by laser powder bed fusion method according to Zhou et al. [5.6]. The Al4C3 had rod-like 

morphology with diameter of < 140 nm and dispersed in the Al matrix. In the present study, it 

was not found any contribution from the Al4C3 phase to the structure of granular protrusions. This 

Fig. 5.16 The final mole fraction of solid Al
4
C

3
, TiC and Al

3
Ti phases as a function of 

C molar ratio (M
C
) calculated based on the Scheil assumption.  
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may stem from the Al4C3 phase generated with very small size and dispersed into molten powder 

or Al substrate. Minute observations of the anchor layer are required in future works. 

 

5.4.2. Mechanical behaviors of Al/PA6 joint via the anchor layer 

 When the anchor layer was fabricated using starting powders with high MC (0.8, 1.0, 

and 1.5), granular protrusions severely fractured from the Al substrate (Fig. 5.13). The anchor 

layers fabricated using the starting powders with MC = 0.8, 1.0, and 1.5 indicated low bonding 

ratio and fractured easily when high external force was applied, resulting in low FUSF. In the case 

of the anchor layer fabricated using the starting powder with MC = 0.4, the projected area fraction 

was low although the bonding ratio was high. The granular protrusions were not formed around 

the centerline of the laser irradiated region, which means interlocking sites for PA6 were not 

enough to exhibit high FUSF. When the anchor layer was fabricated using starting powder with MC 

= 0.6, both the bonding ratio and projected area fraction were high. Granular protrusions were 

homogeneously distributed on the laser scanned region and adhered well with the Al substrate. 

The granular protrusions were hardly fractured from the Al substrate and PA6 remained among 

the granular protrusions. The strong interlocking between PA6 and the granular protrusions 

provided the highest FUSF. Obviously, the bonding ratio and projected area fraction influenced the 

joint strength. The area of the anchor layer should be considered because the FUSF will increase if 

the area becomes larger. Therefore, the FUSF was divided by the surface area and the ultimate shear 

stress (FUSS) was obtained.  

 Changes in the joint strength (FUSF and FUSS) with the projected area fraction and 

bonding ratio are shown in Fig. 5.17 (a) and (b), respectively. There is no correlation indicated 

from these graphs. Figure 5.17 (c) shows the relationship between the joint strength (FUSF and 

FUSS) and product of bonding ratio and projected area fraction. The FUSF and the bonding ratio × 

projected area fraction had linear correlation. The FUSS slightly increased with increasing the 

product of the bonding ratio and projected area fraction and rapidly increased especially when the 

product became 0.5. The joint strength including difference in the area of the anchor layer (FUSS) 

was also the highest. However, further investigation is needed to see if the above correlation 

between the joint strength and the product of the bonding ratio and projected area fraction applies 

even if the shape of the granular protrusion changes. 
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Fig. 5.17 Changes in F
USF

 and F
USS

 of Al/PA6 lap joint as a function of (a) bonding 

ratio, (b) projected area fraction, and (c) bonding ratio x projected area fraction. 
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5.5. Summary 

 The morphology of the anchor layer changed depending on the C molar ratio in the Al-Ti-C 

powder blends. 

 It was found from Scheil solidification simulation and phase identification that the TiC phase 

was primary phase during solidification process, followed by the formation of Al3Ti or Al4C3 

secondary phases. In the case of low MC (0.4 and 0.6), the Al3Ti phase was preferably 

generated, in contrast to the Al4C3 phase. 

 The projected area fraction changed depending on MC. This was related with final mole 

fraction of the TiC solid phase after solidification because the TiC phase forms the skeleton 

structure in the granular protrusion. 

 The bonding ratio changed depending on MC. The interfacial reaction between the Ti powder 

and Al substrate to form Al3Ti at low MC (0.4 and 0.6) improved in the bonding ratio. 

 Lap shear tests and fracture surface observations revealed that both high bonding ratio and 

projected area fraction were required to obtain high Al/PA6 joint strength. Homogeneously 

distributed granular protrusions well-bonded with the substrate provided stiff interlocking 

sites for resisting high external force by distributing through the anchor layer. 
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6. Structural control of anchor layer by changing laser conditions for 

enhancing Al/PA6 lap joint strength 

 

6.1. Introduction 

 Structural control of the anchor layer is important since the bonding strength of directly 

joined metal/polymer hybrid structures significantly depends on the structure of metal surface at 

bonded area as mentioned in 1.3.1 section. Kurakake et al. [6.1] carried out laser spot joining to 

join polyethylene terephthalate (PET) and aluminum alloy (A5052) sheets. The joint strength of 

the Al/PET hybrid structure changed depending on the laser heat input. The cross-sectioned joint 

sample observation revealed that a cavity was formed on the Al surface and the depth of the cavity 

changed depending on the laser heat input. Byskov-Nielsen et al. [6.2] carried out laser drilling 

on a metal surface. The authors found that the morphology of the holes changed depending on the 

laser energy. These researches would open the possibility of controlling the structure of the anchor 

layer by changing laser parameters. In the present study, the effects of laser parameters (laser 

power (P) and scan speed (v)) on the structure of the anchor layers were investigated. An energy 

density (Ed) is used in laser processes including welding and additive manufacturing. The energy 

density is the total energy divided by the dimension of the region where is irradiated by laser. In 

the present study, the following linear energy density (𝐸d
L) was used [6.3]. 

Linear energy density (𝐸d
L) =  

𝑃

𝑣
    (6.1) 

The structure of the anchor layer was evaluated quantitatively and correlated with 𝐸d
L. 

The mechanical properties of Al/PA6 hybrid structure were evaluated by the lap shear tests and 

fracture surface analysis. The mechanical properties were correlated with 𝐸d
L and the quantities 

representing the anchor structures. The findings were used to discuss the relationship among the 

laser process conditions, the structure of the anchor layers, and the mechanical behaviors of 

Al/PA6 lap joints. 

 

6.2. Experimental methods 

 The process for fabricating the anchor layer was the same as explained in section 3.2. 

The molar ratio of Al-Ti-C powder mixture was fixed as 1:1:0.6, which was proved to be the 

optimized condition in Chapter 5. Laser powers were controlled at 300 and 400 W, while the laser 

scan speeds were set at 10, 30, 50, 70, and 100 mm/s. After the laser irradiation, the top-view of 

the anchor layers was observed using the SEM.  

The cross-sectioned anchor layer was observed using the SEM (back scattered electron 

mode). The cross-sectioning method for the anchor layer was the same method as explained in 
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section 3.2. The EDS analysis was conducted with the cross-sectioned anchor layer to acquire 

element maps (Al, Ti, and C) and line-scan analysis results. 

The anchor structures were quantified by image-analyzing the SEM images with ImageJ 

software. The projected area fraction (Fpa) and bonding ratio (Br) were evaluated by the same 

methods as explained in 5.2 section. Average width (w) and height (h) of granular protrusions 

were measured using the SEM images of the cross-sectioned anchor layers. The height was 

measured from the surface of the substrate near the granular protrusion as indicated in Fig. 6.1. 

The aspect ratio (Ar) was calculated using the width and height with the following equation. 

Aspect ratio (𝐴r) =  
ℎ

𝑤
       (6.2) 

Two sample images were used for calculating the projected area fraction and more than 20 

granular protrusions were used for calculating the bonding ratio, width, height and aspect ratio.  

Hot-pressing was used to join the Al and PA6 substrates. The joining process was same 

as the process explained in 4.2.1 section. In this study, TJC (joining complete temperature) of 

190 °C was applied for all joint fabricating process. The dimension of the Al/PA6 lap joint is 

shown in Fig. 5.2. Lap shear test was conducted as same method and conditions as explained in 

3.2 section. Basically, three Al/PA6 lap joint samples were used to obtain the average ultimate 

shear force (FUSF) for each laser condition. Two Al/PA6 lap joints via the anchor layer fabricated 

under the laser power of 300 W for the laser scan speed of 10, 50, and 100 mm/s were used to 

obtain the average FUSF. After the lap shear tests, fracture surfaces of the anchor layer were 

observed using the SEM.  

  

Fig. 6.1 Representative image used for evaluating the height (h) of the granular 

protrusions. 
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Fig. 6.2 SEM micrographs showing the top-view of the anchor layers 

fabricated under different laser power and scan speed. 
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Fig. 6.3 SEM micrographs showing the cross-sectioned anchor layers 

fabricated under different laser power and scan speed. 
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6.3. Results 

6.3.1. Characteristics of the anchor layers 

 Representative SEM micrographs showing the top-view anchor layer fabricated under 

different laser parameters are shown in Fig. 6.2. When the laser power was 300 W, the granular 

protrusions were homogeneously generated under all the laser scan speeds applied in this study. 

When the laser power was 400 W, the granular protrusions were generated under all the laser scan 

speed. However, the granular protrusions were scarcely observed around the centerline of the 

laser track in the case of 10 mm/s. 

The SEM images of the cross-sectioned anchor layers are shown in Fig. 6.3. In the case 

of the laser conditions of 300 W and 10 mm/s, 300 W and 30 mm/s, and 400 W and 30 mm/s, the 

granular protrusions were intimately bonded with the Al substrate. The adhesiveness between the 

granular protrusions and Al substrate was poor when the laser conditions were 300 W and 50 ~ 

100 mm/s and 400 W and 50 ~ 100 mm/s. The granular protrusions were filled with a phase with 

brighter contrast. The phase with brighter contrast was found below the interface between the 

granular protrusions and Al substrate when the anchor layer was fabricated under the laser 

conditions of 300 W and 10 mm/s, 300 W and 30 mm/s, and 400 W and 30 mm/s (indicated by 

the white arrows in Fig. 6.3). The phase with brighter contrast was rarely found below the 

interface when the anchor layer was fabricated under the laser conditions of 300 W and 50 ~ 100 

mm/s and 400 W and 50 ~ 100 mm/s (indicated by the black arrows in Fig. 6.3). In the case of 

the laser conditions of 400 W and 10 mm/s, the granular protrusions were not formed on the 

surface of Al substrate, instead it seemed that the granular protrusions submerged into the 

substrate. 

Figure 6.4 shows the changes in the quantities representing the anchor structures 

fabricated under different laser conditions as a function of 𝐸d
L. The anchor layer fabricated under 

the laser conditions of 400 W and 10 mm/s was not quantified since no granular protrusions were 

observed from the cross-sectioned image. The bonding ratio increased with 𝐸d
L from 3.0 to 10.0 

J/mm and became constant at approximately 0.85 when 𝐸d
L exceeded 10.0 J/mm. The projected 

area fraction and width indicated constant value when 𝐸d
L was in the range of 3.0 ~ 10.0 J/mm 

and increased monotonically with an increase in 𝐸d
L from 10.0 to 30.0 J/mm. The height and 

aspect ratio were almost constant when 𝐸d
L was in the range of 3.0 ~ 10.0 J/mm and decreased 

with an increase in 𝐸d
L from 10.0 to 30.0 J/mm. It was revealed that the quantities representing 

the anchor structures changed significantly at 𝐸d
L around 10.0 J/mm.  

 The SEM images showing the cross-sectioned granular protrusion in the anchor layer 

fabricated below and above 𝐸d
L of 10.0 J/mm are shown in Fig. 6.5 (𝐸d

L = 3.0 J/mm) and Fig. 

6.6 (𝐸d
L = 13.3 J/mm), respectively. In the middle region of the granular protrusion (surrounded 

by dotted line), two phases were observed in both of 𝐸d
L = 3.0 and 13.3 J/mm cases. The Ti and 
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C elements were detected in the brightest phase, which is regarded as the TiC identified in Chapter 

5. The TiC phase was encompassed by an Al-Ti intermetallic compound, which is regarded as the 

Al3Ti identified in Chapter 5.  

Different microstructures were observed in the region near the substrate depending on 

𝐸d
L. In the case of 𝐸d

L = 3.0 J/mm (Fig. 6.5), the phase with the brightest contrast was observed 

just above the interface between the granular protrusion and Al substrate (surrounded by solid 

line). The magnified SEM image and elements maps indicated that the phase with the brightest 

contrast was a Ti-rich phase. The Ti element was also detected around the Ti-rich phase. The Al 

element was detected around the Ti-rich phase and below the interface. The C element was mainly  

  

Fig. 6.4 Changes in the bonding ratio, projected area fraction, height, width, and 

aspect ratio of the granular protrusions as a function of linear energy density (𝐸d
L). 
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`  

Fig. 6.5 SEM images and element maps (Al, Ti and C) of a cross-sectioned granular 

protrusion in the anchor layer fabricated with 𝐸d
L

 
= 3.0 J/mm. 

Fig. 6.6 SEM images and element maps (Al, Ti and C) of a cross-sectioned granular 

protrusion in the anchor layer fabricated with 𝐸d
L

 
= 13.3 J/mm. 
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detected above the interface. Figure 6.7 (a) shows line-scan EDS analysis result for Al and Ti 

elements in the direction perpendicular to the interface between the granular protrusion and Al 

substrate (indicated by dotted horizontal line). The molar concentration of the Ti element was less 

than 1% below the interface and rapidly increased around the interface in contrast to the Al 

element.  

In the case of 𝐸d
L = 13.3 J/mm, three phases with different contrast were confirmed 

around the interface between the granular protrusion and Al substrate (surrounded by solid line) 

as indicated in Fig. 6.6. The phase with the brightest contrast was the TiC because the C and Ti 

elements were detected. The TiC phase was distributed in the region near the Al substrate. The 

Al and Ti elements were detected in the middle contrast phase, which was regarded as the Al3Ti 

phase. Figure 6.7 (b) shows line-scan EDS analysis result for Al and Ti elements in the direction 

perpendicular to the interface between the granular protrusion and Al substrate (indicated by 

dotted horizontal line). The molar concentration of Ti element below the interface was in the 

Fig. 6.7 SEM images of the cross-sectioned granular protrusion in near the 

substrate region and changes in molar concentration of Al and Ti elements along 

with the vertical line in the SEM micrograph: (a) 𝐸d
L

 
 = 3.0 J/mm and (b) 𝐸d

L = 13.3 

J/mm. 
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range of 6 ~ 36%, which was much higher than in the case of 𝐸d
L = 3.0 J/mm. The Al and Ti 

elements in the substrate around the interface were detected almost the same level in the granular 

protrusion. 

 

6.3.2. Mechanical behaviors of Al/PA6 lap joints 

 Changes in the average ultimate shear force (FUSF) of Al/PA6 lap joints via the anchor 

layer fabricated under different 𝐸d
L are shown in Fig. 6.8. Error bars indicate the difference 

between minimum and maximum values. The FUSF increased with an increase in 𝐸d
L from 3.0 to 

10.0 and decreased with an increase in 𝐸d
L from 10.0 to 30.0.  

Figure 6.9 shows SEM micrographs of the fracture surfaces on the Al substrate sides 

after the shear tests of the joints via the anchor layers fabricated under 𝐸d
L of 3.0, 10.0, and 13.3 

J/mm. The PA6 substrate was pulled upward direction in the images.  

In the case of 𝐸d
L = 3.0 J/mm (Fig. 6.9 (a)), remaining granular protrusions and PA6 

were hardly observed on the Al substrate. Figure 6.9 (a-1) show high-magnification SEM images 

of the fracture surface. Dimples were observed (indicated by the white arrow) on the magnified 

fracture surface. It was thought that the dimples were formed when the bonded part of the granular 

protrusion with the Al substrate were fractured due to the external force. The diameter of the 

region where the dimples were formed was about 20 μm.  

In the case of 𝐸d
L = 10.0 J/mm, PA6 and granular protrusions remained on the fracture 

surface as indicated in Fig. 6.9 (b). Figure 6.9 (b-1) and (b-2) show high-magnification SEM 

images of the fracture surface. As indicated in Fig. 6.9 (b-1), the granular protrusions were hardly 

Fig. 6.8 Changes in F
USF

 of Al/PA6 lap joints as a function of linear energy density 

(𝐸d
L) of the laser source. 
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fractured (indicated by the white arrow) and PA6 remained among the granular protrusions 

(indicated by the black arrow). PA6 did not remain on the top surface of the granular protrusions. 

Dimples were formed on the Al substrate as indicated in Fig. 6.9 (b-2). The size of the region 

where the dimples were formed in the case of 𝐸d
L = 10.0 J/mm was larger than that in the case 

of 𝐸d
L = 3.0 J/mm.  

Figure 6.9 (c) shows the anchor layer after the lap shear test in the case of 𝐸d
L = 13.3 

J/mm. The granular protrusions and PA6 remained on the fracture surface. High-magnification 

SEM images of the fracture surface are indicated in Fig. 6.9 (c-1) and (c-2). As indicated in Fig. 

6.9 (c-1), PA6 remained around the granular protrusions (indicated by the black arrows). Granular 

protrusions around which PA6 did not remain (indicated by the white arrow with dotted line) and 

a small amount of PA6 remained (indicated by the white arrow with solid line) were also observed. 
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The size of the region where the dimples were formed in the case of 𝐸d
L = 13.3 J/mm was larger 

than that in the case of 𝐸d
L = 3.0 J/mm as indicated in Fig. 6.9 (c-2).  

 

6.4. Discussion 

6.4.1. Characteristics of the anchor layers 

The effect of the laser conditions on the anchor structures was examined. The quantities 

representing the anchor structures studied in this chapter changed significantly below and above 

𝐸d
L   10.0 J/mm (Fig. 6.4). The bonding ratio increased with 𝐸d

L  from 3.0 to 10.0 J/mm and 

became constant with 𝐸d
L  ≥ 10.0 J/mm. The projected area fraction and width were roughly 

constant when 𝐸d
L was below 10.0 J/mm and increased as 𝐸d

L was further increased. The height 

and aspect ratio were almost constant when 𝐸d
L was below 10.0 J/mm and decreased as 𝐸d

L was 

further increased. As shown in Chapter 5, the interfacial chemical reaction between the granular 

protrusions and Al substrate helped to increase the bonding ratio. The interfacial chemical reaction 

was thought to be responsible for the changes in the anchor structures in this chapter. 

The microstructure of the cross-sectioned anchor layer changed depending on 𝐸d
L . 

When the anchor layers were fabricated with 𝐸d
L < 10.0 J/mm (300 W and 50 ~ 100 mm/s, and 

400 W and 50 ~ 100 mm/s), the phase with brighter contrast (TiC and Al3Ti) was hardly formed 

Fig. 6.9 SEM images of the low and high-magnification fracture surfaces on the Al 

substrate of the Al/PA6 joints via the anchor layers fabricated with (a) 𝐸𝑑
𝐿

 
 = 3.0 

J/mm, (b) 𝐸𝑑
𝐿

 
 = 10.0 J/mm and (c) 𝐸𝑑

𝐿
 
 = 13.3 J/mm. 
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below the interface between the granular protrusions and Al substrate (Fig. 6.3). In contrast, in 

the case of the anchor layers fabricated with 𝐸d
L ≥ 10.0 J/mm (300 W and 10 ~30 mm/s, and 400 

W and 30 mm/s), the phase with brighter contrast was formed below and above the interface 

between the granular protrusions and Al substrate (Fig. 6.3). In addition, the granular protrusions 

and Al substrate were intimately bonded. In other words, metallurgical bonding between the 

granular protrusions and Al substrate was formed when high 𝐸d
L  was applied. The high-

magnification SEM images and element maps revealed that the Ti-rich phase was observed just 

above the interface between the granular protrusion and Al substrate in the case of low 𝐸d
L (3.0 

J/mm) (Fig. 6.5 and 6.7). On the other hand, considerable amount of the Ti element was detected 

below the interface in the forms of Al3Ti and TiC phases in the case of high 𝐸d
L (13.0 J/mm) (Fig. 

6.6, and 6.7). It was found in chapter 5 that the chemical reaction at the interface between the Ti 

powder and Al substrate to generate the Al3Ti phase played an important role to form metallurgical 

bonding at the interface and increase the bonding ratio. These findings suggest that enough energy 

needs to be provided from the laser source to induce chemical reactions at the interface, even if 

sufficient Ti element was provided from the molten powder blend. For inducing the interfacial 

chemical reaction, the laser conditions with 𝐸d
L ≥ 10.0 J/mm were required from the laser device 

used in this study. Note that the threshold energy density can change depending on other 

conditions including laser spot size and composition of the powder. 

 The fact that the interfacial chemical reaction occurred at the laser conditions of 𝐸d
L ≥ 

10.0 J/mm suggests that the interfacial chemical reaction caused the changes in the quantities 

representing the anchor structure. In the case of Al sessile drop experiments on a ceramic substrate, 

a stable Al oxide is formed around the Al drop, which prevents wetting [6.4]. The wettability 

made a transition from poor to good at the testing temperature of 1000 °C, which was attributed 

to the breakup of the Al oxide film at high temperature. In this study, the temperature of the Al 

substrate and molten powders were increased with the increase in 𝐸d
L, which might facilitate the 

breakup of the Al oxide and induce the interfacial chemical reaction. The interfacial chemical 

reaction occurred at high 𝐸d
L  conditions further improved wettability between the granular 

protrusions and the Al substrate. As a result, the bonding ratio of the anchor layers increased (Fig. 

6.4). As indicated in Chapter 5, significant interfacial reaction to form Al3Ti in the case of Mc   

0.4 (molar ratio of C) made granular protrusion sink into the substrate (Fig. 5.6), resulting in no 

granular protrusions around the centerline of the laser track (Fig. 5.4). Also in this chapter, 

granular protrusions formed below the substrate under the laser condition with high energy 

density (400 W, 10 mm/s) (Fig. 6.3). Therefore, the interfacial reaction promoted by low C content 

or high energy submerged granular protrusions into the substrate. The submerging decreased the 

height of the granular protrusions at higher energy density. The width of the granular protrusions 

increased since the granular protrusions might spread on the Al substrate due to the improvement 
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of the wettability at high 𝐸d
L. As a result, the aspect ratio decreased. The increase in the width of 

the granular protrusions attributed to the increase in the projected area fraction. However, the 

detailed mechanism of the structural change with 𝐸d
L needs further investigation. 

 

6.4.2. Mechanical behaviors of Al/PA6 lap joints 

 The fact that the quantities representing the anchor structures changed significantly at 

𝐸d
L   10.0 J/mm (Fig. 6.4) supports that the change in the joint strength at 𝐸d

L   10.0 J/mm (Fig. 

6.8) was derived from the changes in the anchor structures.  

Figure 6.10 shows changes in the FUSF with the quantities representing the anchor 

structures. Figure 6.10 (a) shows the relationship between the FUSF and the product of projected 

area fraction and bonding ratio. The joint strength shows a positive correlation with the product 

of projected area fraction and bonding ratio in the range of approximately 0.12 ~ 0.45 

(corresponded to 𝐸d
L < 10.0 J/mm) and a negative correlation with the product value of equal to 

or more than 0.45 (corresponded to 𝐸d
L ≥ 10.0 J/mm). These results suggested that the parameters 

other than projected area fraction and bonding ratio contributed to the change in the joint strength. 

Fig. 6.10 Changes in the F
USF

 of Al/PA6 lap joints as a function of (a) projected area 

fraction (F
pa

) × bonding ratio (B
r
), (b) F

pa 
× B

r
 × height (h), (c) F

pa 
× B

r
 × width (w), 

and (d) F
pa 

× B
r
 × aspect ratio (A

r
). 
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Figure 6.10 (b), (c), and (d) shows the relationship between the FUSF and projected area fraction 

× bonding ratio × height, projected area fraction × bonding ratio × width, and projected area 

fraction × bonding ratio × aspect ratio, respectively. The joint strength decreased also with 

increasing projected area fraction × bonding ratio × width over 𝐸d
L value corresponding to 10 

J/mm (Fig. 6.10 (c)). On the other hand, there was a positive correlation between the joint strength 

and the projected area fraction × bonding ratio × height (Fig. 6.10 (b)). Also, the joint strength 

increased almost linearly with an increase in the projected area fraction × bonding ratio × aspect 

ratio (Fig. 6.10(d)). These results indicated that the joint strength was improved by not only 

increasing the projected area fraction and bonding ratio but also generating tall granular 

protrusions.  

 When the anchor layer was fabricated with 𝐸d
L
   3.0 J/mm, the joint strength was the 

lowest (Fig. 6.8) and granular protrusions and PA6 hardly remained on the fracture surface (Fig. 

6.9 (a)). The size of the region where the dimples were formed was small (Fig. 6.9 (a-1)) 

compared to other anchor layers fabricated with high 𝐸d
L (Fig. 6.9 (b-2) and (c-2)) since the 

fraction of bonded part of the granular protrusions with Al substrate (bonding ratio) was low. The 

granular protrusions were easily fractured when high external force was applied, which means the 

anchor layer was not strong enough to hold PA6. 

 In the case of 𝐸d
L   10.0 J/mm, the joint strength was the highest (Fig. 6.8). The anchor 

effect acted strongly since many granular protrusions interlocked with PA6 on the fracture surface 

(Fig. 6.9 (b-1)). Although some granular protrusions were fractured, it is considered that larger 

stress could be distributed to the fractured granular protrusions compared to the granular 

protrusions in the anchor layer with lower bonding ratio judged from the size of the region where 

the dimples were formed (Fig. 6.9 (b-2)). It is noteworthy that PA6 hardly remained on the top 

surface of the granular protrusions (Fig. 6.9 (b-1)), indicating that the top surface of the granular 

protrusions hardly contributed to the mechanical interlocking between the granular protrusions 

and PA6. The region of the top surface of a granular protrusion increases with an increase in the 

width of the granular protrusion. Therefore, the width of the granular protrusions influenced a 

negative impact on the joint strength (Fig. 6.10 (c)). 

 The joint strength of Al/PA6 lap joint decreased when Ed increased from 10.0 to 13.3 

J/mm (Fig. 6.8). Some granular protrusions around which PA6 did not remain hardly contributed 

to mechanical interlocking (Fig. 6.9 (c-1)). A possible reason why PA6 did not interlock with the 

granular protrusions is that the height of the granular protrusions was low. The increase in the 

height of the granular protrusions might facilitate resisting larger external force since the area 

where the tall granular protrusions were entangled with PA6 was increased.  
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6.5. Summary 

The anchor layers were fabricated with Al-Ti-C powder mixture under different laser 

power and scan speed. The effects of laser conditions on the structure and the microstructure of 

the anchor layer and joint strength of Al/PA6 hybrid structure via the anchor layer were 

investigated.  

 

 The changes in the structural parameters of the anchor layers were described well with the 

linear energy density of the laser source ( 𝐸d
L ). The quantities representing the anchor 

structures significantly changed around 𝐸d
L = 10 J/mm.  

 The anchor structures were influenced by the interfacial chemical reaction. The interfacial 

chemical reaction between the granular protrusions and Al substrate occurred severely at 𝐸d
L 

≥ 10.0 J/mm.  

 The joint strength of Al/PA6 hybrid structures changed depending on the quantities 

representing the anchor structures. The bonding ratio, projected area fraction, and height 

influenced a positive impact on the joint strength, while the width influenced a negative 

impact on the joint strength. 
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7. Summary 

 

 This study aimed to strongly join metals and polymers via additively manufactured 

anchor layer. Firstly, to correctly understand the wetting phenomenon between metals and 

polymers, various surface treatments were performed on the Al surface. The surface purification 

greatly improved the wettability between the epoxy resin and the Al substrate. The atmospheric 

plasma treatment was effective for the surface purification. An attempt was made to additively 

fabricate the anchor layer on the Al substrate by laser-induced in-situ reaction. The Al-Ti-C 

powder blend was suitable for fabricating the anchor layer since it has complex structure with 

protrusive morphology. The anchor layer consisted of a number of micro-sized granular 

protrusions. The Al substrate with the anchor layer was joined with the PA6 substrate utilizing 

hot-pressing process. Furnace cooling below the crystallization ending temperature of PA6 was 

an effective method for increasing the degree of crystallinity, resulting in the high joint strength. 

In addition, it was demonstrated that the joining process utilizing the anchor layer is possible even 

at very low joining pressure below the melting point of polymer material. 

 The influence of process conditions for fabricating the anchor layer on the structure of 

the anchor layer was investigated for further strengthening of the Al/PA6 lap joint. Firstly, it was 

found that the molar ratio of C element in the Al-Ti-C powder blend influenced the structure and 

constitute phases of the anchor layer. It was revealed that the projected area fraction and bonding 

ratio significantly influenced the joint strength. Secondly, the structure of the anchor layer could 

be controlled by the volumetric energy density of the laser source. In addition to the projected 

area fraction and bonding ratio, the aspect ratio of the granular protrusions also influenced the 

joint strength. 

  

 In chapter 1, the social background for the necessity of the multi-material structure and 

dissimilar joining technique, and importance of the anchor effect in metal/polymer direct joining 

were described. Also, the conventional methods for metal surface structuring and joining methods 

for metals and polymers were reviewed. Based on the above, the importance and necessity of 

additively manufactured anchor layer and the purpose of this study were described. 

 In chapter 2, the importance of metal surface treatment for the direct metal/polymer 

joining was demonstrated through the wettability measurements between the Al substrate and 

various liquids (water and epoxy resin). The atmospheric plasma treatment improved the 

wettability between the Al substrate and liquid phases by removing organic impurities and 

forming Al oxides on the surface of the Al substrate. 

In chapter 3, the Al-Ti and Al-Ti-C powder blends were tried to fabricate the anchor 

layer by laser-induced in-situ reaction. It was found that Al-Ti-C powder was suitable for 
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fabricating the anchor layer consisting of granular protrusions. The joint strength of 

approximately 45 MPa was obtained, which was more than twice as high as the required lap shear 

strength in the automobile industry (20 MPa). Homogeneously distributed granular protrusions 

provided mechanical interlocking sites for PA6, resulting in the high and reliable joint strength. 

In chapter 4, the effect of joining temperature history on the mechanical behaviors of 

the Al/PA6 lap joints was investigated. It was shown that the degree of crystallinity of PA6 in the 

vicinity of Al/PA6 interface changes depending on the joining temperature history. When the 

joining process started at 215 °C, furnace cooling below 190 °C was effective for improving the 

joint strength because the degree of crystallinity was sufficiently increased. 

In chapter 5, the influence of the C molar ratio in the Al-Ti-C powder blend on the 

characteristics of the anchor layer and joint strength was investigated. The formation of Al3Ti and 

TiC phases, which can be controlled by the relative molar ratio of C and Ti powders, was related 

with the bonding ratio and projected area fraction. It was possible to fabricate the anchor layer 

with high projected area fraction and high bonding ratio which showed the highest joint strength 

by using the Al-Ti-C powder blend with the molar ratio of 1:1:0.6. 

In chapter 6, the effects of the laser conditions on the characteristics of the anchor layer 

and joint strength were investigated. The interfacial reaction between the granular protrusions and 

Al substrate occurred when the linear energy density of the laser source was high enough (𝐸d
L ≥ 

10.0 J/mm). The interfacial reaction changed the structure of the anchor layer significantly. It was 

revealed that the aspect ratio of the granular protrusions affected the joint strength in addition to 

the bonding ratio and projected area fraction. 

 

 The joint efficiency of metal/polymer single-lap joint structure of present study and 

previous researches are compared in Fig. 7.1. The joint efficiency was calculated by dividing the 

joint strength in [MPa] unit by the tensile strength of the weaker joint material (polymer). The 

bonded area of the metal/polymer joint is also indicated for a fair comparison since the joint 

strength in [MPa] unit decreases with increasing the bonded area as indicated in Fig. 3.12. Table 

7.1 summarizes the joining process, joining partners, bonded area, joint strength in [MPa] unit, 

and joint efficiency of the previous researches plotted in Fig. 7.1. If only the joint efficiency is 

considered, the present study indicates the highest joint efficiency. However, it is obvious that the 

bonded area of the lap joints must be increased while the joint efficiency is maintained high value 

for a practical use in the multi-material structure.  
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Table 7.1 Summary of previous metal/polymer joining researches [7.1-7.10]. 

Reference
Joining
process

Metal Polymer
Bonded

area (mm2)
Joint

strength (MPa)
Joint

efficiency

Present
study

Hot-press
Al alloy (A5052) with 

anchor layer
PA6 15 58.0 0.73

[7.1]
Friction stir 

welding

As received Al alloy 

(A5058)
PC 20 46 0.69

[7.2]
Injection molded

direct joining
Laser-textured

Al alloy 

PS
3

35.6 0.68

ABS 26.5 0.63

[7.3]
Friction stir spot 

welding

Laser-textured Al alloy 

(A5053)
PEEK 145.8 47 0.48

[7.4]
Friction stir spot 

welding

Laser-textured Al alloy 

(A5053)
PVC 238.9 16.1 0.44

[7.5]
Friction stir spot 

welding
Laser-textured pure Ti PEEK 102 37.3 0.38

[7.6]
Laser spot 

welding
Laser-textured
Al alloy (A5053)

PEEK 121 30.0 0.31

[7.7]
Ultrasonic
welding

Laser-textured
Al alloy (A5052)

ABS 50 11.0 0.28

[7.8]
Ultrasonic-aided 

laser welding
Surface cleaned

pure Ti
PET 50 18.7 0.23

[7.9]
Laser spot 

welding

Anodized
Al alloy (A5052)

PET

6 8.5 0.11

As received
Al alloy (A5052)

5 6.5 0.08

[7.10] Laser welding
Stainless steel 

(AISI304)
PC 170 3.7 0.06

Fig. 7.1 Joint efficiency and bonded area of the metal/polymer lap joints of previous 

researches [7.1–7.10]. 
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Future issues are discussed here. Although it was demonstrated that the lap shear strength of the 

Al/PA6 joint was excellent, it is necessary to show that the joint strength in the tensile direction 

perpendicular to the joint interface is high. The influence of the structure of the anchor layer on 

the joint strength was discussed to some extent by the fractography. Further research such as finite 

element method (FEM) analysis is required to gain a deeper understanding for the relationship 

between the joint strength and structure of the anchor layer. In addition, to increase the joint 

strength by controlling the structure of the anchor layer, it is necessary to investigate in detail the 

effects of the powder size and the molar ratio of the Al and Ti powders on the characteristics of 

the anchor layers and joint strength. Finally, it is necessary to apply the joining process utilizing 

the anchor layer to CFRTPs for more practical use. The optimization of joining condition for 

bonding the Al substrate and CFRTPs are required.  
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Appendix A. Preliminary experiments for producing the anchor layer 

on Al substrate 

 

A.1. Introduction 

 In this chapter, preliminary experiments were carried out to additively fabricate the 

anchor layer, which has complex morphology, by laser-induced in-situ reaction. The effect of the 

process parameters (the size, molar ratio of power blend, laser power and laser scanning speed) 

on the morphology and microstructure of the anchor was investigated.  

 

A.2. Experimental methods 

A.2.1. Experimental procedure 

The experimental process can be divided into powder blending and laser irradiation. The 

schematic illustration is shown in Fig. 1.10. Al, Ti and C powders were wet mixed with ethanol 

to fabricate powder mixtures. The powder mixture was bedded on an Al alloy substrate (A5052) 

in a rectangular form (15 mm × 5 mm). The height was decided depending on the powder size. A 

diode laser with pulsed mode was adopted on the powder mixture bedded on the Al substrate. The 

laser irradiation length was about 10 mm. Laser specification was same as that explained in 

section 3.2.1. Ultrasonic cleaning with water was carried out with the Al substrate for 1 min to 

remove unreacted powders. After the laser irradiation, the produced anchor layer was observed 

using a scanning electron microscopy (SEM). The cross-sectioning method for the anchor layer 

was same as that explained in 3.2.1.  

The anchor layer was evaluated in terms of projected area fraction and adhesiveness 

between the anchor layer and Al substrate. The projected area fraction was evaluated using 

binarized top-view anchor layer image as shown in Fig. A.1. The adhesiveness between the 

anchor layer and Al substrate was evaluated qualitatively using cross-sectioned SEM image of 

the anchor layer. The presence of chemical compound at the interface between the anchor layer 

Fig. A.1 An example of SEM image showing a top-view of an anchor layer and its 

binarized image. 
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and Al substrate was also a criterion of the adhesiveness.  

 

A.2.2. Experimental conditions 

Numerous process conditions were applied to find the optimal condition for fabricating 

an appropriate anchor structure. Firstly, the effect of particle size of carbon powder on the anchor 

layer were investigated. Detailed conditions are summarized in Table A.1. Al powder (< 45 µm, 

purity 99.99%), Ti powder (< 45 µm, purity 99.9%), C powder (< 5 µm, purity 99.7%) and C 

powder (≒5 nm, purity 98%) were used. These powders were weighed so that the molar ratio of 

Al:Ti:C was 1:1:1 and were wet mixed for 1 hour. The stack height of the bedded powder was 

about 100 µm. Laser power and scan speed were controlled in the range of 200 ~ 400 W and 30 

~ 70 mm/s. Several laser conditions were tested to find suitable conditions for producing the 

anchor layer. 

 The effect of Al molar ratio in the Al-Ti-C powder mixture on the anchor structure was 

investigated. Experimental conditions were summarized in Table A.2. Al powder (< 45 µm, 

purity 99.99%), Ti powder (< 45 µm, purity 99.9%), and C powder (≒5 nm, purity 98%) were 

used. The powders were mixed for 1 hour so that the molar ratio Al:Ti:C was x:1:1 (x = 0, 0.33, 

1, 3, 5, and ∞). The x   ∞ means only the Al powder was used. The stack height of the bedded 

powder was about 100 µm. Laser powder and scan speed was controlled at 400 W and 40 mm/s, 

respectively.  

The effect of laser scan speed on the anchor structure was investigated. Detailed 

experimental conditions are shown in Table A.3. Al powder (< 45 µm, purity 99.99%), Ti powder 

(< 45 µm, purity 99.9%), and C powder (≒5 nm, purity 98%) were used. These powders were 

weighed so that the molar ratio of Al:Ti:C was 1:1:1 and were blended for 1 hour. The stack 

height of the bedded powder was about 100 µm. Laser scan speed was controlled to be in the 

range of 10 ~ 100 mm/s and laser power was 400 W.  

The experimental conditions for investigating the effects of Al and Ti powder size on 

the anchor layer are summarized in Table A.4. Al powder (< 45 μm, 106-180 μm, 425-850 μm, 

99.99 %), Ti powder (< 45 μm, 90-150 μm, 250-600 μm, 99.9 %), and C powder (≒5 nm, purity 

98%) were used. These powders were blended for 1 hours so that the molar ratio of Al:Ti:C was 

1:1:1. The stack height of the bedded powder was basically set at about 500 µm. However, when 

large size Ti powder (250-600 μm) were used, the stack height was raised to 600 μm. Moreover, 

when the powder mixture included the large-sized Al powder (425-850 μm), the stack height was 

further increased to 850 μm. Laser power and scan speed was fixed 400 W and 60 mm/s.  

The effect of powder mixing time on the anchor layer was investigated. The 

experimental conditions are summarized in Table A.5. Al powder (< 45 µm, purity 99.99%), Ti 

powder (< 45 µm, purity 99.9%), and C powder (≒5 nm, purity 98%) were used. These powders 
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were weighed so that the molar ratio of Al:Ti:C was 1:1:1 and mixed for 40, 50, and 60 min. The 

powder mixtures were observed with the SEM. The stack height of the bedded powder was about 

500 µm. Laser power and scan speed was controlled at 400 W and 40 mm/s, respectively.  

The experimental conditions and the numbers of figures showing corresponding result 

s are summarized in Table A.6. 

 

  

Table A.1 Experimental conditions for investigating the effect of powder size of C 

powder on the anchor structure. 
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Table A.2 Experimental conditions for investigating the effect of the composition in 

the powder mixture on the anchor structure. 

Table A.3 Experimental conditions for investigating the effect of laser scan speed 

on the anchor structure. 
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Table A.4 Experimental conditions for investigating the effects of particle of Al and 

Ti powders sizes on the anchor structure. 

Table A.5 Experimental conditions for investigating the effect of powder mixing time 

on the anchor structure. 

Table A.6 Lists of experimental conditions and the numbers of figures showing 

corresponding results 
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A.3. Results 

A.3.1. Effect of particle size of C powder 

The representative SEM images showing the top-view of the anchor layer produced 

from the powder mixtures with different laser parameters and C powders are shown in Fig. A.2. 

In the case of C powder with the size of < 5 µm, the products elongated perpendicular to the laser 

scanning direction were generated periodically. The amount of the products increased with an 

increase in the laser power and decrease in the laser scan speed. When the laser power was 200 

W, the anchor layer was only produced with the laser speed of 30 mm/s. In the case of the laser 

power of 350 W, the anchor layer was produced with the laser speed of 30 and 50 mm/s. The 

anchor layer was formed at all laser speed when the laser power was 400 W. 

A number of granular products were formed on the Al substrate when the nano-sized C 

powder was used. The size of the products was significantly smaller than that of the products 

when the micro-sized C powder was used. The size of the granular products obtained under the 

laser scan speed of 30 mm/s was larger compare to 50 mm/s. Obviously, the anchor layer indicated 

more complex morphology when the nano-sized C powder was used. 

Fig. A.2 SEM images showing the top-view of the anchor layers fabricated from the 

powder mixture with different particle size C powder under different laser power and 

scan speeds. 
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 The SEM image of the cross-sectioned anchor layer are shown in Fig. A.3 It was 

confirmed that the anchor layers indicated protrusive morphology at all the conditions because 

the anchor layers were formed on the Al substrate. It was indicated that the anchor layer which 

was fabricated with nano-sized C powder was beneficial for obtain more complex structured 

anchor layer with better adhesiveness with the Al substrate. It seems that the laser power of 400 

W was suitable to produce the anchor layer.  

 

A.3.2. Effect of Al molar ratio 

Figure A.4 shows the representative SEM images of the top-view and cross-sectioned 

anchor layer produced from the powder mixtures with different Al molar ratio (x). The anchor 

layers consisted of granular protrusions. It was observed that granular protrusions were 

homogeneously distributed in laser-irradiated region except when only Al powder (x   ∞) was 

used. The size of the granular protrusions increased with an increase in the Al molar ratio. The 

projected area fraction of each anchor layer formed with different powder molar ratio is 

quantitatively measured and shown in Fig. A.5. The projected area fraction was the lowest when 

the Ti-C powder mixture (x   0 ) was used. The projected area fraction of the anchor layer 

increased from about 37 to 72% with an increase in the Al molar ratio from 0 to 1.0 and decreased 

when the Al molar ratio was larger than 1.0.  

The cross-sectioned images indicated that the granular protrusions and Al substrate 

indicated good adhesiveness when x was 0, 0.33, 1, and ∞. When the only Al powder (x   ∞) 

was used, the interface between the anchor layer and Al substrate was hardly recognized. It 

Fig. A.3 SEM images of the cross-sectioned anchor layer formed with 

different laser parameters and C powder type. 
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seemed that the molar ratio of Al power of 1.0 was the most suitable condition because the anchor 

layer had both high projected area fraction and good adhesiveness with the Al substrate.  

  

Fig. A.4 SEM images showing the top-view and cross-section of the anchor layers 

fabricate from the powder mixtures with different Al molar ratio. 
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A.3.3. Effect of laser speed 

 The representative SEM images showing the top-view of the anchor layer were 

indicated in Fig. A.6. It was observed that the size of the protrusions decreased with an increase 

in the laser speed. When the scanning speeds were 10 and 20 mm/s, the granular protrusions were 

connected each other, and large. The Al substrate was cracked under the laser speed of 10 and 20 

mm/s because of very high energy input. A number of granular protrusions were produced and 

homogeneously distributed on the laser irradiated region under the laser scan speed of 40 to 100 

Fig. A.6 SEM images showing the top-view of anchor layers formed under different 

laser scan speeds. 

Fig. A.5 Projected area fractions of the anchor layers fabricated from the powder 

mixtures with different Al molar ratio (x). 
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mm/s. The projected area fraction of the anchor layer under the laser scan speed of 40 to 100 

mm/s was obtained and summarized in Fig. A.7. The projected area fraction did not change much 

even when the laser scan speed increased from 40 to 60 mm/s. Above the laser scan speed of 60 

mm/s, the projected area fraction decreased with increasing the laser scan speed.  

 The SEM images for the cross-sectioned anchor layer are shown in Fig. A.8. When the 

laser speed was 20 mm/s, the granular protrusions were intimately bonded with the Al substrate. 

The granular protrusions were observed under the laser scan speed of 40 to 100 mm/s. The 

adhesiveness between the anchor layer and Al substrate was improved with a decrease in the laser 

Fig. A.8 SEM images of the cross-sectioned anchor layer formed under different 

laser scan speeds. 

Fig. A.7 Projected area fraction of anchor layer formed under different laser scan 

speeds. 
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scan speed. The adhesiveness between the granular protrusions and Al substrate is very poor under 

the laser speed of 100 mm/s.  

 The magnified SEM images of the cross-sectioned anchor layer fabricated under a laser 

scan speed of 60 and 40 mm/s are shown in Fig. A.9 (a) and (b), respectively. The phase with 

brighter contrast exhibited a particle morphology. The phase identification will be described in 

the chapter 4. 

 

A.3.4. Effect of particle sizes of Al and Ti powders 

 Figure A.10 shows the SEM images showing the top-view of the anchor layer fabricated 

from the powder mixtures with different Al and Ti particle sizes under the laser scan speed of 60 

mm/s. It was observed that granular or spreading form of protrusions were produced on the Al 

substrate from most conditions. When the powder mixture was fabricated with the Al powder 

(425 - 805 µm) and Ti powder (< 45 µm and 90 - 150 µm), the molten powder spread on the Al 

substrate rather than producing granular protrusions. Huge size of granular protrusions was 

generated when the Al powder (425 - 805 µm) and Ti powder (250 - 600 µm) were used, while 

the number of the granular protrusion was small. It seemed that the Al power size of < 180 µm is 

suitable for fabricating the anchor layer judged by the top-view anchor layer, although the Al-Ti-

C powder using the Al powder size of 180 ~ 425 µm needs to be investigated. Figure A.11 shows 

the cross-sectioned anchor layer fabricated with various powder size under the laser speed of 60 

mm/s. It is observed that the height of protrusions increased when the particle size of Al powder 

increased from 45 µm to 106-180 µm and did not change when the particle size of Al powder 

increased from 106-180 µm to 425-850 µm. The protrusions spread with increasing the particle 

size of Al powder. The particle size of Ti powder slightly affected the morphology of protrusions. 

The adhesiveness between the anchor layer and Al substrate was improved largely with increasing 

the particle size of Al powder. Most of the  

Fig. A.9 High magnification SEM image of the cross-sectioned granular protrusion 

formed with laser speed of (a) 60 mm/s and (b) 40 mm/s. 
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Fig. A.10 SEM images showing the top-view of anchor layers fabricated from the 

powder mixtures with various particle sizes of Al and Ti powders. 

Fig. A.11 SEM images showing the top-view of anchor layers fabricated from the 

powder mixtures with various particle sizes of Al and Ti powders. 
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protrusions were filled with a phase of brighter contrast. The brighter contrast phase was found 

below the interface between the granular protrusions and Al substrate except for the anchor layer 

fabricated from powder mixtures consisting of with Al powder with particle sizes of < 45 µm, 

106 - 180 µm and Ti powder with a particle size of 250 - 600 µm. Figure A.12 shows the 

magnified SEM image of the anchor layer fabricated from the powder mixture consisting of the 

Ti powder with a particle size of < 45 µm and Al powder with a particle size of 106 - 180 µm. 

Considering the number of granular protrusions and adhesiveness, the anchor layer fabricated 

with the Al powder (< 180 µm) and the Ti powder (< 150 µm) was suitable. The Al-Ti-C powder 

mixture using the Al powder size of 180 ~ 425 µm and the Ti powder size of 150 ~ 250 µm needs 

to be investigated 

 

A.3.5. Effect of powder mixing time 

 Figure A.13 shows SEM images of the powder mixtures and corresponding anchor layer 

fabricated from the powder mixtures. The powders were aggregated at a shorter mixing time and 

uniformly dispersed with increasing the mixing time. Some aggregated powders more than 500 

µm in size after wet mixing for 40 minutes were observed. The aggregated powder after wet 

mixing for 50 minutes was about 300 µm or less. When the mixing time was 60 min, the powder 

mixture was very fine. In the case of the power mixture blended for 40 and 50 min, granular 

protrusions had large size and ununiformly distributed on the Al substrate. When the power 

mixing time was 60 min, granular protrusions with uniform size was distributed uniformly. Thus, 

the powder mixing time longer than 60 min is preferable for fabricating the anchor layer with a 

uniform structure. 

Fig. A.12 The magnified SEM image showing cross-sectioned anchor layer 

fabricated from the powder mixtures consisting of Al (106-180 µm) and Ti (<45 µm) 

powders. 
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A.4. Summary 

 Preliminary experiments were carried out in this chapter to additively fabricate the 

anchor layer on the Al substrate by laser-induced in-situ reaction. Various process parameters 

were considered, and the followings are main results. 

 

 The use of nano-sized C powder in Al-Ti-C powder mixture was effective for fabricating the 

anchor layer which has complex morphology and good adhesiveness with the Al substrate.  

 The molar ratio of Al-Ti-C powder of 1:1:1 was suitable for fabricating the anchor layer 

consisting of many granular protrusions well-bonded with the Al substrate. 

Fig. A.13 SEM images showing powder mixture blended for 40, 50, and 60 min and 

top-view of anchor layers fabricated from the powder mixtures. 
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 The size of the granular products increased with a decrease in the laser scan speed. The 

adhesiveness between the anchor layer and Al substrate increased with a decrease in the laser 

speed. It was found that the Al substrate was damaged under the low scan laser speed 

conditions. 

 When large-sized Al powder was used, the adhesiveness between the granular protrusion and 

Al substrate was improved, while the number of granular products decreased. The use of 

large-sized Al powder increased the height of protrusions. The particle size of Ti powder 

slightly affected the anchor structure. 

 The powder mixing time longer than 60 min was preferable for fabricating the anchor layer 

consisting of uniformly distributed granular products. 
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Appendix B. Non-equilibrium solidification – Scheil solidification 

 

 Scheil solidification is a model to explain partitioning of a solute in liquid and solid 

phases and fraction of solid phases after the solidification of alloys under non-equilibrium 

condition (fast cooling condition). Scheil solidification assumes no diffusion in the solid phase, 

complete mixing of elements in the liquid phase (infinite mixing speed), and equilibrium at the 

liquid-solid interface.  

 Figure B.1 shows schematic illustration of equilibrium phase diagrams of A-B eutectic 

system (left) and the microstructures (right) at various temperatures during solidification [B.1]. 

The solidification route is indicated on the phase diagrams by the black arrows. Consider an alloy 

with a composition of C0 is given and being cooled from a liquid phase (Fig. B.1 (a)). When the 

temperature reaches T1, which is just below the liquidus line, an α-phase nucleus forms with the 

composition of CS,1 in the liquid phase. The composition of the liquid phase is instantly 

determined to CL,1 because of the assumption of complete mixing in the liquid phase. When the 

temperature reaches T2, the α-phase with the composition of CS,2 is formed around the previously 

formed α-phase (CS,1) (Fig. B.1. (b)). The composition of the liquid phase instantly becomes CL,2. 

At the temperature of T3, the α-phase with composition of CS,3 is formed around the previously 

formed α-phase (Fig. B.1 (c)). The composition of the liquid phase instantly becomes CL,3. The 

above-mentioned processes are repeated. When the temperature reaches TE (Eutectic temperature), 

the compositions of the α-phase and liquid phase will finally reach CS,E and CL,E (eutectic point), 

respectively. The microstructure of grains of α-phase will indicate gradient composition since no 

diffusion in the solid phase is assumed.  

 The derivation of the Scheil equation is shown as follows [B.2]. The alloy melt with the 

initial concentration of C0 is being cooled down. When the temperature of the system reaches T1, 

which is just below the liquidus line, the primary α phase with the composition of CS,1 formed in 

the liquid phase (Fig. B.2 (a)). The composition of the liquid phase is instantly determined to CL,1. 

The compositions of liquid and solid phases increase as the solute is partitioned into both phases 

since the newly formed solid phase was generated from a more concentrated liquid phase. At the 

temperature of Tn, the volume fraction of solid phase becomes VS and the compositions of the 

newly formed solid and liquid phases are CS and CL, respectively (Fig. B.2 (b)). Consider the 

temperature slightly decreases and the volume fraction of the solid phase increases dVS. The solute 

partitioned into the liquid phase can be expressed as follow. 

𝐶L ∙ 𝑑𝑉S − 𝐶S ∙ d𝑉S     (B.1) 

where 𝐶L ∙ d𝑉S represents the solute contained in the liquid phase in the volume of d𝑉S before 

the solidification and 𝐶S ∙ d𝑉S represents the solute partitioned into the newly formed solid phase. 

The Eq. (B.1) can be written 
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 (𝐶L − 𝐶S)d𝑉S      (B.2) 

Consider the composition of the liquid phase increases d𝐶L, the solute partitioned into the liquid 

phase can be also expressed as follow. 

(1 − 𝑉S)d𝐶L      (B.3) 

The amount of partitioned solute must be same. Therefore, Eq. (B.2) and (B.3) are same. 

(𝐶L − 𝐶S)d𝑉S  =  (1 − 𝑉S)d𝐶L    (B.4) 

The Eq. (B.4) represents the gray areas in the figure are same. A partitioning coefficient (k) is 

defined as 

𝑘 =  𝐶S/𝐶L       

Then, the Eq. (B.4) can be written 

(1 − 𝑘)𝐶Ld𝑉S  =  (1 − 𝑉S)d𝐶L     

Separation of variables is used to solve this differential equation. 

1

(1−𝑉S)
d𝑉S  =  

1

𝐶L(1−𝑘)
 d𝐶L     

If we solve the following integration 

∫
1

(1−𝑉S)

𝑉S

0
d𝑉S  =  

1

(1−𝑘)
∫

1

𝐶L

𝐶L

𝐶0
 d𝐶L    

The composition of the solid phase is obtained as follow. 

𝐶S  =  𝑘𝐶0(1 − 𝑉S)𝑘−1     (B.5) 

The Eq. (B.5) is called as Scheil equation. The equation says CS diverges infinitely with increasing 

VS since k is less than 1, whereas CS must have an upper limit. In the case of the eutectic system, 

CS,E is the upper limit as indicated in Fig. B.1 (c). Change in CS as a function of VS is shown in 

Fig. B.2 (c). When the temperature reaches TE (eutectic temperature), the solid phase with the 

composition of CS,E is formed, and the eutectic reaction is occurred in the liquid phase.  
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Fig. B.1 Schematic illustrations of a solidification route on phase diagrams (left) and 

the corresponding microstructure evolution (right) during the solidification process at 

(a) T1, (b) T2, and (C) T3 under non-equilibrium condition [B.1]. 
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Fig. B.2 Schematic illustrations of concentration profiles of solid and liquid phases 

during a solidification process at (a) T
1
, (b) T

n
, and (C) T

E 
under non-equilibrium 

condition [B.2]. 
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