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Abstract 

The increasing demand from naval architecture, ocean engineering, aerospace and 

automotive industries for manufacturing multifunctional and lightweight structural 

components is extending the use of carbon fiber reinforced thermoplastics (CFRTPs) and 

aluminum (Al) alloys. However, the sound joining of these dissimilar materials, which 

have completely different properties, is a great challenge. This study presents a 

comprehensive investigation into the thermo-mechanical joining mechanisms and 

performance evaluation of Al/CFRTP joints, with a particular focus on hot-press joining 

and its extension to friction spot joining (FSpJ). An idealized controllable hot-press 

platform was developed to systematically explore the independent effect of temperature, 

pressure, and time on joint formation. Through experimental observations using SEM, 

TEM, XPS and Raman spectroscopy, the correlation between the joint strength obtained 

by mechanical tests and the microstructural evolution as well as chemical reactions at the 

Al/CFRTP interface was elucidated. A thinning-controlled joining strategy was 

introduced to investigate the pressure effect and prevent excessive deformation, enabling 

more precise insight into polymer flow, defect formation and interfacial bonding. To 

bridge the process–structure–property relationship, a data-driven analysis framework was 

established. Physical features such as reaction layer thickness, void morphology, and 

bonding area were quantified and used as input to train gradient-boosted decision tree 

(GBDT) models. Through model distillation, interpretable mathematical equations were 

extracted, providing predictive capability and mechanistic understanding of joint strength 

evolution. These models were further validated through experiments on Al/CFRTP joints 

with varied conditions. Finally, the knowledge gained from hot-press studies was 

extended to more complex and dynamic FSpJ process. Numerical simulations based on 

thermo-mechanical coupling (ALE formulation) were conducted to evaluate temperature 

field and material deformation under different tool geometries. The results revealed the 



xiv 

 

influence of tool concavity on heat input distribution, polymer melting behavior, and joint 

integrity. This research offers not only practical guidelines for process design and 

optimization of Al/CFRTP joints, but also a generalizable framework for data-driven 

analysis of complex multi-material joining systems. The insights obtained herein 

contribute to the advancement of intelligent, high-performance hybrid structure 

manufacturing. 
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1.Introduction 

1.1 Research Background and Motivation 

With the increasing global emphasis on carbon neutrality and energy efficiency, 

lightweight structural materials have become crucial across various sectors, including 

transportation, aerospace, and high-end manufacturing. Material selection and 

optimization directly impact energy consumption, emission levels, and overall 

operational performance, making the development of high-specific-strength, corrosion-

resistant, and cost-effective lightweight materials a critical objective for the 

manufacturing industry [1]. Conventional ferrous alloys, particularly steels, have long 

dominated structural applications due to their high strength, good formability, and 

relatively low cost. However, their high density inherently limits the potential for weight 

reduction, and challenges remain in achieving high specific strength and long-term 

corrosion resistance. In applications demanding extreme lightweight and high 

performance, such as automotive and aerospace engineering, the shortcomings of 

traditional steel materials have become increasingly evident. Compared to traditional 

metals, aluminum alloys (Al alloys) offer significant advantages, including low density 

(approximately one-third that of steel), high specific strength, excellent corrosion 

resistance, and favorable formability [2]. These properties have led to their widespread 

adoption in automotive body structures, aerospace skins, and railway vehicle frames, 

effectively balancing weight reduction and structural integrity [3]. On the other hand, 

non-metallic materials are also widely used due to their lighter weight. Traditional 

thermoplastic materials, such as polypropylene (PP) and polycarbonate (PC), although 

lightweight and easy to process, often suffer from insufficient mechanical strength and 

poor dimensional stability under load. Carbon fiber reinforced thermoplastics (CFRTPs), 

particularly carbon fiber reinforced polyamide 6 (CF/PA6) composites, have emerged as 

promising alternatives due to their superior specific strength, high impact resistance, and 
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excellent recyclability. Their thermal processability further enables large-scale 

manufacturing via techniques such as compression molding and injection molding. By 

integrating Al alloys with CFRTPs, it is possible to achieve an optimal balance between 

weight reduction, mechanical performance, and multi-functional integration, highlighting 

the immense potential of hybrid structures in high-performance vehicle applications [4]. 

However, achieving a high-performance joining between metallic alloys and plastics, 

including carbon-fiber-reinforced thermoplastic (CFRTPs), is challenging through the 

conventional methods used in metal welding or joining. Since the thermal decomposition 

temperature of plastics is often much lower than the melting temperature of metals, it is 

difficult to weld them together directly by conventional fusion welding methods. 

Moreover, the joining process itself involves highly coupled multi-physics phenomena, 

including heat transfer, polymer melt flow, interfacial chemical reactions, and defect 

evolution. These interconnected mechanisms lead to complex and unpredictable 

interfacial structure formation, making it challenging to achieve precise control over joint 

quality. Consequently, ensuring the structural reliability and performance stability of 

dissimilar material joints under complex service environments remains a critical technical 

hurdle. 

1.2 Current Status of Al/CFRTP Joining Technologies 

To realize the advantages of both Al alloys and CFRTPs in hybrid structures, effective 

joining between these dissimilar materials is essential. However, traditional joining 

methods developed for homogeneous material systems exhibit considerable limitations 

when applied to metal/polymer hybrid structures. Mechanical fastening methods, such as 

riveting and bolting, have been widely employed due to their simplicity and reliability in 

metal structures. Nevertheless, when applied to Al/CFRTP hybrids, mechanical fastening 

often results in stress concentration around the fasteners, leading to premature failure 

under dynamic or cyclic loading. Furthermore, the need for hole drilling in CFRTP 

components compromises the fiber continuity and structural integrity, significantly 
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reducing the overall mechanical performance [5]. Additionally, the added weight from 

fasteners and reinforcements offsets the lightweight benefits of the hybrid structure. 

Adhesive bonding, another conventional approach, offers a continuous load distribution 

along the interface and avoids fiber damage. However, adhesive joints are highly sensitive 

to surface conditions, environmental factors (such as moisture and temperature), and 

long-term degradation. The strength and durability of adhesive joints are difficult to 

guarantee without meticulous surface preparation and environmental protection measures. 

Moreover, the curing time and complexity associated with adhesive bonding processes 

reduce manufacturing efficiency, posing challenges for large-scale production [6]. 

To address the limitations of conventional methods, various thermally assisted joining 

technologies have been developed and increasingly adopted for Al/CFRTP hybrid 

structures. These techniques, including laser-assisted joining [7–9], ultrasonic welding 

[10], resistance spot welding [11,12] and several friction-based solid-state joining 

processes [13–15], introduce controlled thermal energy and/or mechanical pressure at the 

interface to soften or locally melt the polymer matrix while activating the metal surface. 

Through this process, stronger interfacial adhesion can be achieved by enhancing physical 

interlocking and promoting chemical bonding. Thermally assisted joining processes offer 

improved joint strength, processing efficiency, and design flexibility compared to 

traditional mechanical fastening and adhesive bonding approaches and have become the 

focus of considerable research and industrial interest for lightweight hybrid structures. 

Regardless of the joining process, the formation of strong and durable Al/CFRTP joints 

fundamentally depends on two key interfacial mechanisms: mechanical interlocking and 

chemical bonding [16,17]. Mechanical interlocking arises from the physical penetration 

of softened resin into surface asperities or engineered features on the metal surface, 

creating mechanical anchorage upon solidification. Metal surface pre-treatment strategies, 

such as additive-manufactured groove structures and laser texturing treatment [9], can 

enhance the static strength of joints by reinforcing mechanical interlocking. As for 
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chemical bonding, covalent bonding is the main form of chemical bonding between 

functional groups on the metal surface and the molten matrix resin. To enhance these 

bonds, the metal surface is pretreated with a silane coupling agent (SCA) because this 

will increase active functional group density that can react with the molten-state matrix 

resin of the CFRTP. Ren et al. [11] successfully joined silanized 5052 Al alloy with 

CFRTP and established a relationship between welding current and joint tensile strength, 

where the effective bonding area within the melting range significantly contributes to 

joint strength. Choi et al. [13] found that friction lap joining of silanized pure Ti and 

CFRP joints resulted in high shear strength when the interface temperature was within 

the melting and thermal decomposition points of the CFRP. Despite progress in exploring 

these bonding mechanisms across various joining techniques, current research still faces 

significant limitations in fully understanding and predicting the evolution of joint 

properties. One major challenge lies in the highly dynamic nature of the joining process, 

which typically involves rapid and localized changes in thermal conditions, mechanical 

stress states, and polymer flow behavior. These coupled effects induce complex, 

nonlinear transformations at the interface that are difficult to observe and characterize 

experimentally. Consequently, there remains a lack of comprehensive understanding of 

how different process parameters influence interfacial structure development and, 

ultimately, joint strength and reliability. Bridging this knowledge gap is essential for 

advancing joining technologies and enabling the rational design of robust Al/CFRTP 

hybrid structures. 

 

1.3 Research of Welding Behavior under Idealized Thermal–Mechanical Conditions 

To address the challenges outlined above, it is essential to establish a deeper and more 

quantitative understanding of the interfacial phenomena occurring during the joining of 

Al alloys and CFRTP. Unlike other joining processes that involve highly localized and 

transient energy input—such as laser, ultrasonic, or friction-based techniques—hot-press 
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joining can provides a relatively uniform and stable thermal–mechanical environment. 

This enables precise control over the temperature and pressure distributions at the joining 

interface, facilitating accurate thermal history tracking and reproducible experimental 

conditions. Moreover, the quasi-static nature of the hot-press process, where the interface 

remains under steady thermal–mechanical conditions over a defined time period, offers 

an ideal setting for observing the time-dependent behavior of polymer melt flow, 

interfacial chemical reactions, and defect evolution. Such well-regulated conditions 

significantly enhance the observability and interpretability of complex interfacial 

phenomena. They allow for the systematic decoupling and evaluation of various 

influencing factors—such as temperature, pressure, residence time, and surface 

chemistry—on interfacial structure formation and joint performance. In this context, hot-

press joining is not merely considered as a practical joining technique, but rather as an 

idealized experimental platform for elucidating the fundamental physics governing Al–

CFRTP bonding. 

Furthermore, the mechanistic insights and modeling frameworks developed under hot-

press joining conditions possess strong potential for extension to more dynamically 

complex thermally assisted joining techniques. For instance, understanding the coupling 

of heat transfer, polymer rheology, and interfacial reaction kinetics in a stable 

environment provides a foundation for constructing generalized process–structure–

property relationships. These relationships are highly transferable to industrially relevant 

joining methods. In this way, studying joining behavior under near-ideal thermal–

mechanical conditions not only advance fundamental scientific understanding but also 

contributes to the development of predictive models and optimization strategies for 

hybrid material joining technologies. 

 

1.4 Data-Driven Analysis Approaches to Joining Strength 
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The fundamental challenge in joining of Al alloys and CFRTPs lies not only in achieving 

strong interfacial bonding, but also in establishing a predictive and interpretable 

understanding of how process parameters affect joint formation and performance. As 

described in Section 1.3, hot-press joining offers a physically stable and controllable 

environment, making it a valuable platform for mechanistic studies. However, even under 

stable thermal–mechanical conditions, the joining process involves highly coupled and 

nonlinear interactions between process variables (e.g., temperature, pressure, holding 

time), interfacial structures (e.g., chemical bonding, morphological evolution), and 

mechanical performance (e.g., joint strength, failure mode). This complexity makes it 

difficult to derive generalizable conclusions from isolated experiments or conventional 

statistical methods. 

To address these challenges, data-driven modeling techniques—particularly those 

grounded in machine learning (ML)—have recently gained attention in the joining 

research community. ML algorithms offer the capability to learn multivariate correlations 

from experimental data, enabling predictive modeling without requiring explicit physical 

equations. In the field of metal–composite joining, ML has been applied to a wide range 

of tasks including process parameter optimization, prediction of mechanical properties, 

defect classification, and joint morphology control. For instance, Liu et al. [18] 

established ML models to predict joint geometry and performance in self-piercing 

riveting processes, while Chen et al. [19] used ensemble learning to classify fracture 

modes in CFRP/steel bonded joints based on joint geometry. Despite their predictive 

power, conventional ML models often act as “black boxes,” making it difficult to extract 

physically meaningful insights from the learned relationships. This has limited their 

adoption in scientific studies where interpretability and mechanism understanding are 

essential. To overcome this barrier, recent research efforts have begun integrating ML 

with physical reasoning through two primary strategies: dimensionless group 

construction and model distillation. The first strategy involves transforming original 
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process variables into dimensionless groups based on principles of physical similarity. 

By reducing variable dependency and eliminating unit scales, this approach enhances 

model generalization across different systems and provides variables that are more 

physically interpretable. The second strategy, model distillation, aims to extract 

simplified mathematical expressions from complex models such as decision trees or 

neural networks. These distilled models capture the essential trends and relationships in 

compact, human-readable form, thereby bridging the gap between data-driven learning 

and physics-based understanding. In this study, a unified data-driven framework is 

developed to investigate the process–structure–property relationships in hot-press joining 

of Al alloys and CFRTPs. By constructing physically meaningful dimensionless variables, 

training gradient boosted decision tree (GBDT) models, and applying model distillation 

techniques, this framework enables both accurate prediction and mechanistic 

interpretation of how thermal–mechanical conditions govern interfacial evolution and 

joint performance. The proposed approach not only facilitates process optimization but 

also contributes to the broader goal of establishing a generalizable methodology for 

dissimilar material joining based on interpretable, data-driven models. 

 

1.5 Objectives of this study 

This study aims to quantitatively investigate how thermal–mechanical conditions govern 

the interfacial evolution and mechanical performance of Al alloy/CFRTP hybrid joints. 

A physically stable and controllable hot-press platform is employed to simulate and 

observe the joining process under quasi-static conditions. Furthermore, a data-driven 

modeling framework is developed to capture the nonlinear correlations among process 

parameters, microstructural features, and joint strength, enhancing both predictive 

capability and physical interpretability. To achieve this aim, the research is structured into 

three interrelated phases. First, a hot-press joining platform is constructed to provide a 

controlled thermal–mechanical environment for studying interfacial phenomena in 
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Al/CFRTP joints. Second, high-resolution experimental data are combined with 

interpretable machine learning models to quantitatively capture the relationships among 

process conditions, interfacial structures, and joint performance. Third, the knowledge 

and models developed under idealized hot-press conditions are extended to a more 

complex and practically relevant joining method—friction spot joining (FSpJ)—to assess 

the transferability and applicability of the developed framework under dynamic joining 

environments. The specific objectives of this study are as follows: 

⚫ To construct and optimize a hot-press joining platform tailored for Al/CFRTP joints. 

This includes the initial process design, equipment development, and refinement of 

joining parameters. The goal is to systematically investigate how different 

combinations of temperature, pressure, and holding time affect interfacial chemical 

reactions, polymer flow behavior, defect formation, and joint mechanical integrity. 

⚫ To establish a quantitative relationship among joining parameters, interfacial 

microstructures, and mechanical performance using a combination of advanced 

experimental characterization (e.g., SEM, TEM, XPS, Raman, mechanical testing) 

and data-driven regression models. Special emphasis is placed on extracting 

physically meaningful features such as reaction layer thickness, void morphology, 

and interfacial bonding indicators. 

⚫ To implement an interpretable machine learning framework based on dimensionless 

group analysis and GBDT, enabling accurate prediction of joint strength and 

mechanistic understanding. Through model distillation, simplified mathematical 

expressions are extracted to explain how key thermal–mechanical inputs influence 

output performance. 

⚫ To extend the insights obtained from hot-press joining studies toward the 

investigation and potential optimization of other thermally assisted joining 

techniques, such as friction spot joining (FSpJ). 
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Based on these objectives, this thesis is organized as follows, and the integrated thesis 

flowchart is also shown in Fig. 1: 

Chapter 2 describes the key experimental methodologies adopted throughout this research, 

including material preparation, composition of the hot press equipment, interfacial 

characterization techniques, and mechanical testing methods. 

Chapter 3 investigates the influence of thermal conditions during hot-press joining on 

interfacial chemical reactions and fracture behavior. The evolution of the joint strength 

as a function of heating temperature and holding time is systematically analyzed, along 

with corresponding interfacial structural observations. 

Chapter 4 explores the introduction of a controlled thickness hot-press joining strategy to 

systematically vary the pressure applied during joining. The combined effects of 

temperature, pressure, and heating time on the mechanical performance of the joints and 

on the interfacial microstructure are discussed in detail. 

Chapter 5 establishes quantitative process–structure–strength relationships by extracting 

key influencing parameters and applying dimensionless analysis. Machine learning 

models are developed to predict joint performance based on process conditions, and 

interpretable mathematical models are distilled to provide physical insights into the 

joining mechanisms. 

Chapter 6 extends the understanding gained from hot-press studies to the analysis of other 

thermally assisted joining processes. In particular, the influence of tool shoulder geometry 

on thermal behavior, interfacial formation, and mechanical performance in friction spot 

joining (FSpJ) is investigated to demonstrate the transferability of the developed 

methodologies. 

Chapter 7 provides an overall summary of the research findings and methodologies 

presented in this dissertation, highlighting the key conclusions and future perspectives for 

multi-material joining technologies. 
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Fig. 1 The flowchart of this thesis. 
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2. Materials and Experimental Methods 

To systematically investigate joining process for Al alloys and CFRTP, this chapter 

developed the joining apparatus, and analytical methods. A physically stable and 

repeatable hot-press platform was designed and manufactured to decouple thermal and 

mechanical factors in the joining process, enabling controlled exploration of process–

structure–property relationships. Surface functionalization of the Al alloy was 

implemented using a silane coupling treatment to promote chemical bonding with the 

polymer matrix. Essential interfacial features such as bonding layer thickness, defect 

morphology, and chemical reaction states were characterized using SEM, XPS, and 

Raman spectroscopy. In addition, a finite element heat transfer model was constructed to 

simulate the temperature history at the joint interface, providing thermal descriptors that 

correlate with observed microstructural evolution. A data-driven modeling framework 

was also introduced, laying the groundwork for quantitative prediction and interpretation 

in subsequent chapters. This chapter is organized as follows: 

Section 2.1 describes the materials and interfacial surface treatment. 

Section 2.2 details the hot-press joining apparatus and joining procedure. 

Section 2.3 introduces the experimental characterization techniques. 

Section 2.4 presents the interface temperature modeling using finite element analysis. 

Section 2.5 outlines the data preprocessing and regression modeling strategy. 

 

2.1 Materials and interface treatments 

The material system investigated in this study comprises Al alloys and carbon fiber 

reinforced thermoplastic composites (CFRTP), which serve as representative constituents 

of lightweight structural components in mobility applications. The metallic component 

consists of two industrial-grade Al alloys: A5052-O and A6061-T6. Both alloys belong 

to the 5xxx and 6xxx series, respectively, and are widely employed in automotive and 
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aerospace sectors due to their favorable combinations of density, mechanical performance, 

corrosion resistance, and formability. 

A5052-O is a non-heat-treatable wrought Al-Mg alloy that contains approximately 2.2–

2.8 wt% magnesium and 0.15–0.35 wt% chromium. The “O” temper indicates a fully 

annealed state, resulting in the softest and most ductile condition for this alloy. This 

allows for excellent formability and deep drawability, which is advantageous for 

processing and deformation during joining. While the strength of A5052-O is lower than 

strain-hardened tempers such as H32, its high ductility and thermal conductivity make it 

an ideal choice for experimental joining studies that involve heat and pressure, as it allows 

for better plastic compliance and temperature uniformity during the process. A5052-O 

also exhibits exceptional corrosion resistance in marine and chemically aggressive 

environments, and is commonly used in fuel tanks, containers, and panel applications 

where formability is prioritized over strength. 

A6061-T6, in contrast, is a heat-treatable Al alloy containing magnesium (0.8–1.2 wt%) 

and silicon (0.4–0.8 wt%) as principal alloying elements. The T6 temper refers to solution 

heat treatment followed by artificial aging, resulting in significantly higher tensile and 

yield strength than A5052. Despite its higher strength, AA6061 maintains excellent 

machinability and corrosion resistance. It is commonly employed in structural frames, 

extrusions, and load-bearing components. The different alloying systems and heat 

treatment responses of A5052 and A6061 provide valuable comparative insight into how 

alloy chemistry affects interfacial bonding behavior and joint strength when coupled with 

polymer-based counterparts. 

The polymeric component in this study is a carbon fiber reinforced polyamide-6 

(CF/PA6) thermoplastic composite, selected for its superior strength-to-weight ratio, 

toughness, and thermal and chemical stability. Polyamide-6 (PA6), also known as Nylon 

6, is a semicrystalline polymer formed by ring-opening polymerization of ε-caprolactam. 

It features high polarity due to the presence of amide groups (–CONH–), which facilitate 
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hydrogen bonding and enable reactivity with functionalized metal surfaces via coupling 

agents. Based on differential scanning calorimetry (DSC) and thermogravimetric analysis 

(TGA) results obtained in the previous study [11], the melting temperature (Tm) was 

around 220 °C, and the thermal decomposition was observed at approximately 340 °C for 

CF/PA6. Joining temperatures exceeding this threshold risk inducing matrix degradation, 

gas evolution, and interfacial void formation, which deteriorate joint strength. The 

composite formulation used in this study includes two fiber volume fractions (20% and 

40%) and two fiber length regimes: short fibers (mean length 0.2~0.6 mm) and long fibers 

(mean length 0.6~2 mm). The properties and characteristics of the above materials at 

room temperature are shown in Table 1. 

Table 1 Properties and characteristics of materials 

Materials 
Length of CF 

(mm) 

Thickness 

(mm) 

Tensile 

strength 

(MPa) 

Young’s 

Modulus 

(GPa) 

A5052-O \ 2 204 72 

A6061-T6 \ 2 310 68.9 

20% short CF/PA6 0.2~0.6 3 154 11.3 

20% long CF/PA6 0.2~2 3 155 11.7 

40% short CF /PA6 0.2~0.6 3 163 12.5 

 

The surfaces of the Al alloy and CF/PA6 sheets were wet-grinded with 800# emery paper 

and dry-grinded with 240# emery paper for 10 min to attain uniform roughness. Then, the 

SCA surface treatment was applied on the overall overlap surface of Al alloy plate using 

OFS-6040 (3-Glycidoxypropyltrimethoxysilane, C9H20O5Si), as shown in Fig. 2(a). In 

the distilled water, the methoxysilane (-Si-COH3) in OFS-6040 was transformed into 

silanol (‐Si‐OH) and ethanol (CH3OH) after a series of complex hydrolysis reactions. 

Subsequently, silanol was bonded to the hydroxide groups on the Al surface and 

dehydrated at a temperature higher than 120 ℃ to form Si-O-Al bonds, as shown in Fig. 

2(b) and (c). The green spheres represent the functional groups on the silanol coupling 
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agent that other substances can chemically activate. The amide groups at the end of PA6 

in CFRTP can react with the epoxy groups in silanized Al surface at a certain temperature 

through an insertion reaction, which was applied in this study as a theoretical basis for 

the bonding of CFRTP and SCA. Subsequently, an additional reaction to replace the 

hydrogen in the amide group was realized, as shown in Fig. 2(d). 
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Fig. 2 Schematic of the (a) preparation process for joining sheets, (b) Hydrolysis 

transformation mechanism between methoxysilane and silanol in distilled water, (c) 

Bonding mechanism between the SCA and original Al surface, and (d) Insertion and 
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additional reactions between amide groups in CF/PA6 and epoxy groups in silanized Al 

surface. 

 

2.2 Joining method and equipment 

Al alloy and various CF/PA6 sheets were hot-pressed together using our custom-designed 

constant-temperature hot-pressing apparatus, as shown in Fig. 3(a). Temperature and 

loading force were controlled using a direct heating system at the bottom and a pneumatic 

pump actuator system at the top, respectively. In the system, the different download 

generated by the pressure plate are realized by adjusting the amount of compressed air 

into the cylinder. In addition, we use a down pressure control block to adjust the gap 

between the pressure plate and the heating plate, through which the movement of the 

loading pressure was controlled. As shown in Fig. 3(b), at the beginning of the experiment, 

the fixing of top side CFRTP sheet contact intimately with the upper pressure plate by 

air-pressure suction (shown in Fig. 3(a)) from the several holes inside the pressure plate. 

The Al alloy sheet was accurately pre-positioned on the top surface of a copper heat-

conductive plate using distance instrument before joining, which was heated using a 

nickel alloy resistive heating element in contact with the heat-conductive plate. Once the 

Al sheet reached a steady temperature, the CFRTP sheet was moved with the downward 

pressure plate and then maintained lap contact on the Al alloy sheet. After a certain 

heating time, the heat source was removed and the lap-joined Al/CFRTP on the heat-

conductive plate was cooled in an air environment. To control the thinning displacement, 

the pressure plate was stopped and maintained at its current position when it reached the 

specified stroke.  
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Fig. 3 The illustration and schematic of (a) Hot pressing machine, (b) Process of 

isothermal-pressing joining. 

 

2.3 Characterization methods 

To evaluate the changes in the organic compounds at the interface and analyze the 

chemical reactions, XPS analysis was conducted with JPS-9010MX using a 100 W Al-

Ka X-ray source. Furthermore, to identify the variations in the organic compounds at the 

Al/CFRTP interface, Raman spectroscopy was performed using a HORIBA LabRAM 
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ARAMIS instrument with a 532-nm laser light source. Thermocouples were used to 

measure the temperatures of the joints, and the locations of the measurements are shown 

in Fig. 4(a). 

The mechanical properties of the bonded Al/CFRTP joints were evaluated by a tensile 

shear test conducted at ambient temperature (approximately 20 ℃) and a rate of 1 

mm/min using a universal testing machine (SHIMADZU AGSX). As shown in Fig. 4(b), 

two shims were used to mitigate the effects of rotational asymmetry along the central axis 

on the mechanical properties. The clamping position of the tensile machine grippers are 

located 5mm from the weld overlap area and kept the same for all tensile test specimens 

in the experiment. Force–displacement curves were derived from the tensile–shear tests, 

with the maximum tensile–shear force averaged across multiple specimens. Observations 

of the macroscopic fracture surfaces and cross sections of the Al/CFRTP joints were 

conducted using optical microscopy and scanning electron microscopy (SEM, HITACHI 

SU70). 
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Fig. 4 Schematic of (a) the positions for optical observation and Raman analysis, and (b) 

the lap tensile shear experiment. 

 

2.4 Heat transfer analysis for hot-press joining 

The duration time of interface temperature higher than the melting point was significant, 

impacting the completeness of the chemical reaction between silane film and molten 

polyamide. In the current investigation, a simplified heat transfer model was developed 

based on the commercial finite element analysis (FEA) software Abaqus to predict 

temperature histories. It would help better understand the effects of different joining 

temperatures on interface bonding strength in isothermal-pressing joining. Fig. 5 shows 

the information on the FEA model. The fine mesh size of ~0.1 mm, which was proven to 

be sufficiently accurate to predict interface temperature according to the preliminary 

mesh size sensitivity analysis, was applied to the region close to the Al/CFRTP interface 

due to the large temperature gradient. A constant heat transfer coefficient of 20 W/(m2∙K) 

was used to calculate the heat loss in the air environment. A higher heat transfer 

coefficient of 200 W/m2K was applied to the bottom of Al surface after 2 s of the end of 

the heating stage because the joined Al/CFRTP was placed on the steel test bench and 

cooled to the room temperature of 20 ℃. According to the research study of thermal 

contact conductance between metals and polymers by Sridhar et al. [20], a simplified 

constant value of 2000 W/(m∙K) was determined in this model based on the temperature 

comparison with experiment measurement. The thermal parameters of the materials used 

are as Table 2. 

Table 2 Properties and characteristics of two workpiece materials 

Materials 

Thermal 

Conductivity 

(W∙m-1∙K-1) 

Specific 

Heat 

(J∙g-1∙K-1) 

20℃ 100℃ 200℃ 20℃ 100℃ 200℃ 

Al 5052 150 1.0 
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CF/PA6 0.4 0.43 0.51 1.31 1.95 2.86 

 

 

Fig. 5 Schematic diagram showing heat transfer model of isothermal-pressing joining 

arrangement between Al and CF/PA6. 

 

2.5 Quantitative modeling 

The GBDT method was used to construct three types of quantitative relationship between 

models: mapping of process conditions to microstructure features, mapping of 

microstructure features to mechanical properties, and direct mapping of process 

conditions to mechanical properties, respectively. The model performance is evaluated 

through the metrics of the coefficient of determination (R²), mean squared error (MSE) 

and mean absolute error (MAE) on the training and test sets. The formulas for MSE and 

MAE are given below: 

𝑀𝑆𝐸 =  
1

𝑛
∑ (𝑦𝑖 − 𝑦̂𝑖)2𝑛

𝑖=1                          (1) 

𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑦𝑖 − 𝑦̂𝑖|

𝑛
𝑖=1                           (2) 

Also, generalization capability analysis is performed to ensure the model's adaptability 

beyond specific parameters. Additionally, key factors affecting various response 

variables are identified through feature importance analysis. The key factors will be used 

to analyze the physical relationship between process parameters-microstructure-

mechanical properties. 



22 

 

As illustrated in Fig. 6(a), generalization capability analysis is performed to ensure the 

model's adaptability beyond specific parameters. Additionally, key factors affecting 

various response variables are identified through feature importance analysis. The key 

factors will be used to analyze the physical relationship between process parameters-

microstructure-mechanical properties. To address the “black box” problem of GBDT 

models in terms of interpretability, the study further introduces a model distillation 

strategy to extract simplified function expressions from the original prediction models. 

The correlation and interpretability analyses between features were first performed to 

eliminate redundant variables and simplify inputs as shown in Fig. 6(b). Subsequently, 

the mathematical expressions are extracted by fitting the functional relationships between 

key features and compared with the original GBDT model to improve the accuracy, thus 

enhancing the engineering applicability and theoretical value of the model. 

 

Fig. 6 (a) Quantitative modeling and (b) model distillation. 
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3. Hot-press joining mechanisms, microstructures, and 

properties under various thermal-mechanical conditions 

This chapter investigates the influence of thermal conditions—specifically joining 

temperature and holding time—on the interfacial structure and mechanical performance 

of Al/CFRTP hybrid joints fabricated via hot-press joining. While the previous chapter 

outlined the experimental setup and materials used in this study, the present chapter 

focuses on the relationship between thermal input and the evolution of bonding 

mechanisms at the joint interface. 

In hot-press joining, temperature plays a crucial role in controlling the softening and flow 

behavior of the thermoplastic matrix, promoting interfacial contact and chemical 

interactions. To evaluate how thermal history governs joint formation, a series of 

experiments were conducted under different heating conditions. Tensile-shear testing was 

employed to quantify mechanical performance, while optical and scanning electron 

microscopy (SEM) were used to observe fracture morphology and joint integrity. In 

addition to mechanical evaluation, this chapter also emphasizes microstructural and 

chemical characterizations of the joint interface. Raman spectroscopy and X-ray 

photoelectron spectroscopy (XPS) were employed to detect chemical bonding states. The 

morphology and thickness of the reaction layer were further examined using SEM and 

transmission electron microscopy (TEM), providing direct evidence of thermal-induced 

interfacial reactions. These analyses offer insights into the chemical bonding mechanisms 

and help to clarify how thermal input influences joint formation at the microscopic level. 

Overall, the findings in this chapter aim to uncover the fundamental thermo-chemical 

interactions occurring at the Al–CFRTP interface under varying thermal conditions, 

thereby laying the groundwork for controlled interface engineering in joining. This 

chapter is organized as follows:  

Section 3.1 describes the process parameter matrix and experimental design.  
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Section 3.2 describes the macroscopic morphologies and formation of the joint. 

Section 3.3 analyze the microstructural and chemical characteristics of the joint interface.  

Section 3.4 presents the mechanical testing results and fracture morphology.  

Section 3.5 summarizes the key findings and highlights their implications for the next 

chapter. 

 

3.1 Process parameter matrix and experimental design 

To investigate how thermal joining conditions to influence the interfacial evolution and 

mechanical performance of Al- CF/PA6 joints, a controlled process parameter matrix was 

designed. In this study, the hot-press joining platform developed in Chapter 2 was 

employed to ensure a stable and reproducible joining environment, enabling the isolation 

of thermal effects under constant mechanical boundary conditions. Given the thermo-

sensitive nature of PA6, whose melting point is approximately 220 °C and decomposition 

temperature is around 380 °C, the joining temperature was selected in the range of 240°C 

to 300°C. This range was chosen to ensure sufficient polymer flow and interfacial wetting, 

while avoiding thermal degradation. Meanwhile, joining time was varied from 1 s to 3 s, 

which was sufficient to allow chemical reaction initiation and partial diffusion at the 

interface, based on preliminary trials. During all joining trials, the applied pressure was 

maintained constant at 0.2 MPa, and the heating interface was kept isothermal by the 

direct-contact resistive heating system described in Section 2.2. 

The custom-designed hot-press apparatus ensured precise positioning and thermal pre-

conditioning of the aluminum sheet before CF/PA6 placement. The CF/PA6 sheet was 

held in place by a vacuum suction mechanism on the upper platen, allowing a clean, 

uniform downward movement during pressing. The lap area was defined as 25 × 32 mm², 

consistent across all samples. To limit additional variables, both materials were joined in 

a single-lap configuration with fixed stacking order (Al on bottom, CF/PA6 on top), and 

all specimens were processed using the same equipment settings except for temperature 



25 

 

and time. The thermal conditions are summarized in Table 3. For each temperature-time 

combination, three replicate specimens were prepared to ensure statistical reliability. 

These selected process conditions are expected to affect both the interfacial bonding 

mechanisms (e.g., chemical reaction extent, wetting, defect formation) and the final joint 

strength, which will be systematically evaluated in the following sections. 

 

Table 3 Thermal conditions 

Thermal condition Values 

Joining temperature (℃) 240, 270, 300 

Residence time (s) 1, 2, 3 

 

3.2 Macroscopic morphologies and formation 

The macroscopic morphologies of Al-CF/PA6 at different joining temperatures and 

joining times are shown in Fig. 7(a). After isothermal-pressing joining, no inclination of 

the CFRTP matrix in the overlapping area existed for each condition, suggesting the flow 

and extrusion of molten resin were relatively uniform in the process. There were no 

obvious visible macro-defects from the overlapped edge and lapped interface for the 

studied conditions. The molten resin of the CF/PA6 flowed sufficiently during the process, 

and significant outflowed resin was re-solidified outside the overlapping region at higher 

joining temperatures and residence times. As a result, this reduced the thickness of 

CF/PA6 in the overlapping area. As shown in Fig. 7(b), the average thinning ratio of the 

CF/PA6 thickness was measured from the cross-section. The thickness reduced as the 

joining temperature or time increased. This introduced some negative factors for the Al-

CF/PA6 bonding, such as extensively damaging the CF/PA6 substrate or reducing the 

integral load-bearing capacity of the lapped region. The thinning of the CF/PA6 substrate 

was due to the extrusion of the molten-state resin under the applied pressure. 
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Fig. 7 Macroscopic morphology of Al5052/CFRTP joints produced at residence times of 

(a) 1 s, (b) 2 s, (c) 3 s at three different joining temperatures, and (d) thinning ratio of 

CFRTP sheet at different conditions. 

 

The illustration presented in Fig. 8 displays the predicted temperature histories at various 

points along the Al/CFRTP interface during the joining process, where the joining 

temperature ranges from 240 ℃ to 300 ℃ and the residence time is fixed at 3 seconds. 

Fig. 8(a) illustrates the temperature distribution at the center of the Al/CFRTP contact 

surface, along the length of the specimen. The thermal conductivity of Al being greater 

than that of CF/PA6 (as indicated in Table 2), resulted in uneven heat dissipation in the 

lengthwise direction, where the temperature was observed to be higher near the Al side 
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(at position N5) as compared to the position far from the Al side (at position N1) at the 

same instance. On the other hand, Fig. 8(b) highlights that the temperature distribution 

was uniform in the direction perpendicular to the length. Fig. 8(c) shows a half-

overlapping cross-section at welding temperatures of 240 ℃, 270 ℃ and 300 ℃ with a 

residence time of 3s. At the Al/CFRTP boundary, the lateral flattening of carbon fibers 

was observed, which could be attributed to the deformation of the carbon fibers resulting 

from the high temperature melting and outflow of PA6. The temperature prediction 

results further indicated the presence of a thin layer of high temperature at the Al/CFRTP 

boundary. Fig. 8(d) compares the thickness of the high-temperature zone from the 

experimental results (represented in blue) and the temperature prediction (represented in 

orange). The predicted thickness of the high-temperature zone (in orange) appears to be 

slightly greater than the actual thickness, as the prediction model did not take into account 

the thickness variation caused by material flow. However, the results show a satisfactory 

degree of consistency. The temperature history curve of the joining interface was 

measured by implanting a thermocouple on the surface of CF/PA6 near the Al edge (as 

N1 in Fig. 8(a)) during the actual joining process. The comparison between the simulated 

model temperature and the experimental results is also depicted in Fig. 8(e), indicating 

good agreement between the two. 
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Fig. 8 (a) The temperature history prediction curves along the length direction and (b) 

along the perpendicular to the length direction, the experimental and predicted (c) half-

overlapping cross-section, and (d) predicted high-temperature layer thicknesses and (e) 

temperature history curves of N1 position shown in Fig. 8(a). 

 

Fig. 9 shows the distribution of high-temperature duration time at each position (as shown 

in Fig. 8(a)) for varying joining temperatures and times. The melting point of PA6 (220 °C) 
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serves as the reference for high temperatures. As indicated in Fig. 9, the high thermal 

conductivity of Al leads to a prolonged high-temperature residence time near the Al side, 

regardless of the joining conditions. Furthermore, with an increase in either the joining 

temperature or the joining time, more heat is transferred to the Al/CFRTP boundary, 

leading to an extended high-temperature duration time. 

 

Fig. 9 Predicted duration time of Al/CFRP interface temperature (higher than 220 ℃) at 

different locations in different joining conditions of (a) 240 ℃, (b) 270 ℃, and (c) 300 ℃. 

 

3.3 Microstructural and chemical characteristics 



30 

 

SEM images of the interface morphology of the Al/CFRTP joint and elemental diffusion 

under different conditions are shown in Fig. 10. The observed locations were at the center 

(location 1) and outside (location 2), as shown in Fig. 7(a). The Al surface exhibits 

grooves and protrusions for each condition owing to its original roughness, rendering 

micro-mechanical interlocking of the Al/CFRTP joining. Moreover, Al and CFRTP are 

bonded tightly due to the molten resin flowing into the grooves on the Al surface. Under 

the adopted joining conditions, no pores or bubbles induced by the thermal decomposition 

of molten resin were found in the overall bonded interface of the joint, even those with 

the highest temperature and longest residence time. Additionally, carbon fibers seemed 

to concentrate slightly at the bonding interface due to the excessive molten resin ejection 

during the process, which may adversely affect the interfacial strength. This phenomenon 

could be improved by reducing the pressure and interface temperature. As shown by the 

red arrows in Fig. 10(a), it is worth noting that some micro-porosities existed at local 

regions of re-solidified resin close to the interface at the highest temperatures (300 °C) or 

the highest residence times (3 s). From the micro-morphologies, these micro-porosities 

formation might be attributed to the local uneven cooling shrinkage of the molten resin. 

Fig. 10(b) shows the EDS line scanning results at the center location. The Al and C 

elements on both sides changed abruptly across the interface area. The distribution of the 

Si element well reflected that the thickness of the joined interface was in the micron or 

even nanometer scale, approximating 1~2 μm from EDS results.  

Further TEM analysis of the Al/CFRTP interface is shown in Fig. 11. Fig. 11(a) exhibited 

the sampling position of the TEM specimen using Focused Ion Beam (FIB) technology. 

In Fig. 11(b), a significant silane coupling layer (SCL) of ~1 μm thickness existed 

between Al alloy and CF/PA6. The SCL was well attached to the Al and CFRP sides, and 

no micro defects existed, as shown by a local high-magnified view in Fig. 11(c). The 

selected area diffraction (SAD) at the position marked by the white arrow in Fig. 11(c) 

indicated the diffraction characteristics of the amorphous layer for SCL. Across the 
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interface, the EDS line scanning in Fig. 11(d) proved that the chemical reaction zone for 

the interfaces between Al oxidation and SCL and between SCL and re-solidified resin 

occurred within the area of less than ~100 nm, revealing the molecular scale bonding. In 

addition, the Al and C elements form a transition at the Al surface, where the 

concentration of O elements was slightly higher than that in the SCL, suggesting an 

oxidation film on the Al surface. The ratio of the atomic numbers of O and Al was 

approximately 1:3, which implied that the oxidation might be Al3O [21]. Fig. 11(e) shows 

the dark field TEM image and SAD of the Al surface. There were many scattered spots 

around the central spot in the diffraction spot distribution of the Al surface, indicating the 

possible presence of aluminum oxides. In contrast, the dark-field TEM image and SAD 

of the internal Al matrix in Fig. 11(f) showed a regular arrangement of the diffraction 

spots. 
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Fig. 10 SEM and EDS analysis of Al/CFRTP interface: (a) micro cross-sectional 

morphology and (b) the main elements distribution along the lines marked in Fig. 10(a). 
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Fig. 11 Details of TEM analysis for lapped Al/CFRTP interface obtained by the condition 

of 240 ℃ and 1 s: (a) FIB sampling position of TEM observations, (b) TEM image of 

Al/CFRTP interface, (c) Local high-magnified view of the rectangular region marked in 

Fig. 11(b), (inserted image showing selected area diffraction (SAD) marked by white 

arrow), (d) TEM-EDS linear scanning analysis of the location marked by the green dotted 
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line in Fig. 11(c), (e) Dark field TEM image and SAD of the Al alloy surface, and (f) 

Dark field TEM image and SAD of the Al alloy. 

 

Raman spectroscopy was used to quantify the chemical reactions at the Al/CFRTP 

bonded interface. Based on the reaction principle shown in Fig. 2, the epoxy group in the 

SCL was consumed through an insertion reaction with the amide group in the PA6. 

Therefore, this study used the epoxy group content as a quantitative criterion to evaluate 

the chemical reaction state. To reduce the influence of stray light and instrument noise on 

the experimental results, we developed a script in Python based on the open-source 

modules RAMPY and LMFIT to correct the tilt of the Raman spectrum and perform the 

split-peak fitting. Fig. 12(a) compares the Raman spectrum distribution between the 

CFRTP and the Al/CFRTP interface under different residence times with a joining 

temperature of 240°C processed by the above script. The results for the bonding interface 

were averaged over several points at the interface. Table 4 lists the chemical bonds 

corresponding to each frequency shift peak. Since the matrix of the studied CFRTP was 

PA6, the Raman spectrum of CFRTP emerged predominantly from various carbon chain 

components [22]. In addition, an amide was attached to the PA6 end of the CFRTP, and 

the Amide III peak (N-H stretching vibration) and Amide I peak (C=O stretching 

vibration) were observed at 1242 cm-1 and 1656 cm-1 in the Raman spectrum, respectively 

[23]. Since the bonding interface of Al/CFRTP was relatively thin, the distribution of its 

Raman spectrum was affected by the surrounding CFRTP matrix. Thus the Raman peaks 

of the CFRTP matrix were also included in the results of the bonding interface. The 

Raman spectrum distribution at the bonding interface had peaks at 520 cm-1 and 780-1, 

representing Si and epoxy, respectively [24–26], whereas the Raman spectrum of the 

CFRTP matrix did not have these two peaks. Regardless of the changes in the joining 

conditions, the concentration of Si in the SCL did not change throughout the reaction; 

therefore, the Raman peaks of Si under different joining conditions showed similar 
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intensities. In contrast, the Raman spectrum intensity of the epoxy varied with the joining 

conditions due to the different completeness of the chemical reaction, resulting in 

different residual amounts of epoxy. To accurately quantify the extent of the chemical 

reaction, the Raman spectrum intensity ratio of epoxy to Si in Eq. (3) was used to 

represent the relative epoxy concentration (similar techniques have been reported in [27–

29]). 

𝛥𝑐 =
𝑖𝑒𝑝𝑜𝑥𝑦 

𝑖𝑆𝑖 
          (3) 

where, Δc represents the relative concentration of epoxy. iepoxy represents the Raman 

intensity of epoxy, and iSi represents the Raman intensity of Si. The variation in the 

relative concentration of epoxy under different joining conditions was statistically 

calculated, and the statistical and distributional results are presented in Fig. 12(b), where 

the transition periods between each joining condition were expressed using linear 

interpolation. Increasing the joining temperature or extending the residence time caused 

a decrease in the relative concentration of epoxy, which might represent the chemical 

reaction more complete. Moreover, the variation in the relative concentration of epoxy 

tended to be smooth after temperature and time increased to a certain extent, possibly 

because the chemical reaction had fully completed between the SCA and the PA6 of 

molten resin. 

 

Table 4 Raman frequency shift peaks of key constituents. 

Chemical bonding Raman shift (cm-1) 

C-C, CH2, CH3 1000-1500 [22] 

Amide I 1242 [23] 

Amide II 1656 [23] 

Si 520 [24] 

Epoxy 780 [25,26] 
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Fig. 12 (a)The typical Raman spectrum distribution of the CFRTP and the bonding 

interface of Al/CFRP under different residence times at 240 ℃ and (b) Plotted map 

showing the relative concentration of epoxy of different joining conditions. 

 

3.4 Mechanical testing results and fracture morphology 

Fig. 13 shows the maximum tensile shear force of lapped Al/CFRTP joints for different 

joining conditions. The maximum tensile shear force increased as the joining temperature 
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or residence time increased. Once the temperature rose to 300 °C and the joining time 

reached nearly 3s, the maximum tensile shear force reached a steady plateau stage. This 

was because increasing the temperature and extending the reaction time promoted the 

chemical reaction between the silanized Al surface and molten resin of CFRTP, providing 

a higher chemical bonding strength. 

   

Fig. 13 The maximum lap tensile shear load at different joining temperatures and joining 

times. 

 

Fig. 14(a) shows the macro-fracture morphology for each joining condition, where the 

fracture occurred at the interfacial zone between the silanized Al and CFRTP at low 

temperatures or short residence times. The distribution area of residual CF/PA6 attached 

on the Al surface surrounded by the red dashed line in Fig. 14(a) gradually increased as 

the joining temperature or time increased. In these areas, the chemically bonded strength 

of SCL and resin on the CFRTP side exceeded that of the CFRTP itself, leading to the 

shifting of crack propagation. Table 5 and Fig. 14(b) quantitatively describe this process 
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in terms of the ratio of the area of the residual CFRTP to the total overlapping area, where 

the value of 1.0 indicates the case of fracture passing through CFRTP base material. The 

results were consistent with the chemical reaction state in Fig. 12 and interfacial strength 

in Fig. 13. 

 

 

Fig. 14 (a) The macro fracture morphology at different joining temperatures and times 

and (b) the ratio of the area of the CFRP attached to the Al side to the total overlapping 

area. 

 

Table 5 The area ratio for the residual CFRTP attached to the silanized Al surface 
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Joining temperatures 

and residence time 
240 ℃ 270 ℃ 300 ℃ 

1s 0% 13% 28% 

2s 12% 21% 36% 

3s 18% / / 

 

SEM and EDS analysis were further used to investigate the fracture characteristics of 

lapped Al/CFRTP joints under the joining conditions in correspondence with that in Fig. 

10(a), where two positions in Fig. 15, A and B, were located near residual CFRTP on 

silanized Al surface in macroscopic view. Notedly, for the case of 240 °C and 1 s in Fig. 

15(a), no CFRTP residue existed on the overall fracture surface of the silanized Al side 

at the macroscopic scale. The original micro-grooves after wet-water grinding could be 

easily captured on the fracture surface of the silanized Al side. Even though these grooves 

would provide micro-mechanical interlocking, the incomplete wetting of molten resin on 

the Al surface in low temperatures and the short chemical reaction time significantly 

reduced the interfacial strength, resulting in the fracture passing through the interface of 

SCL and CFRTP. Notably, the two positions had different distribution amounts of 

detected elements. This phenomenon might be because the thickness of the pretreatment 

silanized film on the Al surface was non-uniform.  

In the cases of 270 °C and 300 °C at 1 s shown in Fig. 15(b) and (c), micro-morphologies 

of residual CFRTP appearing on the fracture surface at the macroscopic scale were 

exhibited clearly in the two positions, where the transition between the SCL/resin 

interface and the re-solidified resin could also be determined from the distribution of Al, 

C, and Si elements detected by EDS analysis. In the case of 300 °C, position A showed a 

relatively low distribution of Si and a high content of C, indicating that the re-solidified 

resin covered this area. Some short rod-like carbon fibers could be observed in the resin 

file attached to the Al fracture surface. In addition, the strip marks remaining from 
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fractures between short carbon fibers and re-solidified resin matrix were observed in these 

two cases, and their amounts seemed to be more significant in the case of 300 °C. In the 

case of 240 °C and 3 s shown in Fig. 15(d), the element distribution at position A was 

similar to that in the case of 300 °C and 1 s, where the re-solidified resin matrix 

completely covered the fracture surface. The continuous re-solidified resin film adhered 

to the SCL indicated higher residence time promoted the chemical reaction of SCL and 

resin matrix.  
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Fig. 15 SEM images and EDS results at two different positions of the fracture surfaces 

on the salinized Al surface in the case of (a) 240 °C-1 s, (b) 270 °C-1 s, (c) 300 °C-1 s, 

and (d) 240 °C-3 s. 
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Fig. 16 shows the XPS analysis results of the original and fracture surface of 5052 Al 

alloy. Fig. 16(a) schematically shows the inspection location on the Al fracture surface. 

As shown in Fig. 16(b), alloying elements such as Al and Mg, and elements such as C, O, 

and N that form oxide layers with Al were detected on the surface of the Al alloy base 

material. After pretreatment with the SCL, the main components, such as Si, O, and C, 

were detected on the surface, as shown in Fig. 16(c), with the disappearance of the peaks 

of the alloying elements. This suggested a dense silane coupling film on the Al surface. 

As shown in Fig. 16(d), the SCL composition, such as Si and O, and the Al alloy matrix 

composition, such as Al and Mg, were detected on the fracture surface at the joining 

condition 240 ℃-1 s, implying that fracture was located on the SLA side of the SCL/PA6 

reacted interface. In contrast, in the results shown in Fig. 16(e) and (f) for the joining 

conditions of 240 °C-3 s and 300 °C-1 s, the chemical reaction proceeded more 

sufficiently due to longer bonding time or higher temperature. As the chemical reaction 

proceeded, the SCL/CFRTP bonding gradually became reinforced, and more CFRTP 

adhered to the fracture surface. This phenomenon caused the Si intensity of the fracture 

surface to decrease compared to that of the freshly pretreated surface.  
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Fig. 16 X-ray photoelectron spectroscopy (XPS) analysis of original and fracture surfaces 

on silanized Al alloy side: (a) The sampling position for detection specimen of XPS, and 

the XPS results of (b) as-received Al surface, (c) pretreatment Al surface, (d) fracture 

surface at 240 ℃-1 s, (e) fracture surface at 240 ℃-3 s, and (f) fracture surface at 300 ℃-

1 s.  
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3.5 Key findings and highlights 

3.5.1 Failure mode of silanized Al/CFRTP interface 

Based on the experimental observations, when silane coupling treatment was performed 

on the as-received Al alloy, a thin SCL within the thickness scale from several nanometers 

to hundreds of nanometers was formed on the surface of the 5052 Al alloy by the reactions 

described in Fig. 2. In the isothermal-pressing joining process, the chemical bonding force 

of covalent bonds creating at both the interface between the SCL and CFRTP matrix PA6, 

and the interface between the SCL and 5052 Al alloy, resulted in the firmly joining 

between 5052 Al and CF/PA6. From the fracture morphologies in Figs. 14 and 15, the 

fracture mechanism of the lapped Al/CFRTP interface was mainly characterized by three 

types: pure adhesive fracture, hybrid adhesive and cohesive fracture, and pure cohesive 

fracture, which was related to the chemical reaction state between the SCL and the PA6 

matrix at different joining condition. 

Fig. 17 schematically shows the different fracture crack propagations with the increase in 

joining temperatures and residence times, exhibiting the correlation of the joint failure 

mode with the thermal condition. At a low temperature slightly higher than the melting 

point of CF/PA6, the fracture crack mainly propagated along the interface of the SCL and 

re-solidified PA6, where an incomplete chemical reaction state offered weak chemical 

bonding forces and less molten-state resin led to poor wetting on the silanized Al surface. 

As shown in Fig. 17, increasing residence time could limitedly improve the chemical 

reaction state and physical wetting. The crack would transfer into the re-solidified resin 

in some local regions. Increasing the joining temperatures would enhance the interfacial 

strength between the SCL and CFRTP matrix PA6, resulting in the crack propagation 

mainly occurring inside the PA6 matrix adjacent to the overlapped interface. This 

phenomenon was more significant when the joining temperatures increased. Except for 

the improved chemical reaction state, more resin matrix was melted at higher joining 
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temperatures, enhancing the physical and mechanical bonds to a certain extent. However, 

the chemical bonds predominated the interfacial strength among them. In particular, when 

the joining temperatures reached a value close to the thermal decomposition point of the 

CF/PA6, the promotion effect of increasing temperature on chemical reaction 

completeness was more significant, resulting in the fracture crack propagating throughout 

the inner re-solidified PA6 matrix in lager overlappiong areas. Notably, because of the 

negative effect of the CFRTP thickness reduction in the overlapping area, the fracture 

initiated from the re-solidified resin close to the SCL/CFRTP interface and passed 

through the CFRTP matrix along the thinning thickness direction.   

 

Fig. 17 Schematical diagram showing failure mode of isothermal-pressing joined 

Al/CFRTP different joining conditions. 

 

3.5.2 Adequacy of chemical reaction state related to thermal condition 

The current investigation demonstrated that increasing joining temperatures could 

stimulate the activity of elements or polar functional groups and accelerate the covalent 

bonds through a chemical reaction. At a given joining temperature higher than the melting 
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point of the CF/PA6, determining the critical joining time to achieve the complete 

chemical reaction will help optimize the residence time in the isothermal-pressing joining 

process or even other heat-assisted joining processes between silanized Al alloy and 

CF/PA6.   

Fig. 18 presents the average duration time of interfacial high-temperature above 220 °C 

for different joining conditions and the tested maximum tensile shear forces of joints. The 

results indicated that increasing the joining temperature or prolonging residence time 

produced a longer high-temperature duration time, exhibiting a positive linear correlation 

with the maximum tensile shear force in a certain range. In this study, an average critical 

joining time of approximately 6.0 s to achieve the complete chemical reaction state could 

be determined from the relationship between high-temperature duration time and the 

maximum tensile shear force. The determined time was relatively shorter in comparison 

to previous studies conducted by Choi et al. [13], Xia et al. [8], and Tao et al. [7], where 

the critical duration times were ~8.8 s, ~8.0 s, and ~7.1 s, respectively. This difference 

could be attributed to the applied pressure in the different experiments, which also played 

a vital role in the hot-pressing experiment by affecting the wettability and flow of the 

molten resin on the Al surface, stimulating the contact thermal conduction and enhancing 

the physical bonding. This is not the scope of the current study, and it will be investigated 

in future studies. 
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Fig. 18 Correlation between maximum tensile shear force and average high-temperature 

duration time in different joining conditions. 

 

Additionally, as shown in Fig. 18, with the high-temperature duration time increasing 

above 6.0 s, the maximum tensile shear forces were close for the cases of 270 °C-3 s, 

300 °C-2 s, and 300 °C-3 s. Moreover, the joints in the cases of 270 °C-3 s and 300 °C-3 

s were fractured on the matrix of CFRTP, and the maximum tensile shear forces could 

not reflect their interfacial strength. Therefore, miniature shear testing was further 

performed in the current study to evaluate their interfacial strength. Fig. 19(a) 

schematically exhibited the sampling position of miniature shear testing. The shear test 

results are shown in Fig. 19(b), where each experimental condition was tested three times 

and averaged to obtain the standard deviations. For the case of 300 °C-3 s, the maximum 

strength could reach ~31 MPa. However, the average shear strengths for the three 

experimental conditions were mainly concentrated in the range of 22–25 MPa, without 

significant strength differences. This demonstrated that the bonding strength of lapped 

Al/CFRTP reached its peak and did not continue to increase with a higher joining 

temperature or longer joining time. In other words, this also revealed that the complete 
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chemical reaction state occurred in these three cases. Fig. 20 details the strength 

comparisons of Al alloy/CFRTP joints made by different heat-assisted joining processes. 

From the cited literature shown in Fig. 20, the maximum joint strength between Al alloy 

and PA-based CFRTP was approximately ~33 MPa, due to the predominated mechanical 

interlocking [30,31]. The current findings proved that chemical bonding could provide 

comparable interfacial strength, and even a higher interfacial strength could be realized 

by further enhancing the chemical reaction state. 

 

 

Fig. 19 Additional miniature shear testing and results for the Al/CFRP joint fractured in 

CFRP matrix: (a) the preparation of tested specimen (b) test results of different joining 

conditions. 
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Fig. 20 Comparison of the maximum shear strength of different heat-assisted joining 

processes for Al/CFRTP joint. Hot-pressing joining of Al5052-CF/PA6 [32] and Al1050-

CF/PA6 [33]; Laser-assisted joining of Al7075-CF/PA6 [34,35]; Friction heat-assisted 

joining of Al7075-CF/PPS [36], Al2060-CF/PEEK [31] and Al2060-GF/PEEK [37]; 

Others are ultrasonically welding of Al5754-CF/PA66) [30] and resistance spot welding 

of Al5052-CF/PA6 [11]. 

 

3.6 Summary 

The summary and conclusions from the current study are as follows: 

(1) The high-strength joints of CF/PA6 and 5052 Al sheets were achieved using an 

isothermal-pressing joining process. A homogeneous SCL between CFRTP and Al was 

formed at a microscopic scale for different studied conditions. No significant interfacial 

defects existed at the joined interface, while limited micro-porosities caused by cooling 

shrinkage existed in the re-solidified resin close to the interface. Lowering the interface 

temperature and reducing the outflow of molten resin would alleviate this issue.  
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(2) The CF/PA6-5052 Al alloy joining was achieved through a chemical reaction between 

the amide group on the CFRTP and the epoxy group of the silanized Al surface. Raman 

spectroscopy detected the residual epoxy groups in the bonded interface, showing that the 

chemical reaction was more pronounced with increasing joining temperature. 

(3) The single lap shear test of the joint obtained at a joining temperature of 300 °C and 

a joining time of 3 s achieved the maximum tensile-shear force of 4.8 kN. Increasing 

joining temperature and time would increase joint strength. The overall fracture zone was 

mainly located at the SCL/Al and SCL/CFRTP interfaces for joints obtained at low 

joining temperatures and short joining times. However, higher temperatures and times 

resulted in fracture at the SCL/CFRTP interface of the joint, or the crack initiated at the 

re-solidified resin and subsequently through the thickness of CF/PA6. 

(4) Further shear strength testing for the joints fractured at the CF/PA6 side showed that 

average interfacial shear strength achieved a high value above ~22 MPa, which was 

comparable to the optimized strength of other heat-assisted joining technologies of Al 

and CFRTP. At a constant pressure of 0.2 MPa, a critical high-temperature duration time 

of ~6.0 s at least was recommended to achieve high-strength joining between 5052 Al 

alloy and CF/PA6.  
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4. Strength and Fracture Behavior of Pressure-Controlled Hot-

Pressed Joints  

While previous investigations in Chapter 3 revealed how joining temperature and 

duration time influence the interfacial evolution and mechanical performance of Al/CF–

PA6 joints, the role of pressure—an equally critical process parameter—remains less 

thoroughly explored. In conventional hot-pressing processes, pressure is often treated as 

a fixed input. However, variations in pressure, particularly under elevated temperatures, 

can significantly influence resin flow, fiber distribution, defect formation, and ultimately, 

joint strength. To address this gap, this chapter introduces a thinning-controlled hot-

pressing strategy, wherein a constant vertical displacement of the pressure plate (i.e., a 

fixed thinning distance) is maintained throughout the joining process. Under this 

constraint, all specimens experience the same geometric boundary conditions. As the 

joining temperature increases, the softened polymer becomes more deformable, resulting 

in different levels of effective pressure at the Al/CFRTP interface—even though the 

machine-controlled displacement remains unchanged. This experimental strategy enables 

a physically grounded modulation of effective pressure, intrinsically coupled with the 

thermal response of the material system, without requiring additional process complexity. 

This chapter investigates how these variations in effective pressure, induced by the 

thinning-controlled setup, affect joint strength, interfacial microstructure, chemical 

bonding, and failure modes. Special attention is given to the dual effects of pressure—

facilitating resin infiltration and intimate interfacial contact at moderate levels, but also 

potentially causing resin depletion or void formation under high thermal input. By 

systematically analyzing the coupling between temperature, pressure, and holding time, 

this chapter provides new insights into the underlying mechanisms of interface 

development and performance degradation in thermally assisted joining of dissimilar 

materials. The findings presented here complement those of Chapter 3 and collectively 
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support the development of predictive process–structure–property models in Chapter 5. 

This chapter is organized as follows: 

Section 4.1 introduces the results of the thinning-controlled hot-pressing method. 

Section 4.2 presents experimental results on joint strength and fracture behavior under 

different thermal–mechanical conditions. 

Section 4.3 analyzes interfacial chemical bonding evolution via Raman spectroscopy and 

resin flow behavior, fiber distribution, and void formation using SEM imaging. 

Section 4.4 discusses fracture behavior of the thinning-controlled hot-pressing. 

 

4.1 Effectiveness of the improved hot pressing 

To investigate how thermally induced variations in effective pressure affect the joint 

formation process, a thickness-controlled hot-pressing strategy was employed in this 

chapter. In this configuration, the vertical displacement of the upper pressure plate was 

fixed during joining, thereby constraining the final joint thickness and allowing the 

effective pressure to vary in response to polymer softening. This method enables pressure 

modulation through material flow behavior itself, without altering external load inputs, 

and serves as a practical way to study the pressure–temperature coupling effect in hot-

press joining. Fig. 21(a) and Fig. 21(b) show the morphological appearance and cross-

section of the Al-to-20% short CF/PA6 lap joints fabricated by conventional and thinning-

controlled hot-pressing joining processes under different experimental conditions. For Al-

to-20% short CF/PA6 lap joints fabricated using conventional hot-pressing joining in a 

previous study[38], the absence of thinning control resulted in unconstrained extrusion of 

the molten resin from the CF/PA6 near the interface between the two sheets, as shown in 

Fig. 21(a). By contrast, the thinning displacement control mode produced an Al-to-

CF/PA6 lap joint with a significant reduction in the amount of molten resin extruded, as 

shown in Fig. 21(b). Comparisons of the average joint strength characterized by the 

maximum tensile-shear force of the lap joints shown in Fig. 21(c) indicated that the 
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improved hot-pressing joining process with thinning displacement control achieved 

comparable joint interface strength but better joint formation quality without excessive 

resin extrusion. Based on the preliminary experiment, by applying a higher joining 

pressure with a 0.2-mm thinning displacement, a sufficiently high lap tensile-shear force 

was achieved in a shorter heating time with a lower joining temperature. 
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Fig. 21 The morphology of (a) conventional hot pressing joining and (b) Thinning-

controlled hot pressing joining and (c) compared maximum tensile-shear strengths of the 

original and improved process. 

 

4.2 Experimental results on joint strength and fracture behavior 

Fig. 22 shows the maximum tensile-shear forces of the lap joints between the 5052 Al 

alloy and CF/PA6 with three different fractions of short and long fibers obtained by 

thinning-controlled hot-press joining under different joining conditions (the raw curve 

data is shown in Appendix A). The shaded areas in yellow and blue indicate the trend 

range of the tensile-shear forces. The three types of Al-to-CF/PA6 lap joints showed 

similar strengths and trend changes under each constant joining pressure. This indicates 

that the difference in the volume fractions and morphologies of carbon fibers in CF/PA6 

did not significantly impact the bond formation between the molten resin and silane-

treated Al alloy surface under the same joining conditions, even though the presence of 

carbon fibers did have some influence on the flowability of the molten resin. Therefore, 

in the subsequent analysis and discussion of the interface structure and fracture behavior, 

only the 20% short CF/PA6 joints were selected as representatives for a detailed 

examination in this study. As shown in Fig. 22, over a fairly wide temperature range, the 

joint strength gradually increases as the joining temperature or the heating time increases 

for joining pressures of 0.2 MPa and 0.8 MPa; meanwhile, it exhibits a decreasing 

tendency with a higher heating time or joining temperature as it approaches the 

decomposition temperature of the CF/PA6. Compared to a low joining pressure, the 

critical joining temperature at which a decrease in strength occurs is relatively lower 

under a higher joining pressure. This indicates that, for the thinning-controlled hot-press 

joining process, increasing the pressure enhances the interface bond strength to a greater 

extent at lower temperatures. However, at higher temperatures, the strength improvement 



56 

 

resulting from the increased pressure gradually diminishes, even falling below the 

interfacial strength achieved under low pressure conditions.  

 

 

Fig. 22 The maximum tensile-shear forces of lap joints between 5052 Al alloy and three 

different CF/PA6. 

 

Fig. 23 shows three typical fracture characteristics of the studied lap joints between the 

Al alloy and the 20% short CF/PA6. For a fractured lap joint with a low tensile-shear 

force, the fractured Al surface exhibited a metallic luster with no macroscopically visible 

black CFRP residual components. Further microscopic results obtained by EDS analysis 

revealed the homogenous dispersion of Si across the Al surface. Meanwhile, the absence 

of Al and Si and the aggregation of C appeared in localized regions, as indicated by the 

arrows in Fig. 23(a), indicating the presence of resin that covered this area. The present 

fracture characteristics indicate that in some localized regions of the CFRTP, fracture may 



57 

 

occur mainly between the resin matrix and the SCA, accompanied by tearing inside the 

reconsolidated resin near the SCA. 

 

Fig. 23(b) shows a more complex mixed fracture pattern in which bright metallic lusters 

and some resin and black carbon fiber residues can be observed on the surface of the 

fractured Al. Furthermore, the EDS results show a larger area of Al and Si elemental 

deficiencies and C element aggregates compared to Fig. 23(a), accompanied by the 

appearance of carbon fibers represented by short rod-like C aggregates. This indicates 

that the fracture passed through the CFRTP and SCA from the starting position and 

partially extended inside the CFRTP matrix, with a greater amount of resin and a certain 

amount of carbon fiber rods remaining on the Al surface. Fig. 23(c) shows a joint with a 

high tensile-shear load, where the fracture passes through the CFRTP itself instead of 

advancing along the CFRTP/Al interface, resulting in the fracture of the CFRTP base 

material.  
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Fig. 23 Typical post-fracture Al surface morphologies and EDS results. 

 

Fig. 24 illustrates the proportion of the area of CFs remaining on the Al surface to the 

area of the overlapping region of the joint between the CFRTP material and Al under 

different welding conditions, with the case of Fig. 23(a) as zero and the case of Fig. 23(c) 

as one. In Fig. 24, colors of lines are used to distinguish the joining times, while line 

forms are used to distinguish different joining pressures. Before 310°C, the percentage of 

CFRTP residual area on the Al surface is positively correlated with the joining 

temperature. Under the same temperature, the percentage of CFRTP residual area is also 

shown to be positively correlated with the joining time and pressure. Both fracture 

patterns shown in Figs. 23(b) and (c) occur under the joining conditions of Tj= 280 ℃, Pj 

= 0.8 MPa, tn = 3 s and Tj= 310 ℃, Pj = 0.2 MPa, tn = 1 s , resulting in an error range of 

0.8 to 1 for the area ratio of residual CFRTP. The highest joint tensile forces are observed 

at this point. In contrast, when the residence time or pressure continues to increase at a 

temperature of 310 °C, as shown in Fig. 23(d), the increase of internal defects leads to a 

decrease in strength, with a significant amount of CFRTP remaining on the Al surface. 

EDS showed that the Al surface was covered by carbon, indicating that the fracture 

occurred almost exclusively inside the CFRTP. 
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Fig. 24 The area ratio of residual CFRTP on the Al surface after fracture. 

 

4.3 Chemical bonding and near-interface structure 

The strength of the interface between the silane-treated Al alloy surface and CF/PA6 in 

thermal-assisted joining is governed predominantly by the state of the interfacial chemical 

bonding. This involves a complex interplay between various factors, including the extent 

of the chemical reaction completion, bond strength, bond density, molten state of the resin 

in contact with the silane film, thermal conditions, and reactivity of the functional groups 

participating in the bonding process. To understand the effects of various joining 

conditions in thinning-controlled hot-pressing joining between the 5052 Al alloy and 

CF/PA6, the chemical bonding state and near-interface structures, including the mixing 

state of the resolidified resin and CFs and the existence of decomposition defects, were 

investigated in this study. 

Fig. 25(a) shows the variation in the relative content of epoxy groups in the SCA lapped 

with resin or carbon fibers under the different welding conditions. The relative content of 
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the epoxy groups in contact with the resin was lower than that with the carbon fiber, 

indicating that the SCA layer on the Al surface reacted chemically with the PA6 resin. 

Carbon fibers in contact with the Al surface were embedded in the SCA layer, resulting 

in an insufficient chemical reaction. However, the relative content of the epoxy groups in 

the SCA in contact with the resin decreased slightly with increasing temperature or 

pressure but remained almost constant. The temperature histories of the Al interface 

during the cooling stage at different temperatures and pressures are shown in Fig. 25(b). 

Air-cooled joints experienced melting residence times ranging from 60 to 120 s under the 

studied joining conditions. Epoxy and amide groups fully react with each other during a 

sufficiently high-temperature residence time. Consequently, the epoxy groups were fully 

consumed and remained at the same level, even under different joining conditions. 
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Fig. 25 (a) The variation of the relative content of epoxy groups measured by Raman 

spectroscopy and (b) temperature history of joints at different temperatures and pressures 

during the cooling stages. 
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Fig. 26 shows the near-interface microstructure analyzed using SEM. The location of the 

Al-to-CF/PA6 interface was obtained from a cross-sectional section located at the 

midpoint of the overlapping surface. The CFRTP near the interface after hot pressing 

results from the mixing of molten resin and CFs during heating and subsequent re-

solidification during cooling. For different joining conditions, the center and edge 

positions of the lap joints had similar structural distributions, indicating that uniform 

Al/CFRTP joints were obtained. The gray area on the upper side of each image is Al. The 

bright white area on the lower side, due to the charging effect, is the PA6 resin matrix. 

The cylindrical black part wrapped in the resin is the carbon fiber. 

According to the analysis corresponding to the phenomenon shown in Fig. 25, it is 

reasonable to assume that only the contact between the PA6 resin and SCA layer is 

effective in interfacial bonding, while the contact between the carbon fiber and SCA does 

not contribute significantly to the strength of the Al/CFRTP joints. As shown in Fig. 26(b), 

the carbon fibers and PA6 resin matrix near the Al/CFRTP interface showed a relatively 

homogeneous distribution at 250 °C. A limited SCA layer on the Al surface contacts the 

PA6 resin to form chemical bonds. A significant amount of bright white PA6 resin 

aggregates near the Al/CFRTP interface when the temperature rises to 310 °C, as shown 

in Fig. 26(c), and the black carbon fibers are far away from the interface. It is reasonable 

to assume that the molten PA6 resin at high temperatures has high flowability, whereas 

the carbon fibers have insufficient mobility. The PA6 resin is pushed through the carbon 

fibers to the Al surface under a certain pressure, forming full contact with the SCA and 

conducting chemical reactions, resulting in the formation of strong chemical bonds. Fig. 

26(d) illustrates the time enhancement scenario from 1 to 3 s, with only a limited increase 

in the PA6 resin near the interface. It is believed that although the flow of PA6 is sustained 

for a longer period, the enhancement in the number of chemical bonds per unit area of the 

interface is limited because of the restricted flow at low temperature and pressure 

conditions.  
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As shown in Fig. 26(e), more bright white resin appears in the region near the Al/CFRTP 

interface when the pressure is increased from 0.2 MPa to 0.8 MPa. Similar phenomena 

were reported by Harper et al. [39] in their study on the curing of epoxy resins for pre-

impregnated carbon fibers, in which they found that the resin was able to infiltrate the 

carbon fibers faster when the curing pressure was increased, resulting in composites with 

fewer defects and a higher density. In contrast, Leclerc et al. [40] found that increasing 

the injection pressure led to higher injection speeds, a higher resin filling rate, and a lower 

void defect content in the molded product. Amico et al. provided a theoretical explanation 

for this phenomenon in their fluid investigation of resin transfer molding [41]. They 

derived an equation for the penetration thickness 𝑥 of the resin into the fiber preform 

based on Darcy's law, as shown in Eq. (4), where the applied mechanical pressure 𝑃𝑚 is 

a positively correlated quantity that enhances penetration. 

𝑥2 =
2𝜅

𝜇𝜀
(𝑃𝑚 + 𝑃𝑐)𝑡         (4) 

Therefore, it is reasonable to believe that the increased pressure caused the resin to flow 

faster, penetrating the slow-moving carbon fibers and filling the silanized Al surface in a 

short period, resulting in a sufficient chemical reaction with the SCA layer and the 

formation of a sufficiently strong chemical bond, the impregnation mechanisms of which 

are shown in Fig. 26(g). 
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Fig. 26 (a) Observation position and (b–f) SEM images at the Al/CFRTP interface and 

(g) Schematic of the impregnation mechanism. 

 

Fig. 27 shows the percentage of the silanized aluminum surface in contact with the resin 

over the total Al/CFRTP contact and the corresponding tensile-shear load of the joints, as 

statistically determined from the cross-section of the joints for each of the conditions 

presented in Fig. 25. The resin percentage and tensile-shear load show a very similar trend 

reaching 310 °C, 1 s, and 0.2 MPa, indicating that increasing the contact between resin 
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and silanized aluminum can improve the bond strength when the resin and the silanized 

aluminum are sufficiently reacted. However, when the pressure reaches 0.8 MPa while 

other conditions remain unchanged, the defects inside the resin substrate of CFRTP lead 

to a decrease in bond strength, which shows an opposite trend to the percentage of resin 

contact. Therefore, varying the physical conditions (e.g., pressure) to improve the 

compositional distribution of the composite is also an effective way to achieve high-

strength bonding compared to varying thermodynamic conditions such as temperature 

and time. Both were effective in increasing the amount of PA6 resin per unit volume 

involved in the chemical reaction. However, as shown in Fig. 26(f), when both the 

temperature and pressure were elevated, the resin within the CFRTP decomposed, leading 

to the creation of porous defects. 

 

Fig. 27 Percentage trend of the silanized aluminum surface in contact with the resin. 

 

4.4 Fracture behaviors 
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The results of increasing the bonding pressure are somewhat similar to those of increasing 

the temperature and bonding time, mainly due to their ability to enhance the strength of 

the aluminum/CFRTP interface. In terms of the underlying mechanism, changing the 

carbon fiber and resin components at the interface by increasing the joining pressure 

mechanically increases the number of bonds per unit area of the interface, resulting in 

higher-quality welded joints at lower joining temperatures and shorter heating time. Fig. 

28 schematically shows the interface bonding zone of lap Al/CFRTP under different 

joining conditions and the corresponding crack propagation path during tensile-shear 

testing.  

Under low temperature and low pressure conditions, the fluidity of the melted resin in the 

CFRTP is restricted, some CFs stay at the Al/CFRTP interface, resulting in the SCA layer 

being in contact with both the carbon fibers and the resin. The analysis in Fig. 25 shows 

that CFs are difficult to form chemical bonds with the SCA, which limits the amount of 

chemical bonding per unit area (chemical bonding density) between the silanized Al and 

the CFRP. Therefore the overall joint strength is low for this condition. During the 

evolution of fracture, cracks first occurred at the Al/CFRTP edges where stress 

concentrations existed, and subsequently extended along the CFRTP/silanized Al 

interface. A limited amount of resin was left on the silanized Al surface after fracture as 

shown in Fig. 23(a). 

Upon increasing the joining pressure at the interface at low temperatures, as shown in Fig. 

26(e), the molten resin near the CFRTP-silanized Al interface flowed rapidly and filled 

the Al surface. A greater chemical bonding density was formed between the resolidified 

resin and the SCA, which improved the bond strength. During the fracture process, cracks 

propagated from the interface between the CFRTP and the silanized Al inside the CFRTP 

owing to the increased strength of the CFRTP-silanized Al interface, resulting in the 

fracture of the resolidified resin. Compared to the low-pressure condition, a larger amount 
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of resin, together with the encapsulated carbon fibers, remained on the Al surface after 

fracture. 

 

 

Fig. 28 (a) Fracture patterns and (b) crack extension modes. 
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Conversely, the effect of changing the pressure at higher temperatures on the interface is 

more complex than at lower temperatures. The viscosity of the resin in the vicinity of the 

interface decreases at higher temperatures, enabling lower pressures to sufficiently 

promote resin flow and penetration through the CFs to wet the silanized aluminum 

surfaces, resulting in sufficient chemical bonding to produce stronger joints. Two fracture 

modes occur in this situation: (1) a crack occurs between the CFRTP/SCA and inside the 

CFRTP, resulting in a residual CFRTP on the Al surface; and (2) the crack penetrates the 

interior of the CFRTP, directly leading to the fracture of the CFRTP itself, as shown in 

Fig. 28(a). The reason for this is shown in Fig. 28(b), where the tensile force did not 

follow a straight line in the single-lap tensile shear experiment, even though two shims 

were used to maintain a balanced clamping position. As the tensile-shear test progressed, 

the tendency for the tensile forces to be uniform results in bending of the CFRTP 

perpendicular to the tensile direction in the bonding region and generates bending stresses 

at the location of the CFRTP close to the joint. At the edge of the bonding area, the 

relatively sharp edge of the bent aluminum plate is attached on the surface of CFRTP, 

where the edges of the CFRTP are in a state of stress concentration. Cracking first 

occurred near the edge of the Al/CFRTP interface owing to stress concentration, as shown 

in Fig. 28(b). Fractures can occur along either the Al/CFRTP interface or the thickness 

direction of the CFRTP, marked by red arrows, depending on which side is stronger. Once 

the strength of the interface was sufficiently high and exceeded a certain threshold, the 

cracks propagated towards the thickness of the CFRTP, resulting in a fracture inside the 

CFRTP. The presence of both of these mechanisms makes the fracture behavior more 

unpredictable. Some localized strength inhomogeneities at the microscopic level 

contribute more dramatically to the overall fracture of the joint. This uncontrollable 

microscopic factor resulted in the occurrence of both fracture behaviors in multiple 

repetitive lap tensile shear tests. 
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On the other hand, the localized temperature of the molten resin inside the CFRTP under 

high-temperature joining conditions approaches the resin decomposition threshold. 

Simultaneously, more molten resin aggregates on the surface of silanized Al under high 

pressure, which increases the probability of resin decomposition in the molten state. 

Some of the PA6 resin matrix in the CFRTP decomposes into gaseous water and carbon 

dioxide at this moment, producing porous defects as shown in Fig. 26(f). The presence 

of the defects reduces the effective bonding area of the CFRTP near the weld interface 

and consequently decreases the strength. When fracture occurs in tensile shear test, 

cracks extend along such weak defects within the PA6 resin, resulting in a large amount 

of CFRTP remaining on the aluminum side after fracture as shown in Fig. 23(d). 

 

4.5 Summary 

In this study, we designed experimental equipment to address the post-joining thinning 

of CFRTP, which significantly affects the joint strength between Al and CFRTP. 

Concurrently, we systematically investigated the influence of pressure, temperature, and 

time on the bonding strength, and the mechanism of the improved mechanical properties 

by improving the bonding conditions was elucidated by SEM observations. The 

experiments yielded high-quality Al/CFRTP joints, laying the foundation for future metal 

composite joining and potential industrial applications. The following conclusions were 

drawn from this study: 

(1) Improved hot-pressing process: The incorporation of down-pressure control in the 

isothermal hot-pressing process demonstrated notable improvements. By controlling the 

amount of compression, the melted and extruded CFRTP was substantially reduced, 

leading to a thicker joint, as seen in the cross-sections. Moreover, higher joining pressures, 

when combined with down-pressure control, allowed the achievement of a high lap 

tensile-shear force in a shorter time and at lower joining temperatures, highlighting the 

effectiveness of the improved process. 
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(2) Role of joining pressure in chemically bond formation: This study demonstrated the 

significant role of applied pressure in determining joint strength. For temperatures below 

280 °C, an increase in joining pressure from 0.2 MPa to 0.8 MPa improved the joint 

strength. However, at 310 °C, increased joining pressure resulted in diminished joint 

strength. This underscores the importance of calibrating the temperature, residence time, 

and pressure to achieve optimal joint strength. 

(3) Bonding mechanism: SEM micrographs revealed the intricate details of the 

Al/CFRTP interface under various conditions. The results indicate that optimal bonding 

and joint strength are obtained by establishing significant contact between the PA6 resin 

and the aluminum SCA layer. Increasing the temperature or pressure contributed to the 

formation of more molten PA6 resin in contact with the SCA layer, which enhanced the 

Al/CFRTP bonding. 

(4) Fracture morphologies: Various pressure, temperature, and time conditions result in 

the development of a distinct fracture topography. The fractures mainly occurred between 

the CFRTP and SCA interfaces under low temperature and pressure conditions. However, 

as the pressure and temperature increased, the fracture gradually extended from the SCA 

surface to the interior of the CFRTP. Under appropriate thermal conditions, fractures can 

penetrate directly through the CFRTP. However, the crack extension path can be severely 

affected by defects caused by excessive heat input under high pressure and temperature 

conditions.  
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5. Interpretable Data-Driven Analysis 

The construction of interpretable and predictive models that relate joining process 

conditions to interfacial microstructure and mechanical performance is essential for 

advancing the intelligent design and optimization of hybrid material joints. In the case of 

Al–CFRTP hot-press joining, this relationship is particularly complex due to the strongly 

coupled thermal, mechanical, and chemical phenomena occurring at the interface. 

Traditional modeling approaches often struggle to capture these nonlinear interactions 

comprehensively and transparently, limiting their utility in both theoretical studies and 

industrial implementation. In the preceding chapters, extensive experimental 

investigations were carried out under systematically varied hot-pressing conditions. 

Chapter 3 focused on the effects of heating temperature and holding time under fixed 

geometric constraint, revealing how thermal input governs interfacial chemical bonding, 

polymer flow behavior, and joint strength. Chapter 4 introduced a thinning-controlled 

joining strategy to modulate the effective pressure at the interface, highlighting its dual 

role in enhancing interfacial contact and potentially triggering void formation or resin 

loss. Across these studies, a wide range of interfacial features—including reaction layer 

thickness, void content, morphological roughness, and bonding quality—were 

quantitatively characterized using multi-scale tools such as SEM, TEM, XPS, and Raman 

spectroscopy. These features, along with precise thermal histories and mechanical 

performance outcomes, form a robust and multi-domain dataset that supports the 

development of a physically grounded predictive model. 

To overcome the limitations of conventional modeling and fully utilize this dataset, this 

chapter proposes a systematic data-driven modeling framework that integrates 

experimental characterization, thermal simulation, machine learning, and symbolic 

regression. A comprehensive dataset encompassing joining parameters, interfacial 

features, and joint strength was first established under controlled hot-press conditions. 
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Physically meaningful and dimensionless features were extracted and used to train 

gradient boosted decision tree (GBDT) models, which effectively captured the multi-

scale correlations among process, structure, and property variables. Beyond achieving 

high predictive accuracy, the model was further distilled into compact, interpretable 

mathematical expressions, enabling a clearer understanding of the dominant mechanisms 

governing joint strength. Feature importance analysis highlighted the trade-offs between 

interfacial chemical activation and thermal degradation, offering valuable insights into 

the optimization of joining conditions. This interpretable modeling framework not only 

facilitates parameter optimization but also provides a foundational tool for the extension 

of mechanistic insights to other thermally assisted joining processes. The contents of this 

chapter are organized as follows: 

Section 5.1 describes the methodology for data acquisition and preparation, including 

process design, feature extraction, and thermal simulation. 

Section 5.2 describes the construction of dimensionless metrics for uniform feature 

representation,  

Section 5.3 presents the process of constructing the GBDT model and the interpretable 

model output method. 

Section 5.4 presents the quantitative modeling results and evaluates model performance 

and variable importance. 

Section 5.5 details the distillation of interpretable equations from the trained models. 

 

5.1 Data acquisition and preparation 

This chapter presents a systematic data-driven framework to analyze the coupled 

relationships among process parameters, interfacial microstructural characteristics, and 

joint performance during hot pressing. As illustrated in Fig. 29, the framework consists 

of four main steps: (1) data acquisition and preparation, including process design, 

interfacial characterization, and simulation-assisted parameter extraction; (2) 
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construction of physically meaningful and dimensionless feature sets; (3) regression 

modeling and feature importance analysis using GBDT; and (4) interpretable 

mathematical modeling. The methodology integrates multi-source experimental data, 

thermal simulation, physical parameter structuring, Machine Learning modeling, and 

mathematical model distillation. 

 

 

Fig. 29 Basic data-driven framework to analyze the coupled relationships among process 

parameters, interfacial characteristics, and joint strength of hot-pressed joined Al/CFRTP. 
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To enable the subsequent quantitative modeling of the joining process, this study 

systematically collected multi-source data related to process conditions, interfacial 

characteristics and joining strength. The CFRTP consisted of a 3 mm-thick PA6-based 

composite reinforced with randomly distributed 20 vol% short fibers, which was joined 

with a 2 mm-thick commercial AA5052-O. Experimental joining of Al alloy and CFRTP 

was carried out under well-controlled thermal and pressure conditions using a hot-

pressing device. Detailed information regarding the hot-pressing device and preparation 

of Al and CFRTP base sheet has been provided in the chapter 2 and chapter 3. Lap joining 

was conducted with an overlapping area of 25 mm × 32 mm. Key joining parameters such 

as temperature, heating time, and pressure were precisely controlled and monitored. The 

studied joining parameters are listed in Table 6. To efficiently explore the key thermos-

mechanical effects without incurring the high experimental cost of a full-factorial design, 

a space-filling sampling strategy was adopted in this study[42,43]. Specifically, the 

selected parameter combinations span both boundary conditions and diagonal trajectories 

across the parameter space defined by temperature, pressure, and heating time, as 

illustrated in Fig. 30. The joining strength was evaluated through single-lap shear tests 

under standard loading conditions. A simplified two-dimensional heat transfer model was 

constructed in Abaqus to capture real-time temperature distribution at the interface during 

hot-pressing joining. Detailed modeling information and simulation validation can also 

be found in the chapter 2. Key thermal indicators, such as the maximum temperature, the 

residence time of the bonding interface above the melting temperature (220 °C) and above 

the decomposition temperature range (340 °C - 420 °C) were extracted from the simulated 

temperature field. Detailed steps will be discussed in the following sections. 

Additional data collection included interfacial chemical reaction intensity, assessed by 

Raman spectroscopy, and effective contact area ratio, identified via scanning electron 

microscopy (SEM). Defect features, such as defect count, aspect ratio, relative area, and 
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defect layer thickness, were quantified using a 3D profilometer. For each joint, three 

cross-sections spaced 5 mm apart across the overlap region were selected for 

measurement to capture representative morphological features, and the average values 

were used for subsequent analysis, as shown in Fig. 29. More information on the defect 

feature determination is also provided in the Supplemental materials. All the extracted 

features were subsequently processed into dimensionless form and used as input variables 

for ML modeling, as described in the following sections. 

 

Table 6 Hot pressing joining conditions used in this study. 

Joining 

conditions 

Joining temperature 

𝑇𝑗(℃) 

Heating time 

𝑡𝐻(𝑠) 

Pressure 

𝑃𝑗(𝑀𝑃𝑎) 

Value 250~420 1~3 0.2~0.8 

 

 

Fig. 30 Space-filling sampling strategy. 

 

5.2 Features construction and dimensionless processing 
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In the modeling of multi-physics coupled systems, dimensionless processing is a 

commonly used and effective simplification method. It can unify different physical 

quantities under the same scale, which can reveal the intrinsic connection between the 

variables and enhance the interpretability and applicability of the model. Its theoretical 

basis can be traced back to the classical Buckingham π-theorem, which states that a 

system containing n physical variables involving k independent fundamental measures 

can be completely described by n-k dimensionless parameters (π-groups) to describe its 

behavior. In this study, the basic idea of the theorem is referred to in the dimensionless 

construction process. Combining with the understanding of the mechanisms of heat 

transfer, interfacial reaction and structural evolution in the hot-pressing, key variables are 

selected to construct dimensionless combination parameters with clear physical 

significance. In contrast to the automated parameter search method based on matrix 

derivation and data-driven approach, a customized “physics-driven + engineering-

experience-driven” path is adopted in this paper, which emphasizes the causal connection 

between variables and the expression of dominant mechanisms. This approach has been 

widely used in CFRP-related research [44,45]. In the process of variable combination, the 

following construction principles are considered: 

(i) Variables with clear physical meaning and significant control mechanisms are selected. 

(ii) There is no redundancy between dimensionless parameters as far as possible, and the 

parameters are self-consistent. 

(iii) The combination of variables needs to reflect the physical chain structure of “input-

process-output”, which is convenient for subsequent modeling and physical interpretation. 

Based on this, all features collected in this study were categorized into three groups: 

process conditions, microstructural features, and joining strength, as summarized in 

Table 7. The details are described below:  

i) Process conditions describe the macroscopic thermal-mechanical environment applied 

during joining, including the dimensionless maximum temperature 𝜃𝑇
∗ , dimensionless 
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applied pressure 𝜃𝑃
∗ , and thermal exposure indicators such as melting residence ratio 𝜃𝑀

∗

, decomposition residence ratio 𝜃𝐷
∗ , and their combination as the decomposition-to-

melting time ratio 𝜃𝐷𝑀
∗ . These features reflect the intensity and duration of thermal input 

affecting resin flow and degradation. 

ii) Microstructure features represent interfacial chemical and physical characteristics 

that evolve due to heat and pressure. This includes dimensionless Raman intensity 𝛿𝐼𝑟
∗  

indicating chemical bonding strength, normalized contact area ratio 𝛿𝑐𝑎
∗  representing the 

bonded region, and dimensionless complex viscosity 𝛿𝑣
∗  reflecting resin flowability. 

Defect-related parameters such as normalized layer thickness of defect 𝛿𝐿
∗, defect count 

𝛿𝑁
∗ , normalized defect area 𝛿𝐴𝑟

∗ , and average defect aspect ratio 𝛿𝑑ℎ𝑙
∗  characterize 

interfacial voids and imperfections. Among these, 𝛿𝐼𝑟
∗ , 𝛿𝑐𝑎

∗ , and 𝛿𝑣
∗ are classified as 

positive factors due to their beneficial contributions to joint performance, while 𝛿𝐿
∗, 𝛿𝑁

∗ , 

𝛿𝐴𝑟
∗ , and 𝛿𝑑ℎ𝑙

∗  are considered negative factors as they reflect interfacial degradation or 

instability. 

iii) Joining strength is quantified by the dimensionless parameter 𝜎𝑟
∗, derived from 

single-lap shear testing divided by the tensile strength of the base resin PA6. 

 

Table 7 Parameters and symbols after dimensionless. 

Feature groups Feature variables Symbol 

Process Conditions 

Dimensionless Max Temperature 𝜃𝑇
∗  

Dimensionless Applied Pressure 𝜃𝑃
∗  

Melting Residence Ratio 𝜃𝑀
∗  

Decomposition Residence Ratio 𝜃𝐷
∗  

Decomposition-to-Melting Time Ratio 𝜃𝐷𝑀
∗  

Microstructure Features 
Dimensionless Raman intensity 𝛿𝐼𝑟

∗  

Effective Contact Area Ratio 𝛿𝑐𝑎
∗  
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Dimensionless Complex Viscosity 𝛿𝑣
∗ 

Normalized Layer Thickness of Defect 𝛿𝐿
∗ 

Defect Count 𝛿𝑁
∗  

Normalized defect area 𝛿𝐴𝑟
∗  

Average Defect Aspect Ratio 𝛿𝑑ℎ𝑙
∗  

Joining strength Dimensionless Strength 𝜎𝑟
∗ 

 

5.2.1 Process conditions of hot-pressing joining 

Dimensionless Max Temperature 

In the joining process, the maximum temperature reached during joining plays a critical 

role in determining the thermal response of the polymer matrix. To effectively describe 

the temperature effect in a dimensionless form, we define the Dimensionless Max 

Temperature 𝜃𝑇
∗  as the ratio of the maximum joining temperature (𝑇𝑗𝑜𝑖𝑛𝑡,𝑚𝑎𝑥) to the 

decomposition temperature of PA6 (𝑇𝑑𝑒𝑐𝑜,𝑃𝐴6): 

𝜃𝑇
∗ =

𝑇𝑗𝑜𝑖𝑛𝑡,𝑚𝑎𝑥

𝑇𝑑𝑒𝑐𝑜,𝑃𝐴6
                           (5) 

where 𝑇𝑑𝑒𝑐𝑜,𝑃𝐴6 = 340℃. This dimensionless parameter reflects the degree to which the 

joining temperature approaches the thermal stability limit of PA6, A higher value 

indicates that the temperature is approaching or exceeding the decomposition threshold. 

 

Dimensionless Applied Pressure 

The applied pressure significantly influences material deformation and interfacial 

bonding. To express this effect in a dimensionless form, we define the Dimensionless 

applied Pressure (𝜃𝑃
∗) as the ratio of the applied pressure (𝑃𝑠𝑒𝑡) to the tensile strength of 

PA6 at room temperature (𝜎𝑚𝑎𝑥,𝑃𝐴6): 

𝜃𝑃
∗ =

𝑃𝑠𝑒𝑡

𝜎𝑚𝑎𝑥,𝑃𝐴6
                           (6) 

where 𝜎𝑚𝑎𝑥,𝑃𝐴6 = 60 𝑀𝑃𝑎. 
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Thermal Residence Time Ratios 

The residence time during which the interface temperature exceeds specific thermal 

thresholds plays a critical role in the melting of CF/PA6, chemical reactions at the 

interface, and potential thermal degradation. Unlike traditional approaches that rely solely 

on preset heating durations, residence times above characteristic temperatures more 

accurately reflect the actual thermal environment at the joining interface [38]. In this 

study, heat transfer simulations were conducted to extract thermal histories at the interface, 

which are difficult to measure directly during the joining process. Based on these histories, 

as shown in Fig. 31, the average residence time along the length direction above 220 °C 

was defined as the melting residence time (𝑡𝑚𝑒𝑙𝑡), and which above 340 °C was defined 

as the decomposition residence time (𝑡𝑑𝑒𝑐𝑜). Their ratio, the melting-to-decomposition 

time ratio, reflects the balance between effective bonding time and thermal damage risk. 

 

 

Fig. 31 The temperature histories along the length direction of the Al-CF/PA6 interface 

under the heating condition of 380°C - 1s. 

 

To dimensionless these time-related parameters, we introduce the thermal diffusion time 

(𝑡𝑑𝑖𝑓𝑓) as a reference, representing the characteristic time for heat to diffuse through a 
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given material length. The concept originates from the Fourier heat conduction equation 

[46,47]: 

𝜕𝑇

𝜕𝑡
= 𝛼∇2𝑇                              (7) 

Here, 𝛼 denotes the thermal diffusivity, defined as: 

𝛼 =
𝑘

𝜌𝑐𝑝
                                (8) 

where 𝑘 is thermal conductivity, 𝜌 is density and 𝑐𝑝 is specific heat capacity. Using 

the separation of variables method, the solution takes the form: 

𝑇(𝑥, 𝑡) = 𝑋(𝑥) ∙ 𝜏(𝑡)                         (9) 

After substitution and separation, the characteristic time can be derived as: 

𝑡𝑑𝑖𝑓𝑓 =
𝐿2

𝛼
                              (10) 

This characteristic time indicates the period required for heat to diffuse through a 

characteristic length 𝐿 (~1mm for this study). In the context of hot-pressing joining, it 

represents the time scale over which the temperature field reaches a quasi-steady state 

within the material. To systematically evaluate the effect of heat on joint formation, we 

introduced the following dimensionless residence time ratios in conjunction with the 

thermal diffusion time: 

Melting Residence Ratio 𝜃𝑀
∗ =

𝑡𝑚𝑒𝑙𝑡

𝑡𝑑𝑖𝑓𝑓
                   (11) 

Decomposition Residence Ratio 𝜃𝐷
∗ =

𝑡𝑑𝑒𝑐𝑜

𝑡𝑑𝑖𝑓𝑓
               (12) 

Decomposition-to-Melting Time Ratio 𝜃𝐷𝑀
∗ =

𝐷𝑟

𝑀𝑟
             (13) 

where 𝜃𝑀
∗  and 𝜃𝐷

∗  quantify the time for the material remaining in the melt and 

decomposition states versus the time required for heat to diffuse through the joint, 

respectively. 𝜃𝐷𝑀
∗  directly compares the time for the material to remain above the 

decomposition and melting points, highlighting the relative thermal stability of the joining 

process. 
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5.2.2 Microstructure features 

Dimensionless Raman intensity 

In the joining process between Al and CF/PA6, the chemical bonding at the interface 

plays a critical role in determining the joining strength. The content of epoxy groups in 

the silanized treatment layer (SCA) on the aluminum surface decreases by reflecting with 

the PA6 polyamide matrix, which leads to a decrease in the intensity of the Raman 

intensity. To quantitatively characterize the reaction extent, the Dimensionless Raman 

intensity (𝛿𝐼𝑟
∗ ) is defined as: 

𝛿𝐼𝑟
∗ =

𝑖𝑒𝑝𝑜𝑥𝑦

𝑖𝑆𝑖
                            (14) 

where 𝑖𝑒𝑝𝑜𝑥𝑦 is the intensity of the epoxy group peak in the Raman spectrum. 𝑖𝑆𝑖 is the 

intensity of the Si peak as a reference. The Si peak originating from the SCA itself remains 

relatively stable, providing a consistent baseline for comparison. This ratio directly 

reflects the extent of the chemical reaction between the treated Al surface and the molten 

CF/PA6. 

Effective Contact Area Ratio 

The regions where Al directly contacts PA6, or Al directly contacts CF exhibit distinct 

chemical reaction characteristics [48]. Therefore, we define the Effective Contact Area 

Ratio (𝛿𝑐𝑎
∗ ) as the proportion of the Al-PA6 contact length to the total interface length, as 

shown in Fig. 32: 

𝛿𝑐𝑎
∗ =

𝐴𝐴𝑙/𝑃𝐴6

𝐴𝑡𝑜𝑡𝑎𝑙
                              (15) 

where 𝐴𝐴𝑙/𝑃𝐴6 is length of the interface where Al and PA6 are in direct contact. 𝐴𝑡𝑜𝑡𝑎𝑙 

is total length of the interface between Al and CF/PA6 (~25mm). 
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Fig. 32 The localized SEM structure of the Al-CF/PA6 interface under the heating 

condition of 340°C - 1s, with different contact locations marked. 

 

Dimensionless complex viscosity 

The fluidity of PA6 resin directly affects the wetting ability of the molten resin on the Al 

surface and the filling of voids, which indirectly affects the sufficiency of the chemical 

reaction. We introduce the complex viscosity of PA6 resin into the model to characterize 

the potential effect of flow more accurately on joint formation. The complex viscosity 

data of PA6 at different temperature conditions were obtained from other study [49]. For 

the temperature ranges not covered in the paper, we estimate them based on the reported 

trends of viscosity changes using a reasonable interpolation method. The typical complex 

viscosity of PA6 near the melting point temperature of 220°C were used as a reference 

value to achieve the dimensionless. The Dimensionless complex viscosity is defined as: 

𝛿𝑣
∗ =

𝜂𝑃𝐴6

𝜂𝑃𝐴6,220℃
                             (16) 

Defect Parameters 

Interfacial defects can significantly affect joint performance and may disrupt the bonding 

effect between aluminum and CF/PA6. Several dimensionless parameters are introduced 

to characterize the morphology and distribution of defects at the bonding interface, 

providing a quantitative assessment of the impact of these defects on the joint properties. 
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Fig. 33(a) shows the height distribution of the joint cross-section obtained by scanning 

with the three-dimensional profiler. A defect with an area of more than 50 × 50 pixels is 

defined as a defect to minimize the interference caused by the unevenness of the sample. 

The number of defects (𝛿𝑁
∗ ) represents the total number of defects detected in the cross-

sectional image, directly reflecting the defect density at the weld interface, as a 

dimensionless parameter. Normalized defect area (𝛿𝐴𝑟
∗ ) is used to characterize the ratio 

of defect area relative to the joint cross-sectional area and is calculated as: 

𝛿𝐴𝑟
∗ =

𝐴𝑑𝑒𝑓𝑒𝑐𝑡

𝐴𝑗𝑜𝑖𝑛𝑡
                            (17) 

where 𝐴𝑑𝑒𝑓𝑒𝑐𝑡 is weighted average of the defect area obtained from the cross-sectional 

image. 𝐴𝑗𝑜𝑖𝑛𝑡  is area of the joint cross-section (~125 mm²). In addition, the average 

defect aspect ratio (𝛿𝑑ℎ𝑙
∗ ) is defined as the ratio of defect height (𝐻𝑑𝑒𝑓𝑒𝑐𝑡) to defect length 

(𝐿𝑑𝑒𝑓𝑒𝑐𝑡): 

𝛿𝑑ℎ𝑙
∗ =

𝐻𝑑𝑒𝑓𝑒𝑐𝑡

𝐿𝑑𝑒𝑓𝑒𝑐𝑡
                          (18) 

This parameter reflects the geometrical characteristics of interfacial voids or cracks and 

provides a direct evaluation of defect morphology changes. 
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Fig. 33 (a) The height distribution obtained by profilometer scanning, (b) the pattern of 

detecting defect features by ASCII information and (c) the weighted distribution of defect 

features. 

 

In welded interfaces, the thickness of the defect layer is also an important parameter for 

predicting the quality of the interface bond and the potential risk of failure. To quantify 

the thickness of the defective layer, we first processed the ASCII codes obtained from the 

profilometer, which contain three-axis coordinate information about the shape of the joint. 

On each scan line aligned along the Z-direction, the defect region (red line in Fig. 33b) 
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and the total scan width (blue line in Fig. 33b) are detected using our own developed 

script. The ratio of the length of the red line to the length of the blue line is calculated 

and defined as Defect Width Features (DWF). A weighted distribution analysis of all 

DWF values is performed, as shown in Fig. 33(c). Based on the distribution curves, ±2 

times the standard deviation range is used as the range to define the defect layer thickness 

to avoid possible interference. The interface width (25 mm) was used as a reference value 

for us to achieve the dimensionless of the defective layer thickness, which is expressed 

as: 

𝛿𝐿
∗ =

𝑡𝑑𝑒𝑓𝑒𝑐𝑡

𝑤
                            (19) 

 

5.2.3 Joining Strength 

Joining strength (𝜎) obtained by single lap shear experiments is an important indicator of 

joint quality, defined as the maximum tensile load (𝐹𝑚𝑎𝑥) divided by the overlap area 

(𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝): 

𝜎 =
𝐹𝑚𝑎𝑥

𝐴𝑜𝑣𝑒𝑟𝑙𝑎𝑝
                            (20) 

 

To make the joining strength comparable, we introduce the Dimensionless strength (𝜎𝑟) 

as a dimensionless parameter. The tensile strength of PA6 (𝜎𝑚𝑎𝑥,𝑃𝐴6) is used as the 

reference value for dimensionless and is defined as follows: 

𝜎𝑟
∗ =

𝜎

𝜎𝑚𝑎𝑥,𝑃𝐴6
                           (21) 

where 𝜎𝑚𝑎𝑥,𝑃𝐴6 = 60 𝑀𝑃𝑎. 

 

5.3 Quantitative modeling and functional relationship extraction 

After completing the dimensionless processing, the GBDT method was used to construct 

three types of quantitative relationship models as shown in Fig. 29: mapping of process 

conditions to microstructure features, mapping of microstructure features to joining 
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strength, and direct mapping of process conditions to joining strength, respectively. The 

model performance is evaluated through the metrics of the coefficient of determination 

(R²), mean squared error (MSE) and mean absolute error (MAE) on the training and test 

sets. As illustrated in Fig. 34(a), generalization capability analysis is performed to ensure 

the model's adaptability beyond specific parameters. Additionally, key factors affecting 

various response variables are identified through feature importance analysis. The key 

factors will be used to analyze the physical relationship between process parameters-

microstructure-strength. To address the “black box” problem of GBDT models in terms 

of interpretability, the study further introduces a model distillation strategy to extract 

simplified function expressions from the original prediction models. The correlation and 

interpretability analyses between features were first performed to eliminate redundant 

variables and simplify inputs as shown in Fig. 34(b). Subsequently, the mathematical 

expressions are extracted by fitting the relationship function between key features and 

compared with the original GBDT model to improve the accuracy, thus enhancing the 

engineering applicability and theoretical value of the model. 
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Fig. 34 (a) Quantitative modeling and (b) model distillation. 

 

5.4 Quantification relationship analysis results and discussion 

5.4.1 Process conditions and microstructure features 

To quantitatively predict the effects of process conditions on microstructure features, a 

series of regression models based on gradient boosted decision trees (GBDT) have been 

developed. GBDT is a powerful machine learning algorithm that integrates multiple 

weak learners (i.e., decision trees) into one strong learner by iteratively minimizing the 

residual error. In this study, we built separate GBDT models (GBDT_model1 to 

GBDT_model7) for each microstructure feature, as shown in Fig. 35. The inputs to each 

model are the five process conditions after dimensionless quantization. 
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Fig. 35 Illustration of machine learning of process conditions on microstructure features. 

 

The model hyperparameters were optimized to improve the generalization ability and 

stability of the model. To balance predictive accuracy and generalization capability, a 

combination of grid search and manual adjustment was employed for hyperparameter 

tuning [50], aiming to avoid overfitting and achieve robust performance on both training 

and testing datasets. Key parameters such as the number of estimators, tree depth, learning 

rate, and subsample ratio were optimized accordingly. The collected data were 

independently divided into 80% training set and 20% testing set, and the model 

performance was evaluated on these two sets to ensure that the model has sufficient 

generalization ability and scalability by R2, MAE and MSE. Through this modeling 

approach, we aim to quantitatively link the hot-pressing conditions with the resulting 

microstructural features, thereby gaining a deeper understanding of the complex 

interrelationships between process parameters and joint performance. 

 

Fig. 36 shows the predicted values (vertical coordinates) versus the original values 

(horizontal coordinates) for each micro-feature to visualize the predictive effect of the 

model. The diagonal line (y=x) in the plots represents the ideal state where the predicted 

values are in perfect agreement with the original values. The comparison shows that the 

predicted values of most of the features are well distributed near the diagonal line, 

indicating that the model fits the data better on both the training and test sets. However, 
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the predicted values of some of the microscopic features (e.g., 𝛿𝑑ℎ𝑙
∗  and 𝛿𝑁

∗ ) show some 

deviations on the test set, indicating that the model tends to overfit these features to some 

extent. This may be due to the fluctuation of these features by the process conditions, 

meanwhile, the unevenness of the scanned plane also interferes with the recognition of 

depressions, causing the model to show instability in processing these features. 

 

 

Fig. 36 The predicted values versus the original values of (a) normalized defect area-𝜹𝑨𝒓
∗ , 

(b) effective contact area ratio−𝜹𝒄𝒂
∗ , (c) defect count-𝜹𝑵

∗ , (d) average defect aspect 

ratio−𝜹𝒅𝒉𝒍
∗ , (e) dimensionless Raman intensity-𝜹𝑰𝒓

∗ , (f) dimensionless viscosity-𝜹𝒗
∗ , (g) 

normalized layer thickness of defect-𝜹𝑳
∗ . 

 

To evaluate the overall fitting performance of the model, we compared the R², MSE, and 

MAE metrics across the training, testing, and all-sample datasets, as shown in Fig. 37. 
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This allows for a global assessment of the model’s prediction accuracy on both seen and 

unseen data. The R² of the models from different features is generally high through 

statistical analysis, in which the R² of the training set is generally higher than 0.92, and 

the R² of the test set is generally higher than 0.90, indicating that the model has a better 

fitting effect and a higher prediction accuracy, as shown in Fig. 37(a). The R² of features 

𝛿𝐼𝑟
∗ , 𝛿𝑣

∗, 𝛿𝐿
∗ and 𝛿𝐴𝑟

∗  reached above 0.95 on both the training and test sets, indicating 

that the model's prediction on these features is particularly good. In terms of errors, the 

MSE of most of the microscopic features is in the range of 0.0005 to 0.002, and the MAE 

is in the range of 0.015 to 0.05, where the errors of 𝛿𝑐𝑎
∗  and 𝛿𝐴𝑟

∗  are relatively low, 

indicating that the model has a high prediction accuracy for these features, as shown in 

Fig. 37(b) and Fig. 37(c). The prediction errors for 𝛿𝑁
∗  and 𝛿𝑑ℎ𝑙

∗ , on the other hand, are 

relatively large, with a maximum MSE value of about 0.0086 and a maximum MAE value 

of about 0.067. The results of the proportions of MSE and MAE relative to the range of 

variation of the original data (black plots) show that the relative MSE is lower than 0.5% 

and the relative MAE is lower than 5% for most of the features. It indicates that the model 

prediction errors account for a relatively low percentage of the original data range, and 

the prediction effect is relatively reliable. The maximum relative MSE and MAE are 

obtained from 𝛿𝑁
∗  and 𝛿𝑑ℎ𝑙

∗ , which reached 0.86% and 6.7%, respectively, but are still 

within acceptable limits. These results also reflect the model’s generalization capability. 

As shown in Fig. 37, the prediction metrics on both training and test sets are highly 

consistent, with typical MSE and MAE differences remaining below 0.001 and 0.01, 

respectively. This consistency suggests that the model avoids significant overfitting and 

maintains stable performance on unseen data. Features such as 𝛿𝑐𝑎
∗  and 𝛿𝑣

∗  exhibit 

particularly low error variation. Relatively larger discrepancies observed in 𝛿𝑁
∗  and 𝛿𝑑ℎ𝑙

∗  

indicate that defect-related features are more sensitive and less accurately predicted. This 

may be attributed to the inherent limitations of defect data acquisition, which relies on 

sampling from a limited number of cross-sectional planes. Such an approach inevitably 
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introduces a degree of information loss. Enhancing the spatial resolution—either by 

increasing the number of cross-sections or by employing advanced three-dimensional 

imaging techniques—could further improve the accuracy and robustness of defect 

characterization and model predictions. 

 

 

Fig. 37 Evaluation metrics for predictive capacity of each output: (a) coefficient of 

determination-R², (b) mean squared error-MSE and (c) mean absolute error-MAE. 

 

As shown in Fig. 38, the influence of different process parameters on microstructural 

features was investigated to elucidate variations in feature importance. Additionally, Fig. 

39 illustrates the response trends of key microstructure features to process conditions, 

with fitted quadratic regression curves highlighting the nonlinear characteristics. For 

microstructural indicators related to chemical bonding, such as 𝛿𝐼𝑟
∗  and 𝛿𝑐𝑎

∗ , the highest 

feature importance was observed for 𝜃𝑇
∗  and 𝜃𝑀

∗ . This result can be physically explained 
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based on existing studies on melt flow and interfacial chemistry. With increasing 

temperature and melting duration, the viscosity of PA6 resin decreases significantly, 

enhancing its wetting behavior at the Al interface. Molecular dynamics simulations have 

shown that the contact angle of thermoplastic resins reduces with temperature and time, 

leading to better spreading over the substrate surface [49,51,52]. Furthermore, for 

interfacial chemical bonding, the formation of key amide groups (amide C–N and amide 

N–H) between PA6 and the silane coupling agent (SCA) relies on the activation of 

interfacial reactions that require the cracking of epoxy groups in the SCA. Molecular 

dynamics simulations have shown that the interfacial binding energy of the epoxy group 

remains relatively stable at lower temperatures but begins to decline notably around 

180 °C ~260 °C, indicating the onset of epoxy cracking and reactivity enhancement. As 

the temperature continues to rise, the interfacial energy decreases further and stabilizes 

beyond approximately 340 °C, suggesting that the epoxy groups have been fully activated 

and the interfacial chemical bonding process approaches completion [53,54]. This two-

stage energetic behavior reflects the temperature-dependent molecular reconfiguration 

needed for covalent bond formation. Thus, 𝜃𝑀
∗  ensures that sufficient wetting and 

molecular proximity are achieved for reactions to initiate, while 𝜃𝑇
∗  governs whether the 

interface acquires enough energy to trigger epoxy opening and sustain full reaction 

progress. Their combined effect facilitates the formation of stable amide linkages, which 

is a critical mechanism for enhancing the bonding performance between PA6 and Al. 

In addition, the 𝜃𝑃
∗  helps to increase the contact area between Al and CF/PA6. Higher 

pressures lead to resin flow and deformation, thus inducing closer contact between PA6 

in the molten state and the aluminum surface, which is consistent with experimental 

observations in chapter 4. Nevertheless, among all microstructural features, the 𝜃𝑃
∗  

consistently showed low importance in most prediction tasks. This may be attributed to 

the nature of hot-pressing process, where temperature-induced viscosity reduction plays 

a dominant role in resin mobility compared to externally imposed mechanical forcing. 
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Therefore, relaxing or simplifying the pressure control requirements, and thus reducing 

equipment complexity and control costs, may be feasible without seriously affecting the 

quality of the joint. 

In contrast, for defect-related features including 𝛿𝐿
∗ , 𝛿𝑁

∗ , and 𝛿𝐴𝑟
∗ , decomposition 

residence ratio (𝜃𝐷
∗ ) emerges as a critical variable. This reflects the tendency of excessive 

thermal exposure to initiate resin degradation. PA6 is known to thermally degrade around 

340–350 °C and shows rapid decomposition above 400 °C, with a sharp mass loss due to 

chain scission reactions [55]. Thermal degradation leads to defect nucleation and 

interfacial void formation, which propagates deeper into the interface as thermal 

penetration increases. Regression trends in Fig. 39 further reveal key threshold 

phenomena: 𝛿𝐼𝑟
∗  and 𝛿𝑐𝑎

∗  approach saturation near 𝜃𝑇
∗  ≈ 0.9 (~340 °C), beyond which 

further heating does not enhance bonding and instead promotes defect growth in 𝛿𝐿
∗ and 

𝛿𝐴𝑟
∗ . Meanwhile, degradation indicators such as 𝜃𝐷𝑀

∗  show steep increases in 𝛿𝐴𝑟
∗  and 

𝛿𝑁
∗  when exceeding ~0.6, indicating entry into a rapid degradation regime.  

These findings underscore the trade-off between bonding enhancement and defect 

suppression. A single-objective parameter optimization approach cannot simultaneously 

satisfy the requirements of all microstructural features. Therefore, process tuning 

strategies must be flexibly designed according to the targeted outcomes. Striking a 

balance between chemical activation and thermal degradation is essential for achieving 

both high joint quality and structural reliability. 
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Fig. 38 The feature importance of process conditions on microstructure features. 
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Fig. 39 The response trends of key microstructure features to process conditions. 

 

5.4.2 Microstructure features and joining strength 

To investigate the influence of microstructural characteristics on the mechanical 

performance of the joined joints, a GBDT regression model was established to predict 𝜎𝑟
∗ 
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using the microstructural features obtained in the preceding stage. Fig. 40(a) demonstrates 

the comparison graph between the original data (horizontal coordinate) and the predicted 

values (vertical coordinate). It is evident that the predicted and true values are basically 

distributed near the diagonal line. The R², MSE and MAE values of the training and test 

sets were calculated to further evaluate the generalization performance of the model, and 

the results are shown in Fig. 40(b)-(d), respectively. The R² values of the model are higher 

than 0.90 on both the training and test sets, indicating that the predicted values are in good 

agreement with the true values. The model can capture the relationship between 

microstructure features and joining strength accurately. In terms of error assessment, the 

training set and test set in have small error differences, with the maximum difference of 

about 5×10-6 for MSE and 5×10-4 for MAE. The percentage of MSE and MAE relative to 

the joining strength index is statistically analyzed, and the percentage of MSE in all data 

is less than 0.1%, while the percentage of MAE in all data is less than 6%. The relative 

error ratios are in the acceptable range, showing the high reliability of the model in 

predicting the joining strength. 
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Fig. 40 (a) Predictive results of 𝝈𝒓 and Analysis of model generalization ability by (b) 

coefficient of determination-R², (c) mean squared error-MSE and (d) mean absolute error-

MAE. 

 

The relative importance of microstructural features in determining joining strength was 

evaluated through feature importance analysis of the GBDT model, as illustrated in Fig. 

41. Among the positive factors, 𝛿𝐼𝑟
∗  and 𝛿𝑐𝑎

∗  have the most significant influence on the 

joining strength. This suggests that the adequacy of chemical reaction and the size of the 

effective bonding area at the interface are the key factors to enhance the strength of the 

joints during the bonding between Al and CF/PA6. Among the negative factors, the 𝛿𝐴𝑟
∗  

had the most significant negative effect on the joining strength, followed by the 𝛿𝑁
∗  and 

𝛿𝐿
∗ . This result indicates that the increased size and counts of defects significantly 

weakened the joining strength, especially in tensile shear experiments, where joint 

fracture usually depended on the expansion path of cracks. The larger size or counts of 
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defects can accelerate the fracture failure. The effect of defect layer thickness on the 

joining strength was relatively small, probably because the increase in layer thickness did 

not significantly change the crack propagation path in the direction perpendicular to the 

crack direction. These findings highlight the competing roles of interfacial activation and 

defect formation in determining joint performance. Strength optimization thus requires a 

trade-off strategy: promoting sufficient interfacial chemistry while simultaneously 

minimizing thermally induced defects. 

 

Fig. 41 The feature importance of microstructure features on joining strength. 

 

5.4.3 Process conditions and joining strength 

The relationship between process conditions and joining strength was also predicted and 

analyzed using the GBDT model. The model prediction performance and generalization 

ability are shown in Fig. 42(a). The uniform distribution of predicted values around the 

diagonal indicates that the model has high accuracy on both the training and test sets. Fig. 

42(b)-(d) compares the R², MSE, and MAE values of the model on all types of datasets. 

The R² values are close to 1 on all three datasets. The MSE differences between the 
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training and test sets are below 6 × 10-6 and account for less than 0.08% of the original 

data values. The differences in the MAE values are all no more than 2.0 × 10-3 and account 

for less than 4% of the original data values. These results indicate that the model yields 

stable and reliable predictions. The feature importance analysis in Fig. 43 reveals that 𝜃𝑀
∗  

is the most influential process parameter in determining joining strength. This finding is 

consistent with previous analyses, as prolonged residence time above the melting point 

improves the wettability of PA6 and facilitates interfacial diffusion. Longer residence 

time reduce the contact angle of polymer resins at the interface, thereby enhancing 

molecular-level contact between PA6 and the Silanized Al surface [51,52]. The 𝜃𝑇
∗  also 

plays a central role in governing joining strength, not merely by reducing the viscosity of 

the PA6 resin but more critically by acting as a thermal threshold that governs interfacial 

chemical activity [53]. Notably, both most influential microstructural features of joining 

strength, namely effective contact area (𝛿𝑐𝑎
∗ ) and interfacial chemical bonding (𝛿𝐼𝑟

∗ ), are 

themselves strongly driven by 𝜃𝑇
∗ . This dual functionality—promoting both flow and 

reaction completeness—makes temperature a decisive factor in strength enhancement. 

However, this enhancement effect is not unbounded. Excessive 𝜃𝑇
∗  may lead to thermal 

degradation of the PA6 matrix, particularly when temperatures exceed approximately 

340–350 °C, where decomposition initiates, and accelerates rapidly beyond 400 °C [55]. 

This degradation results in the formation of interfacial voids and defect layers, which 

compromise the strength of the joint. Therefore, while 𝜃𝑇
∗  is essential for promoting 

chemical bonding, its value must be carefully controlled to avoid triggering resin 

decomposition, which would offset the gains from improved interfacial bonding. 
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Fig. 42 (a) Predictive results of 𝝈𝒓
∗  and Analysis of model generalization ability by (b) 

coefficient of determination-R², (c) mean squared error-MSE and (d) mean absolute error-

MAE. 
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Fig. 43 The feature importance of process conditions on joining strength. 

 

Based on the importance of the causal link between process conditions, microstructure 

features and joining strength as described above, an integrated Sankey diagram was 

constructed, as shown in Fig. 44. The diagram effectively integrates the effect of each 

process parameter (𝜃𝑇
∗ , 𝜃𝑀

∗ , 𝜃𝐷
∗ , 𝜃𝐷𝑀

∗ , 𝜃𝑃
∗) on the microstructural features (𝛿𝐼𝑟

∗ , 𝛿𝑐𝑎
∗ , 𝛿𝑣

∗, 

𝛿𝐿
∗, 𝛿𝑁

∗ , 𝛿𝐴𝑟
∗ , 𝛿𝑑ℎ𝑙

∗ ) and the relationship between these microstructural features further 

contributing to the joining strength (𝜎𝑟
∗ ). The flow lines from left to right indicate 

causality, and the thickness of each line represents the level of importance. The width of 

the first-column nodes (process conditions) reflects the total magnitude of influence each 

parameter exerts on the microstructural features, while the width of the second-column 

nodes (microstructural features) reflects their cumulative contribution to the final joining 

strength (𝜎𝑟
∗). The microscopic features are divided into two categories: positive features 

(𝛿𝐼𝑟
∗ , 𝛿𝑐𝑎

∗ , 𝛿𝑣
∗) labeled in green and negative features (𝛿𝐿

∗, 𝛿𝑁
∗ , 𝛿𝐴𝑟

∗ , 𝛿𝑑ℎ𝑙
∗ ) labeled in red. 

As shown in the diagram, 𝜃𝑇
∗  and 𝜃𝑀

∗  exhibit substantial influences on both positive and 

negative microstructure features. A quantitative comparison of their total flow 
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contributions reveals that 𝜃𝑇
∗  primarily enhances positive features, with 59% of its total 

flow directed to 𝛿𝐼𝑟
∗ , 𝛿𝑐𝑎

∗ , and 𝛿𝑣
∗ , whereas 𝜃𝑀

∗  distributes almost equally between 

positive (47%) and negative (53%) features. In contrast, 𝜃𝐷
∗  and 𝜃𝐷𝑀

∗  predominantly 

affect negative microstructural features, with over 85% of their total influence 

contributing to 𝛿𝐿
∗ , 𝛿𝑁

∗ , 𝛿𝐴𝑟
∗ , and 𝛿𝑑ℎ𝑙

∗ . This analysis suggests that while 𝜃𝑇
∗  favors 

beneficial microstructural evolution, other parameters like 𝜃𝐷
∗  and 𝜃𝐷𝑀

∗  may require 

tighter control to mitigate negative effects on joining strength. Among the effects of 

microscopic features on the joining strength, the positive contributions of 𝛿𝐼𝑟
∗  and 𝛿𝑐𝑎

∗  

are particularly prominent, together with 𝛿𝑣
∗, accounting for approximately 42% of the 

total microstructure-derived influence on 𝜎𝑟
∗. In contrast, the negative features 𝛿𝐿

∗, 𝛿𝑁
∗ , 

𝛿𝐴𝑟
∗ , and 𝛿𝑑ℎ𝑙

∗  collectively contribute around 58%, with 𝛿𝐴𝑟
∗  showing the strongest 

detrimental effect. This suggests that under the current processing conditions, the 

microstructural evolution imposes a more significant weakening influence on joining 

strength than a strengthening one. The visualization reveals the mapping relationship 

between process parameters and microstructure features, and clearly reflects the dual 

effect of process conditions on joining strength, providing guidance for futural process 

optimization and microstructure control. 
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Fig. 44 The Sankey diagram of process conditions, microstructure features and joining 

strength. 

 

5.5 Model Distillation 

5.5.1 Distillation results and discussion 

Interpretability directly affects the application value of the model, so we extract 

expressions with clear physical meaning and sufficient interpretability through model 

distillation. This not only helps to reveal the physical mechanism of the process 

parameters on the joining strength, but also makes the model more practicable and reliable 

in engineering applications by simplifying the model structure. In the process of model 

distillation, the rational selection of input variables is an important part of improving the 

model interpretability. Using highly correlated features directly for modeling may lead to 

multicollinearity, which in turn reduces the stability and predictive performance of the 

model. Therefore, the input variables were firstly analyzed for correlation, to identify 

possible alternative relationships. The correlation thermograms between the input 

variables are shown in Fig. 45(a). 𝜃𝑇
∗  shows high positive correlation with 𝜃𝑀

∗ , 𝜃𝐷
∗ , and 
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𝜃𝐷𝑀
∗  with correlation coefficients of 0.961, 0.898, and 0.918, respectively. This suggests 

that higher temperatures tend to be accompanied by a longer resin flow time and increased 

thermal diffusion. However, 𝜃𝑇
∗  is almost uncorrelated with 𝜃𝑃

∗ , and the correlation 

coefficient is close to zero, indicating that temperature and pressure are relatively 

independent process conditions. The linear regression results of 𝜃𝑇
∗  on 𝜃𝑀

∗ , 𝜃𝐷
∗ , and 

𝜃𝐷𝑀
∗  were further analyzed as shown in Fig. 45(b)-(d). This indicates to some extent that 

𝜃𝑀
∗ , 𝜃𝐷

∗ , and 𝜃𝐷𝑀
∗  are somewhat substitutable when 𝜃𝑇

∗  is included in the input features. 

Therefore, only two independent variables, temperature (𝜃𝑇
∗) and pressure (𝜃𝑃

∗), were 

ultimately retained in the model distillation to reduce model complexity and avoid the 

effects of multicollinearity. This choice also reflects the actual configuration of the 

experimental and simulation setups. Specifically, 𝜃𝑇
∗  corresponds to the pre-set upper 

limit of the heating stage in the hot-pressing process, and its validity has been verified by 

numerical simulations to represent the peak temperature reached at the Al–CF/PA6 

interface. The pressure 𝜃𝑃
∗  directly corresponds to the applied load 𝑃𝑗  in the 

experimental system, as shown in Table 6. In contrast, 𝜃𝑀
∗ , 𝜃𝐷

∗ , and 𝜃𝐷𝑀
∗  are time-based 

dimensionless variables calculated from temperature history data obtained at the joint 

interface in simulations. These variables capture the actual melt residence and 

degradation exposure periods experienced by the interface under different thermal 

profiles. Their strong correlation with 𝜃𝑇
∗  reflects the fact that higher temperatures tend 

to induce longer residence and degradation times. 

Notably, the inclusion of elevated temperatures—exceeding the decomposition point of 

PA6 resin—in the experimental design serves two purposes. First, it enables the 

exploration of critical defect-generation phenomena under extreme thermal conditions, 

which lays the foundation for the future studies of thermal–mechanical joining process. 

Second, as supported by the regression trends in this study, the combination of higher 

temperatures with shorter heating durations reveals a potential optimization path for 

achieving sufficient interfacial bonding while suppressing thermal degradation. Although 
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the current heating time are on the order of 1–3 seconds, which may limit the sensitivity 

of melting residence time and decomposition residence time, future investigations at finer 

time resolutions could help distinguish more accurately the influence of short-time 

heating on melt behavior and reaction onset. 

 

Fig. 45 The (a) correlation of process conditions and linear regression results of 𝜽𝑻
∗  on 

(b) 𝜽𝑴
∗ , (c) 𝜽𝑫

∗ , and (d) 𝜽𝑫𝑴
∗ . 

 

The decomposition behavior of PA6 resin under thermal conditions leads to significant 

nonlinear variation in the joining strength (𝜎𝑟
∗) across different temperature intervals. 

Specifically, the mechanical performance initially improves with increasing temperature 

and pressure due to enhanced resin flowability and interfacial activation but begins to 

decline beyond a critical thermal threshold because of resin degradation and defect 
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formation. This convex response—characterized by an initial growth followed by 

decay—suggests the need for a nonlinear modeling approach capable of describing both 

enhancement and attenuation phenomena within a unified framework. To mathematically 

describe the nonlinear change of the joining strength (𝜎𝑟
∗) with the dimensionless peak 

temperature (𝜃𝑇
∗ ) and pressure (𝜃𝑃

∗), authors (Ma, Li and Geng) developed an equation 

(28) using exponential and power functions referring Sato’s work for welding 

deformation [56], which is hereafter referred as the MLG model: 

𝜎𝑟
∗ = 𝐴 ∙ (𝜃𝑃

∗ + 𝐵)𝑚 ∙ (𝜃𝑇
∗ )𝑛 ∙ 𝑒−𝐶∙𝜃𝑇

∗
          (22) 

where 𝐴 is a strength amplification coefficient, 𝐵 is a pressure offset term that ensures 

numerical stability under low-pressure conditions, 𝑚  and 𝑛  are the exponents for 

pressure and temperature influence respectively, and 𝐶  is the exponential decay 

coefficient reflecting the degradation tendency at elevated temperatures. The combination 

of polynomial and exponential terms allows the model to describe the convex-up behavior 

observed in the experimental data: strength first increases with temperature, reaches a 

peak, and then declines due to thermal decomposition effects. Model distillation was 

conducted using nonlinear least squares optimization, with the Trust Region Reflective 

algorithm selected for its strong robustness under boundary-constrained multivariate 

conditions. Initial parameter values and bounds were heuristically selected based on the 

observed data trends to improve convergence efficiency. The model structure and 

parameter interface were decoupled through a wrapper function to allow flexible 

expression fitting within the SciPy optimization framework. The final fitted coefficients 

are shown in Table 8. The high positive value of 𝑛  emphasizes the dominance of 

temperature in strength evolution at moderate levels, while the 𝐶 term ensures strength 

attenuation beyond the peak temperature. These coefficients provide a compact, yet 

accurate representation of the underlying thermomechanical mechanisms observed in the 

joining process. 

Table 8 Parameters obtained in model distillation. 
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Parameters 𝐴 𝐵 𝐶 𝑚 𝑛 

Values 318.29 0.00855 7.646 0.1446 6.7646 

 

The updated comparison between the distilled model and experimental results is shown 

in Fig. 46, where the background contour map in (a) represents the predicted joining 

strength (𝜎𝑟
∗) from the distilled analytical model as a function of dimensionless input 

conditions (𝜃𝑇
∗  and 𝜃𝑃

∗). The color contours indicate the predicted 𝜎𝑟
∗ values derived 

from the MLG model, while the superimposed circular markers represent experimental 

measurements. Both are rendered using a consistent colormap scale to enable direct visual 

comparison. The alignment of marker colors with the contour gradients indicates a high 

level of consistency between the predicted and measured results. Notably, the model 

accurately captures the peak 𝜎𝑟
∗ values near the optimal thermal region (𝜃𝑇

∗  ≈ 0.82) and 

successfully reproduces the decreasing trend of joining strength under excessive thermal 

exposure. Two-dimensional cross-sectional plots comparing the predictions of the MLG 

model with experimental data at selected dimensionless pressure levels (𝜃𝑃
∗) are shown in 

Fig. 46(b). The dashed lines represent the predicted 𝜎𝑟
∗  values, while the circular 

markers indicate corresponding experimental measurements. Each curve corresponds to 

a fixed 𝜃𝑃
∗  value, allowing detailed evaluation of the model’s local fitting performance 

across the 𝜃𝑇
∗  axis. This visualization enables precise, case-by-case inspection of the 

model’s predictive accuracy and supplements the broader trend captured in the 3D 

contour plot in Fig. 46(a). Despite the simplification of inputs and functional form, the 

distilled model not only maintains interpretability but also accurately reflects the 

distribution hierarchy of 𝜎𝑟
∗  values under different process conditions. This 

demonstrates that the simplified formulation retains essential physical insights while 

ensuring sufficient predictive capability for practical use. However, compared to the 

results of the GBDT model from chapter 3.1.3, there is a certain degree of degradation in 

the prediction accuracy of the formulas. The coefficient of determination (R2) of the 
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distillation model is 0.746, which is slightly lower compared to the GBDT model, as can 

be seen in Fig. 46 (c), (d) and (e). Meanwhile, the mean square error (MSE) and mean 

absolute error (MAE) increased to 3.9 × 10-5 and 5.1 × 10-3, respectively. This 

discrepancy mainly comes from the reasonable simplification of input parameters and the 

introduction of polynomial and exponential terms, which inevitably leads to some loss of 

information. As a result, the distilled model cannot fully capture the complexity of the 

multivariate nonlinear interactions present in the GBDT model. Nevertheless, the more 

physically interpretable structure of the distilled model remains valuable for engineering 

applications. In contrast to purely data-driven models such as GBDT or neural networks, 

the distilled expression offers a closed-form mathematical formulation that explicitly 

reflects the thermomechanical interactions during the joining process. This symbolic 

regression–like structure not only enables intuitive understanding of parameter influence, 

but also facilitates downstream tasks such as model simplification, boundary 

extrapolation, and physical insight extraction. The distilled model thus serves not only as 

a tool for practical process parameter selection but also as a theoretical framework for 

elucidating the mechanisms underlying joining strength evolution. 
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Fig. 46 The (a) contour and (b) 2D-plots comparison of distilled model and original data, 

as well as the comparison with GBDT model in terms of predictive ability (b) R2, (c) 

MSE and (d) MAE. 

 

5.5.2 Future research perspectives on interpretable functional relationships 

To further assess the practical applicability and generalizability of the developed 

interpretable data-driven models, future work is proposed to extend the current modeling 

framework toward more realistic and heterogeneous joint configurations. In real-world 

engineering applications, the interfacial thermal–mechanical histories are rarely uniform 

across the entire joining interface due to local heating variations, tool–substrate contact 

fluctuations, or geometric complexity. Therefore, verifying the robustness of the 

proposed predictive model under spatially varied process inputs is of critical importance. 

As illustrated in Fig. 47, two types of multi-zonal hybrid joints are designed, in which 
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two distinct joining conditions are intentionally applied within a single overlapped area 

between Al alloy and CFRTP sheets. The different partitions were then designed to be 

parallel and perpendicular to the lengthwise direction, respectively. This design creates a 

composite interface with spatially varying thermal–mechanical histories and resulting 

microstructural features, thereby mimicking more realistic industrial conditions. After 

fabrication, the mechanical properties of such multi-zonal joints will be evaluated via 

single-lap shear tests, where the measured joint strength reflects the integrated 

performance over regions with different bonding qualities. 

The previously trained GBDT and distilled models will be employed to predict the shear 

strength of each zonal region based on the known input parameters (e.g., pressure, peak 

temperature, residence time), followed by model-based strength integration to estimate 

the overall joint strength. A comparison between predicted and experimentally measured 

strength will serve as a rigorous test for the generalization capability of the proposed 

models beyond uniformly bonded joints. This prospective validation framework provides 

not only a practical route for extending model applicability but also a systematic 

methodology for evaluating spatially coupled effects in heterogeneous joints. The results 

will contribute to closing the gap between controlled experimental studies and real-life 

manufacturing scenarios, thus promoting the industrial deployment of interpretable, data-

driven decision-making tools for hybrid joining process optimization. 
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Fig. 47 Schematic of validation under complex joint configuration with multiple 

partitions. 

 

 

 

 

5.6 Summary 

This study establishes a comprehensive data-driven framework to investigate the 

quantitative relationship between process conditions, microstructure features and joining 

strength in the hot-pressing joining of Al and CFRTP. By employing dimensionless, 

machine learning models and model distillation techniques, we reveal the complex 

coupling mechanisms of different features. The key findings of this study can be 

summarized as follows: 

(1) A dimensionless feature based GBDT model was successfully constructed, integrating 

process conditions, interfacial microstructural characteristics, and joining strength. This 
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model enables a comprehensive understanding of the causal relationships among multi-

scale variables in the joining process. 

(2) Feature importance analysis revealed that the melting residence ratio ( 𝜃𝑀
∗ ) and 

maximum heating temperature (𝜃𝑇
∗ ) are the dominant process parameters influencing 

microstructure evolution. Among the microstructural features, interfacial chemical 

bonding intensity (𝛿𝐼𝑟
∗ ) and effective contact area (𝛿𝑐𝑎

∗ ) serve as positive contributors to 

strength, while defect area ( 𝛿𝐴𝑟
∗ ) and defect density ( 𝛿𝑁

∗ ) exhibit strong negative 

correlations. 

(3) A model distillation approach was used to distill a simplified analytical model from 

the GBDT output. The derived closed-form expression retains physical interpretability 

and successfully captures the peak and decline trends of joining strength under varying 

process conditions. 

(4) The final model provides both predictive accuracy and mechanistic insight, supporting 

the optimization of hot-press parameters to maximize bonding quality while minimizing 

defect formation. This approach offers a generalizable methodology for data-driven 

analysis of thermal joining systems. 
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6. Friction Spot Joining of Al/CFRTP: Tool Geometry and 

Thermal Behavior 

The previous chapters have systematically established a physically interpretable 

framework for understanding and predicting the bonding mechanisms of dissimilar 

material joints between silanized Al alloys and CF/PA6. By using hot-press joining as a 

thermally and mechanically stable research platform, Chapters 3 through 5 have 

elucidated the individual and coupled effects of joining temperature, dwell time, and 

interfacial pressure on chemical reaction activation, resin flow, and defect formation. 

Through a combination of cross-sectional characterization, surface chemistry analysis, 

and thermal modeling, the relationship between process parameters and interfacial 

microstructure was clarified. Furthermore, a multi-domain data-driven modeling 

approach was developed to quantitatively connect process variables to microstructural 

features and ultimately to joint strength, enabling predictive and interpretable control of 

joint performance under idealized thermal–mechanical environments. However, in 

realistic industrial applications, joining processes are rarely as uniform or quasi-static as 

those employed in laboratory hot-pressing joining. Manufacturing techniques used in 

mass production often involve rapidly changing, spatially non-uniform, and tool-driven 

joining methods. These include variations in heating rate, local contact pressure, and 

material flow behavior, which pose significant challenges to the control and predictability 

of bonding quality. Therefore, there is a growing need to extend the insights obtained 

under controlled hot-press conditions to more complex, dynamically driven joining 

methods that better reflect real-world process environments. To address this gap, the 

present chapter focuses on friction spot joining (FSpJ), a solid-state joining method that 

has attracted significant attention for its applicability to lightweight hybrid structures. 

FSpJ operates by rotating a tool against the surface of a metal sheet (here, Al alloy) 

overlapped onto a thermoplastic composite (CF/PA6), generating localized heat through 
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friction at the tool–metal interface. As the metal softens under the heat input, pressure is 

applied to plastically deform the Al downward into the softened polymer, thereby forming 

a direct, mechanical–chemical joint. This process eliminates the need for external heating, 

enhances joining speed, and reduces energy consumption, making it suitable for high-

throughput automotive and aerospace applications. Despite its advantages, FSpJ 

introduces complex thermal and mechanical interactions that are fundamentally different 

from hot-press joining. These include: 

Strongly localized heat generation, which leads to sharp thermal gradients and non-

uniform interface temperatures. 

Transient thermal cycles, which challenge the precise control of polymer melting and 

degradation behavior. 

Tool-dependent contact conditions, especially influenced by shoulder geometry, which 

affect both heat input and material flow. 

Interfacial reactions occurring under dynamic deformation, which differ from the more 

diffusion-controlled bonding mechanisms observed in static hot-press systems. 

Previous studies on FSpJ of Al/CFRTP hybrid structures have highlighted the critical role 

of tool design—particularly the geometry of the tool shoulder—in determining bonding 

performance, thermal field evolution, and failure behavior. The shoulder geometry 

directly governs the contact interface between the rotating tool and the upper metal sheet, 

thereby controlling the frictional heat generation rate, pressure distribution, and material 

flow dynamics during the joining process. Compared to traditional friction stir welding 

where the tool pin plays a dominant role, pinless FSpJ relies almost entirely on the 

shoulder–substrate interaction, making the shoulder geometry the primary determinant of 

energy input and deformation behavior. For example, concave shoulders, which introduce 

a recessed cavity at the tool–metal interface, are known to increase the effective contact 

area, enhance frictional heating, and promote downward material flow, potentially 

improving joint formation with deeper plasticized zones. In contrast, flat shoulders apply 
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more localized pressure and generate sharper thermal gradients, which may lead to more 

defined but thinner bonding regions. These geometric differences can also influence the 

extent of polymer melting, resin backflow, void formation, and thermal degradation—

particularly at elevated tool rotation speeds and joining temperatures. As such, the shape 

and dimensional parameters of the shoulder significantly affect the local process 

conditions that determine the quality and reliability of the resulting joint. Despite these 

observations, the mechanistic understanding of how shoulder geometry modulates 

interfacial microstructure, chemical bonding, and mechanical response remains 

incomplete. Existing literature tends to focus on empirical strength comparisons without 

fully elucidating the intermediate structural transformations or thermal histories involved. 

Moreover, many studies neglect the synergistic effects between tool-induced pressure and 

temperature distribution, which are highly interdependent and sensitive to geometric 

features such as concavity depth, shoulder diameter, and contact contour [57–59]. In 

addition, comparative studies linking the bonding behavior in FSpJ to that in more 

controlled processes such as hot-press joining are still lacking. Given that hot-press 

joining provides a well-defined and spatially uniform thermal–mechanical environment, 

it offers an ideal reference platform for isolating key bonding phenomena. Investigating 

whether and how similar mechanisms—such as interfacial chemical activation, resin 

wetting, and defect suppression—manifest under the more dynamic and tool-sensitive 

conditions of FSpJ is critical for validating the generalizability of previously derived 

bonding principles and predictive models. Therefore, a more systematic investigation is 

required to elucidate how shoulder geometry influences the spatial and temporal 

evolution of temperature at the metal–polymer interface, and how such thermal patterns, 

when coupled with pressure-induced deformation, govern resin flow behavior, bonding 

layer formation, and the emergence of interfacial defects. It is also essential to determine 

whether these microstructural and thermal effects can be quantitatively correlated with 

macroscopic joint performance metrics, such as tensile shear strength and fracture mode 
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distribution. Addressing these questions is critical for clarifying the mechanistic role of 

tool geometry in FSpJ and for evaluating the generalizability of bonding principles and 

predictive models developed under more controlled hot-press conditions. To address 

these gaps, the present chapter integrates experimental trials with tools of varied shoulder 

designs and high-fidelity thermo-mechanical simulations to reveal the process–structure 

interactions specific to FSpJ. The insights obtained are then discussed in the context of 

prior findings from hot-press joining, thereby laying the groundwork for cross-process 

understanding and unified model development. This chapter is organized as follows: 

Section 6.1 presents the experimentation and ALE-based thermal–mechanical simulation 

framework and validation results. 

Section 6.2 compares joint appearance and morphologies. 

Section 6.3 analyzes joint mechanical performance. 

Section 6.4 analyzes Fracture morphology. 

Section 6.5 summarizes the heat transfer characteristics. 

Section 6.5 compares the correlation between interfacial fracture and temperature 

distribution. 

6.1 Experimentation 

6.1.1 Joining condition 

The Friction Stir Welding (FSW) machine with PC control was used to perform the FSpJ 

experiments. The specific stages of FSpJ are illustrated in Fig. 48(a). Main joining 

conditions such as tool plunge speed, plunge depth and tool material used are shown in 

Table 9. During the joining process, an overlapping interface of 50 × 50 mm2 was formed 

by lapping the upper Al alloy sheet on the CF/PA6 sheet surface. According to previous 

work[60], a stepped shoulder tool with a single inward recess area was selected for 

investigation due to its simple structure and ease of fabrication. External shoulder 

diameters of 12 mm and 15 mm were considered to examine the effectiveness of this tool 
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in improving joint performance. For each diameter tool, 0.2 mm and 0.4 mm recess depth 

were used in FSpJ experiments. In addition, a 15 mm-diameter flat shoulder tool was 

used as the reference tool in the experiment analysis. The detailed dimensional 

information of the friction tools studied is presented in Fig. 48(b), with their features 

simplified and illustrated. The tools are made up of SKD61 steel, which has high hardness 

and high wear resistance after heat treatment.  

 

6.1.2 Measurement and characterization 

Three-dimensional profilometer device (Keyence VR-5000) was used to evaluate the 

state of Al alloy distribution within the tool projection plane after joining as well as the 

morphological appearance of the fracture surfaces between CF/PA6 and Al alloy after 

tensile shearing test. In this study, joint strength was evaluated by a single lap tensile 

shear test conducted at a crosshead rate of 1 mm/min using a universal testing machine 

(SHIMADZU AGSX). Three joint samples at least were prepared for each condition and 

the maximum tensile shear forces of these samples were averaged as the joint strength. 

The single lap tensile shear test is shown in Fig. 48(c). Contact thermocouples and non-

contact infrared cameras are both commonly used for temperature measurement in 

welding experiments [61,62]. However, ensuring the accuracy of the measurement results 

requires parameter calibration of the measurement methods before welding. In this study, 

an infrared imaging method, calibrated for emissivity in preliminary work [63], was used 

to accurately capture the temperature distribution on the Al upper surface. In the current 

study, a thermal infrared camera (CPA-E86S, Chino) was used in FSpJ to obtain 

temperature distribution data on the upper surface of the Al alloy around the rotating tool 

as shown in Fig. 48(d). In earlier work, the emissivity of the Al alloy surface was 

calibrated over the temperature range of 20-600 °C [64]. 
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Fig. 48 Schematic diagrams of (a) pinless-FSpJ process, (b) different shapes and sizes of 

tools, (c) lap joint showing cutting position of cross-section and lap shear test 

configuration and the (d) measured positions of temperature. 

Table 9 Joining conditions and tool characteristic used in the experiment. 

Joining conditions/tool characteristic Used value 

Rotational velocity (rpm) 1500 

Plunging depth (mm) 0.3 

Plunge speed (mm/s) 0.1 

Tool material SKD61 steel 

Density (kg/m3) 7760 

Elastic modulus (GPa) 215 

Thermal conductivity(W/mK) 10.4 

Specific heat (J/kgK) 460 

 

 

6.2 Finite element simulation 

6.2.1 Basic information 

The thermo-mechanical coupling finite element method based on the commercial 

software Abaqus/Explicit Arbitrary Lagrangian and Eulerian (ALE) formulation was 

applied to simulate the FSpJ process between the Al alloy and CF/PA6 in this study. The 

main physical issues including friction heat generation between rotational tool and Al 

alloy, heat transfer within Al alloy-CF/PA6 joining zone, and localized deformation of 

the plasticized Al alloy sheet driven by tool are contemplated in the simulation. Moreover, 

it is assumed that the Al-CF/PA6 interface is in intimate contact with each other, ignoring 

the effect of macro-scopic gap on contact heat transfer. And the material properties of Al 

alloy and CF/PA6 workpieces are assumed to be isotropic. Fig. 49 shows the FSpJ finite 

element model of Al-CF/PA6. To balance computational accuracy and cost, non-uniform 
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meshing method with a minimum element size of ~ 0.1 mm in the lapped zone is used for 

both Al and CF/PA6 sheets. The lapped zone through the thickness direction was 

considered as an ALE adaptive mesh domain to prevent the distortion of the element mesh 

along caused by the sheet deformation. In the simulation, the steel tool is simplified as a 

rigid body and only the heat transfer is calculated. Eight-node thermo-mechanically 

coupled elements (C3D8RT) were used for the both sheets.  

 

 

Fig. 49 Finite element model of the friction spot joining of Al alloy and CF/PA6. 

 

6.2.2 Thermal and material models 

In the thermo-mechanically coupled model used in this study, the instantaneous 

temperature distribution is calculated based on the non-Fourier heat conduction law. The 

heat sources are surface heating (qf) from friction during the FSpJ process between the 

tool and the Al alloy workpiece and volumetric heating (qp) from plastic deformation of 



122 

 

the Al plate surface. These two heat source models are represented by the following 

equations, respectively: 

𝑞f = 𝜏𝛾̇ = 𝜇(𝑇)𝑃n𝛾̇                            (23) 

𝑞p = 𝜂𝜎𝜀̇𝑝                               (24) 

In Eq. (23), qf represents the frictional heat generation rate at the Al-tool interface 

calculated by Coulomb's friction law; 𝜇 is the coefficient of friction. 𝑃n and 𝛾̇ are the 

nodal contact pressure and the sliding rate, respectively. In Eq. (24), qp is denoted as the 

volumetric heat generation rate due to plastic deformation of the Al sheet. 𝜂  is the 

constant of proportionality for the conversion of the energy from plastic deformation to 

heat with a value equal to 90% of the one used in the present model [65]; 𝜎 and 𝜀̇𝑝 are 

the plastic stress and strain rates, respectively. In the FSpJ process conducted by the 

pinless tool used in this study, almost no stirring effect between the tool and the Al sheet 

exists, therefore surface frictional heating dominates the heat input. In this simulation 

model, the temperature-dependent friction coefficients experimentally obtained by Zhang 

et al. [66] for 6061-T6 FSW are adopted, with the variation of the friction coefficient with 

temperature (T) described by the following linear equation: 

𝜇(𝑇) = 𝜇0 − 𝐾𝑇                              (25) 

where 𝜇0 and 𝐾 are experimentally obtained constants related to the temperature range. 

According to Eq. (25), we can obtain the folded lines of the friction coefficient with 

temperature for the different temperature intervals used in the simulation, as shown in Fig. 

50. 
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Fig. 50 Friction coefficient used in the model [66]. 

 

In the current simulation, the Johnson-Cook model widely used in numerical 

simulation of solid-state joining was employed to describe the flow stress of 6061-T6 Al 

alloy, and the correlation between flow stress and deformation conditions is expressed as 

follows:  

σy = (𝐴 + 𝐵𝜀p
𝑛) [1 + 𝐶𝑙𝑛 (

𝜀̇p

𝜀̇0
)] [1 − (

𝑇−𝑇r

𝑇m−𝑇r
)

𝑚

]             (26) 

where σy , 𝜀p , and 𝜀ṗ  denote the yield flow stress, equivalent plastic strain, and 

equivalent plastic strain rate of the material, respectively. 𝜀0̇  is the reference plastic 

strain rate, and 𝑇m and 𝑇r are the melting point and ambinent temperature, respectively. 

The solid-phase temperature is considered to be the melting point of the 6061-T6 alloy, 

and the values specified for the material constants in Eq. (26) were listed in Table 10. The 

CF/PA6 was modeled as an isotropic elasto-plastic material, while also accounting for 

temperature-dependent thermal conductivity, specific heat capacity, and thermal 

expansion properties, as shown in Fig. 51. The mechanical and thermophysical properties 

of CF/PA6 were measured by JFE Techno-Research. The Young's modulus and yield 

strength data for CF/PA6 were determined from the measured stress-strain curves 
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according to BS EN ISO 527-1:1996. Data outside of the measured temperature range 

was linearly extrapolated from the available data[12]. 

 

Table 10 Material constants for Johnson-Cook model for 6061-T6 Al alloy [67]. 

A (MPa) B (MPa) n C m TM (℃) Ts (℃) 

293.4 121.26 0.23 0.002 1.34 582 20 

 

 

Fig. 51 The (a)thermo-physical and (b)mechanical properties of work-piece materials 

[12]. 
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6.2.3 Boundary conditions and validation of Finite element simulation 

The mechanical and thermal boundary conditions used in the simulation model are shown 

in Fig. 52. During the joining process, clamps were used to completely fix the workpieces 

except for the region of the weld at the top of the Al alloy in order to prevent misalignment 

and movement of the overlapping workpieces., The proportion of the frictional heat 

generated on tool/Al alloy interface, distributed into Al alloy side, was set at 60% [68] 

The heat loss is mainly accomplished by heat convection between the weld zone and air 

environment and contact heat transfer into the the jig at the clamping area, which is 

simplified to the following equation: 

𝑞c = ℎc(𝑇 − 𝑇a)                           (27) 

where ℎc  is the thermal convection coefficient and 𝑇a  is the temperature of the 

surrounding environment such as air, jig contact surface, etc., which is set as a constant 

temperature in this study. As shown in Fig. 52, a constant free convection coefficient of 

20 W/m2K was used for the unclamping zone of Al ally top surface, and a superposition 

heat transfer coefficient of ℎc = ℎ0(𝑇 − 𝑇0)0.25 was used for the other Al alloy external 

surfaces[69]. A simplified constant heat convection coefficient of 10 W/m2K was used 

for the outside surface of CF/PA6 [70]. Additionally, the pressure-dependent heat 

transfer coefficient ℎt = 391.529 ∙ 𝑃n
0.577  was used to represent the heat transfer 

between the tool and the Al alloy [71]. A penalty function contact algorithm was used to 

simulate the interaction and contact behavior between the tool and the top surface of the 

Al alloy. In the overlap interface, a tie constraint was applied to the clamped region, while 

thermal contact conductance with a critical gap was used for the unclamped lap joint 

interface region, which more accurately reflected the actual situation of contact heat 

transfer [72]. For simplification, an average thermal conductivity between the Al alloy 

and CF/PA6 was used when the gap clearance was less than 0.01 mm. 
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Fig. 52 Thermo-physical and mechanical properties of (a) CF/PA6 and (b) AA6061 

workpiece materials. And schematic illustration of (c) mechanical and (d) thermal 

boundary conditions. 

 

The simulated temperature history located on the upper surface of the Al alloy close to 

the outer edge of the tool was compared with the experimental temperature history 

recorded by the thermal infrared camera, as shown in Fig. 53. Based on the comparison, 

the predicted temperature histories and the measured temperature histories for different 

shapes and sizes of tools showed similar upward and downward trends, which indicated 

that the heat transfer model used in the experiments is reasonable. However, the 

Lagrangian formulation used for CF/PA6 in the model did not effectively capture the 

changes in solid flow dynamics and interactions. Consequently, the volume changes of 
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PA6 resin, such as melting into a fluid due to heat and shrinking upon solidification, were 

not accounted for. These limitations will be addressed in our future work. 

 

Fig. 53 Comparison of temperature histories between numerical simulation and 

experimental measurement for different tools. 

 

6.2 Joint appearance and morphologies 

Fig. 54 shows cross-sectional images of FSpJ joints fabricated with a 15mm flat tool 

(R_15_F), a 15mm tool with a 0.2mm recess depth(R_15_02), a 15mm tool with a 0.4mm 

recess depth(R_15_04), and a 12mm tool with a 0.4mm recess depth(R_12_04), to 

compare the effects on the joint appearance produced by different depths of recessed zone 

and outer diameters of tools at the same joining parameters. The Al to CF/PA6 interface 

was characterized by three distinct zones, namely, the tool-affected zone (TAZ), the resin 

adhesion zone (RAZ), and the resin outflow zone (ROZ). In the TAZ region, the PA6 

resin matrix contacted the Al alloy under the action of the tool plunge. The silanized layer 

on the Al alloy surface underwent a chemical reaction with the molten resin matrix when 
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heated, and the formation of epoxy groups and amide groups (-CONH-) predominated 

the chemical bonding [73–75]. The macro and micro mechanical interlockings were also 

formed with the re-solidification of molten resin matrix adhered on the Al alloy surface. 

In the RAZ region, even though there was no apparent interface deformation caused by 

the tool plunge, the resin matrix might still reach melting or decomposition temperatures 

through heat transfer from the Al alloy, contributing to interfacial strength. However, the 

molten resin from the TAZ zone flowed outward to the ROZ zone where the temperature 

of matrix resin of CF/PA6 was below its melting point, offering a weak bonding with the 

CF/PA6 orginal surface and even a gap existed due to the discontinuous outflowed resin. 

As shown in Fig. 54(a) and (b), the flat tool produced a maximum RAZ diameter of 

approximately 29 mm, whereas the RAZ region was narrowed to 27.2 mm with R_15_02 

tool. As the depth of the recessed zone rose up to 0.4 mm in Fig. 54(c), the diameter of 

the RAZ region was further reduced. Furthermore, reducing the tool diameter from 15 

mm to 12 mm at the same depth of recessed zone resulted in a decrease in the diameter 

of RAZ region.  
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Fig. 54 Cross-sectional view of the FSpJ joint between 6061-T6 alloy and CF/PA6 at 

1500 rpm showing the effects of tool modification on the interfacial microstructure. (a) 
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Flat-shaped Ф15mm tool, (b) 0.2mm recess-shaped Ф15mm tool, (c) 0.4mm recess-

shaped Ф15mm tool, (d) 0.4mm recess-shaped Ф12mm tool. 

 

Joining with the flat tool resulted in a significant interface bulge from the Al to the 

CF/PA6 side on the macroscopic scale shown in Fig. 55(a). This is due to the downward 

plastic deformation of the Al alloy sheet under the huge compression force exerted by the 

flat tool. The interfacial bulge reached 1.2 mm compared to the original contact interface. 

However, welding using a 15 mm-dimater recessed tool with a depth of 0.2 mm 

effectively mitigated the tendency of the Al alloy sheet to intrude into the CF/PA6. The 

overall interfacial bulge of the RAZ region was reduced to 0.7 mm (Fig. 54b). As the 

recess depth was changed to the 0.4 mm, the intrusion depth from the Al alloy 

deformation futher decreased to 0.5 mm in Fig. 54(c), indicating a deeper recess 

effectively suppressed the downward plastic deformation of Al alloy and prevent more 

molten-resin from overflowing from the RAZ region. Besides, some porosities defects 

caused by the thermal decomposition of molten-state resin existed within the resolidified 

CF/PA6 region. Compared to the flat tool, the porosities size in the estimated melted zone 

of CF/PA6 under the recess-shaped tool became smaller, reflecting a reduction in heat 

generation. As shown in Fig. 54(c), compared with the tool with a recess depth of 0.2 mm, 

the increase of depth further decreased the thickness of estimated melted zone and the 

excessive thermal decomposition-induced defects were also somewhat suppressed, which 

was more pronounced under the smaller diameter tool in Fig. 54(d). 
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6.3 Joint mechanical performance 

Fig. 55 shows the results of tensile shear tests on FSpJ joints using different tools. The 

calculation of the tensile shear strength of joints is generally related to the joining area 

and local strength in different regions. Different calculation methods existed in previous 

publication without a unified standard[76,77]. Here we calculated the average joint 

strength based on the combined area of the RAZ and TAZ regions, and the individual area 

of the TAZ region, respectively, under the assumption that the interface characteristic 

regions are circular. And we compare the maximum tensile shear strength calculated for 

the TAZ with other previous studies. As seen in Fig. 55(a), increasing the tool diameter 

increases the maximum tensile shear force regardless of the tool shape because a larger 

diameter increases the joint area and thus increases the load carrying capacity of the joint. 

It is worth noting that the maximum tensile shear load or strength of the recessed tool is 

higher than that of the flat tool, which is due to the fact that using the recessed tool 

suppresses the density of porosity defects and consequently obtains good mechanical 

properties, as shown in Fig. 54(b)-(c). In addition, the large error bars in the tensile shear 

load shown in Fig. 55(a) are likely due to the accumulation of Al alloy on the welding 

tool during the process, which affects the tool's stability in long-term use. In future 

research, we will attempt to address this issue by optimizing the welding parameters. 

When the depth of recess increased from 0.2 mm to 0.4 mm, the density of porosity 

defects was further reduced, exhibiting an increase in the maximum tensile shear load or 

strength of the joint. Comparing the cases with the same depth of recess, the average 

strength of 12 mm and 15 mm diameters was comparable and exceeds 20 MPa when 

calculated on the basis of the area of the TAZ region, as shown in Fig. 55(b). The 

maximum average strength of about 28 MPa was obtained at 12 mm at a depth of 0.4 mm. 

When comparing the results calculated using TAZ+RAZ for a 15mm diameter, the joint 
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strength for the 0.2mm and 0.4mm concave tools is approximately 22% and 34% higher 

than that of the flat tool, respectively. As shown in Fig. 54(d), the 12 mm tool produced 

less porosity defects compared to the 15 mm tool. As shown in Fig. 55(c), compared to 

the similar heat-assisted welding process, the joint strength of current work was slightly 

lower than the maximum strength value achieved in the Ref. [78]. However, their joint 

interface exhibited more significant combined-enhancement of macro/micro mechanical 

interlocking and chemical bonding. It was inferred that, by using optimized friction tools 

to join silanized Al alloy and CFRTP, there was a strong possibility that further 

introducing measures to reinforce interfacial mechanical interlocking could achieve even 

higher interfacial strength. Additionally, the result of joint residual stresses measurements 

is shown in Fig. 56 in the Supplementary Materials. A tension residual stress state was 

found at the center of the Al upper surface, showing a decreasing trend with increased 

recessed tool depth. This suggests that the recessed shoulder tool design has potential for 

both enhancing joint strength and improving stress conditions. 
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Fig. 55 (a) Tensile shear test result and (b) average strength of AA6061-T6 and CF/PA6 

joint. Note that the average strengths lists the value of the maximum tensile shear force 

divided by the maximum melted area and projected area of the tool, respectively. (c) 

Comparison of the maximum shear strength of different heat-assisted joining processes 

for Al/CFRTP joint. Hotpressing joining of Al5052-CF/PA6[32,38] and Al1050-

CF/PA6[79]; Laser-assisted joining of Al7075-CF/PA6[80,81] and Al7075-CF/PPS[82]; 

Friction heat-assisted joining of current work and Al2060-CF/PEEK[78] and Al2060-

GF/PEEK[83]; Others are resistance spot welding of Al5052-CF/PA6[84] and 

ultrasonically welding of Al5754-CF/PA66)[85]. 
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Fig. 56 Comparison of the surficial residual stresses along the sheet-length direction after 

the joining at different tools 

 

 

6.4 Fracture morphology 

The different fracture surface morphologies and crack extension paths, as well as the 

strength of the joints are interrelated [86]. Fig. 57 shows the fracture surface morphologies 

of different joints after the tensile shear tests. Combined with the cross-sectional 

morphology of the joints in Fig. 54 and the strength of the joints in Fig. 55, we summarize 

the fracture occurrence process of the joints fabricated by tools with different diameters 

and depths of indentation, and Fig. 58 shows the corresponding expected crack extension 

paths. Cracks typically initiated at the edge of the ROZ, where the melted resin was 

extruded outward under the squeezing force of the tool. It appeared that cracks initiated 

between the resolidified resin and the original resin, resulting in well-defined edges of 

residual CF/PA6 on the silanized Al alloy, as shown in Fig. 57. During the welding 

process, the temperature in the TAZ region was higher compared to the RAZ region, 

leading to severe thermal decomposition and cross-linking of porosity defects into larger 

areas, resulting in a higher density of porosity defects. Despite the outflow of molten 

resin with decomposition defects interspersed with fiber rods resulting in a thicker zone 
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of resolidified resin in the RAZ, the lower temperature suppressed the size and density of 

porosity defects there. The amount of resolidified resin in the RAZ was significantly 

greater than in the TAZ region. As shown in Fig. 58, cracks initiated at the edge of the 

ROZ during the tensile shear experiments and propagated through the RAZ region along 

the porosity defects. Upon entering the TAZ, due to the high density of porosity defects 

caused by intense thermal decomposition of the resin near the Al alloy and the thinner 

region of remelted resin mixed with defects, cracks extended closer to the surface of the 

silanized Al alloy. Consequently, less CF/PA6 remained on the Al surface in the TAZ 

region compared to the RAZ region, as observed in Fig. 57. Comparing the fracture 

morphology corresponding to the 15 mm diameter tool with 0.2 mm and 0.4 mm depth 

of recess, the porosity defects caused by thermal decomposition near the weld interface 

are linked with each other to form a large defect area in the TAZ region of the fracture 

corresponding to the 0.2 mm tool. When the crack passes through, less CF/PA6 remains 

on the surface of the Al alloy in the TAZ region, showing a certain metallic luster; while 

in the TAZ region of the fracture corresponding to the 0.4 mm tool, the thermal 

decomposition is suppressed, and the porosity defects are scattered, making it difficult to 

form a large void area. The amount of re-solidified resin is higher, so more CF/PA6 is 

attached to the Al surface, which exhibits a dark gray color. In the fracture corresponding 

to the 12 mm tool with 0.4 mm recess, the TAZ region shows a similar morphology to 

that of the 15-mm tool. In the area outside the TAZ of the 12 mm tool, it can be found 

that the pure black color is more occupied due to the reduction of thermal decomposition 

defects inside the outflowed resin layer itself. 
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Fig. 57 Optical profiler images showing the macro-appearance of Al surface after welding 

and fractured surface. (a) 0.2mm recess-shaped Ф15mm tool, (b) 0.4mm recess-shaped 

Ф15mm tool and (c) 0.4mm recess-shaped Ф12mm tool. 

 

The interfacial chemical bonding formed with a silane coupling agent coating as a 

transition layer has been confirmed as the dominant mechanism for the effective joining 

between silane-pretreated Al alloy and PA6 resin. Prior to the joining, the chemical 

reaction of silane layer to Al alloy is mainly through (Si-O-Al or Si-O-Mg) covalent 

bonds formed by hydrolyzed (-Si-O-Si-) bonds undergoing hydrogen-bonding 

transformation with Al or Mg in the Al alloy. During the joining process, the amide 

groups in PA6 and the epoxy groups in the silane layer undergo insertion and addition 

chemical reactions and ultimately form a stable covalent bond [12,13]. A strong 
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interfacial joining between them strongly depends on the adequacy and extent of the 

chemical reaction, which is associated with the intimate contact without physical barriers 

and sufficient inter-diffusion of atoms or molecules on both sides of the interface [65]. 

Therefore, sufficient contact between the PA6 resin and the surface of the Al alloy as well 

as sufficiently high temperature are favorable conditions to ensure that the reaction 

proceeds. In our research and other related studies[13,63], it was found that the direct 

bonding strength between untreated metals and CF/PA6 was very low. After silane 

treatment, the silane film, acting as an intermediate layer, formed chemical bonds with 

both the metal side and the molten resin, significantly enhancing the joint strength. 

Observations from Fig. 57 indicated that the fracture mainly occurred in the chemical 

reaction region between the silane layer and the resin, with morphological characteristics 

of interfacial fracture near the silane layer and cohesive fracture within the re-solidified 

resin. Since this study did not perform mechanical interlocking surface pre-treatment, it 

could be concluded that the improvement in joint interface strength was mainly due to 

chemical bonding mechanism rather than mechanical interlocking. Moreover, based on 

previous XPS test results[60], covalent bonds formed through interface chemical 

reactions provided the bonding strength, consistent with the findings reported in Ref. 

[13,84]. 
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Fig. 58 Illustration of crack propagation within the joint interface of (a) 0.2mm recess-

shaped Ф15mm tool, (b) 0.4mm recess-shaped Ф15mm tool and (c) 0.4mm recess-shaped 

Ф12mm tool. 

 

6.5 Heat transfer characteristics 

Fig. 59 shows the distribution of frictional transient heat flow at the tool/Al alloy surface 

produced by different tools. The heat originates in the frictional contact area and quickly 

dissipates outward, following this pattern across all tool friction interfaces. Heat 

generation correlates directly with tool diameter. Regardless of the tool shape, the lowest 

heat flow consistently occurs at the center of the friction area due to rotational friction 
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properties, where heat generation relates to the radial speed at the current position. 

Comparison of heating times of 1s and 2s reveals that a flat tool consistently generates 

higher heat flow than a recessed tool of the same diameter. Conversely, increasing the 

depth of recessed tool grooves decreases transient heat flow at the same time point. The 

initial contact area of the recessed tool is smaller than that of the flat tool, reducing the 

friction area and consequent heat flow. However, by the time heating reaches 3 s, heat 

flow distribution encompasses the entire joining area regardless of tool structure.  
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Fig. 59 Transient heat flux distribution on the tool-Al interface at different heating times. 
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The temperature field distributions in the joints produced by different tools are shown in 

Fig. 60. In the joint made by a flat tool with a diameter of 15 mm, the central temperature 

of the Al alloy rises rapidly within 3 s and forms an internal high-temperature zone (above 

417 °C in Fig. 60a) almost the same diameter as the tool size. However, in the joint made 

with the recessed tool, the area of high temperature zone in the center of the Al alloy is 

significantly smaller than in the flat tool at the same moment, which is further reduced 

with increasing recess depth of tool. The same pattern exists in the joints made by the 12 

mm diameter tool, and due to the reduction in the size of the tool diameter, the area of 

high temperature zone generated is smaller than that of the 15 mm tool at the same 

moment. Regardless of the size or shape of the tool used, the high temperature zone on 

the CF/PA6 side is significantly thin, which is caused by its lower thermal conductivity 

than the Al alloy. 

In addition, Fig. 61(a-c) shows the temperature distributions along the joint interface at 

different times. Overall, the 15 mm diameter tool produces higher temperatures than the 

12 mm tool due to the higher heat input. It is worth noting that, for recessed tools of 

different depths, there is an overlap in the temperature distribution curves at 1 s and 3 s 

shown in Fig. 61(a) and (c). It is evident that using a recessed tool results in lower 

temperatures at any position along the joint interface compared to using a flat tool. 

Particularly during the initial heat generation stage, due to the entire shoulder surface of 

the flat tool being involved in frictional heating, the interface temperature maintains a 

distribution pattern with high temperatures at the center gradually decreasing towards the 

sides. In contrast, with a recess-shaped tool, the interface temperature distribution exhibits 

an M-shape at the beginning stage. As the tool plunges and the recess zone of tool begins 

to contact the Al alloy surface, as shown in Fig. 61(b), the temperature in the central area 

gradually becomes higher than the sides, but the temperature gradient is significantly 

smaller than that with a flat tool. When using a tool with a larger recess depth, the 

aforementioned features become even more pronounced. The temperature history curves 
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at the joint center point location for different tools are shown in Fig. 61(d). Compared to 

the flat tool, the heating rate and maximum temperature caused by the recessed tool are 

relatively low. Comparing the tools with the same diameter, the 0.4 mm depth recessed 

tools have a lower heating rate compared to the 0.2 mm depth, which implies that the 0.4 

mm depth generates less heat and a shorter duration time above the decomposition 

temperature. 

 

 

Fig. 60 Effects of different tool profiles on temperature field. (a) Flat-shaped Ф15mm 

tool, (b) 0.2mm recess-shaped Ф15mm tool, (c) 0.4mm recess-shaped Ф15mm tool, (d) 

flat-shaped Ф12mm tool, (e) 0.2mm recess-shaped Ф12mm tool, (f) 0.4mm recess-

shaped Ф12mm tool. 
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Fig. 61 Effects of tool profiles on the transient distribution of temperature across the Al-

tool interface at (a) 1.0s, (b) 2.0s and (c) 3.0s. (d) The temperature history curves at the 

joint center. 

 

6.6 Correlation between interfacial fracture and temperature distribution 

The degree of chemical reaction and the density of thermal decomposition defects in the 

bonding area directly affect the joint strength, which is closely related to the temperature 

distribution of the interface. The temperature distribution and evolution determine the 

melting/decomposition durations and areas. The appropriate temperature not only 

promotes the chemical reaction between the epoxy and amide groups, but also improves 

the PA6 resin fluidity to adequately spread over the silanized Al alloy surface. This role 

of interface temperatures in enhancing interface bonding was also emphasized in a study 



144 

 

by Sheikh-Ahmad et al.[72] in joining CF/PEEK to AA5052 by friction lap welding. Fig. 

62 compares the melting/decomposition durations at different interface locations, and 

maximum/minimum duration times of TAZ are summarized in Fig. 63 (a). For the 12 mm 

and 15mm diameter tools, compared to the flat tool, the decomposition time was reduced 

for the recessed tools while the melting duration time was extended, with the 0.4mm depth 

resulting in a longer duration than the 0.2 mm depth. Therefore, using a recess-shaped 

tool with a significant depth, it ensured a more thorough chemical reaction between the 

molten resin and the silane layer, thereby avoiding excessive formation of porosity due 

to thermal decomposition. This heat transfer phenomenon aligns with experimental 

observations. The experimental results in Fig. 55(b) demonstrate that the maximum 

tensile shear force or strength occurred with the 0.4 mm-depth recessed tool. Tools of 

different diameters at this depth exhibited overall equivalent tensile shear strength. As 

shown in Fig. 63(a), for the 0.4 mm-depth recessed tool, the melting duration time in the 

TAZ region was approximately 1.6 to 2.1 s for the 15 mm diameter tool, and 1.9 to 2.5 s 

for the 12 mm diameter tool. This indicates that as the tool diameter decreases, the resin 

melting duration time slightly increases while the thermal decomposition time 

significantly decreases.  
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Fig. 62 The melting/decomposition duration times at different locations along the 

interface with (a) 15mm-diamater tool and (b) 12mm-diamater tool. 

 

According to Choi et al. [13], joints with melting durations within 1.3 to 5.0 seconds, 

corresponding to adequate chemical reactions, exhibited the highest strengths on CF/PA6 

substrates. Kimiaki et al. [75] also reported a sufficient reaction time between the silane 

layer and PA6 within a melting interval of 2.2 to 4.3 seconds. Therefore, using a 0.4 mm-
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depth recessed tool design under the current welding parameters can ensure more 

sufficient chemical reactions in the core interface region. Besides, under the current 

plunge depth conditions, when using a fixed 15mm diameter tool for joining, it is 

recommended to use a 0.4mm recessed tool to ensure sufficient chemical reaction in the 

interface region, particularly in the TAZ region, while minimizing the risks of thermal 

decomposition. When adjustable joint sizes are feasible, a smaller 12mm diameter 

recessed tool is recommended to achieve high-strength point joints between Al and 

CF/PA6.  

 

Fig. 63 The maximum/minimum (a) melting time and (b) decomposition time indside 

TAZ and (c) area of melting or decomposition region corresponding to different tools. 

 

Fig. 63(c) illustrates the typical interface temperature distribution at the final time point 

of the weld (3 s after the start of the weld). The low-temperature region below the melting 

temperature of 220°C, the molten region above 220°C, and the decomposition region 

beyond 340°C are represented by black, color, and gray, respectively. The area of 

decomposition region (>340°C) and the area of molten region (220°C~340°C) 

corresponding to different tools are also shown in Fig. 63(c), respectively. Compared to 

a flat tool, a recess-shaped tool reduces the area of the decomposition zone and increases 

the percentage of the melting zone. For example, the percentage of melting area increases 
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from 34% to 40% for a 0.2 mm recessed tool with a 15 mm diameter compared to a flat 

tool. And for the 12 mm tool, the percentage increased from 33% to 39%. The recessed 

tool effectively suppressed heat generation, thereby inhibiting resin decomposition and 

increasing the area of CF/PA6 in the melting state. Further when the recess depth 

increases from 0.2 mm to 0.4 mm, the percentage of the area of the melting zone increases 

from 40% to 45% and from 39% to 43% for the 15 mm tool and the 12 mm tool, 

respectively. The increase in recess depth further reduces the duration time of the resin 

above the decomposition temperature, which is consistent with the phenomenon observed 

in experiment shown in Fig. 54. Reducing the tool diameter from 15 mm to 12 mm at the 

recess depth of 0.4 mm results in a significant reduction in the area of the high temperature 

zone from approximately 300 mm2 to 200 mm2, while the percentage of the area of the 

melting zone is maintained at a comparable level for each recess depth. Overall, while the 

12 mm tool limited the overall size of the weld area, the suppression of thermal 

decomposition within the joint still resulted in good average joint strength. Based on the 

above, using a 0.4 mm recess depth is more recommendable for recess-shaped tools. 

 

6.7 Transferability of the Interpretable Strength Model to FSpJ Conditions 

To further evaluate the applicability and generalizability of the interpretable strength 

prediction model distilled in Chapter 5, the derived mathematical formula was applied to 

a FSpJ process to predict the spatial distribution of bonding strength at the Al–CFRTP 

interface. The temperature field inputs were obtained from finite element simulations of 

FSpJ joints using flat tools with different diameters, as illustrated in Fig. 64(a). 

Specifically, the simulation result for the 15 mm flat tool (R_15_F) was reused from the 

thermal analysis discussed in Chapter 6, while the 20 mm flat tool (R_20_F) data was 

derived from our previous work [60].  

In this model, the contact surface between CFRTP and aluminum was extracted from the 

simulation domain, temperatures were extracted from a predefined node set located on 
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the CFRTP side. For each node, the temperature history over all time frames and steps 

was scanned, and the maximum temperature 𝑇𝑒𝑚𝑝𝑚𝑎𝑥
(𝑖)

 was identified: 

𝑇𝑒𝑚𝑝𝑚𝑎𝑥
(𝑖)

=  max
𝑡

𝑡𝑒𝑚𝑝(𝑖)(𝑡)         (28) 

where 𝑡𝑒𝑚𝑝(𝑖)(𝑡) denotes the nodal temperature at time 𝑡 for node 𝑖. 

A constant nominal pressure of P = 0.4 MPa was assumed during joining. Given the 

dimensionless maximum temperature and normalized pressure, the nodal interfacial 

strength (𝜎(𝑖)) was predicted using the distilled regression model derived in Section 5.5. 

The functional form is: 

𝜎(𝑖)

60
= 𝐴 ∙ (

𝑃

60
+ 𝐵)𝑚 ∙ (

𝑇𝑒𝑚𝑝𝑚𝑎𝑥
(𝑖)

340
)𝑛 ∙ 𝑒−𝐶∙

𝑇𝑒𝑚𝑝𝑚𝑎𝑥
(𝑖)

340        (29) 

where 𝐴, 𝐵, 𝐶, 𝑚, 𝑛 are the model parameters fitted from hot-press experimental data. 

This formulation accounts for both the thermal activation behavior of the resin and the 

dual influence of pressure on bonding efficiency. The maximum temperature, node 

strength, and node coordinate values were meshed to visualize the predicted strength field 

and maximum temperature field distribution. Fig. 64(b, c) and Fig. 64 (d, e) present the 

distributions of maximum interface temperatures and predicted strengths for two tool 

diameters: 15 mm (R_15_F) and 20 mm (R_20_F), respectively. It is evident that the 

highest temperatures occur near the geometrical center of the tool shoulder. As the tool 

diameter increases, a larger shoulder area contributes to increased heat generation, 

thereby enlarging the area affected by elevated temperatures. This trend is clearly 

observed in the broader temperature distribution in the R_20_F condition. The 

corresponding bonding strength distributions show a characteristic ring-like pattern, 

where strength is lower at the center and higher in the surrounding region. This is 

attributed to excessive thermal degradation of PA6 at temperatures exceeding 340 °C, 

which leads to void formation and reduced interfacial integrity in the central zone. In 

contrast, the surrounding regions experience temperatures within the optimal range 

(approximately 300–340 °C), which promotes favorable chemical interactions without 
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resin decomposition, thereby achieving higher strength. Importantly, the tool with the 

larger diameter (R_20_F) results in a wider high-temperature area at the center, which 

expands the region susceptible to thermal degradation and lowers the strength over a 

broader area. This phenomenon is clearly reflected in the comparison of predicted 

strength contours in Fig. 64(d, e).  

Moreover, to quantify the overall load-bearing capacity of the joint, the predicted strength 

values were integrated over the contact area. As shown in Fig. 64(a), for each element 

with average predicted strength 𝜎𝑒  calculated from the max temperature 𝑇𝑚𝑎𝑥  and 

pressure 𝑃, the total load that the interface can support is obtained by integrating the 

strength and element area 𝐴𝑒 of all elements, as shown in Fig. 64(f): 

𝐹𝑡𝑜𝑡𝑎𝑙 =  ∑(𝜎𝑒 ∗ 𝐴𝑒)

𝑒

 

The predicted total interface force was in reasonable agreement with the tensile shear test 

results, supporting the validity of the transferred model in capturing key trends in FSpJ 

processes. These findings demonstrate that the interpretable model derived from hot-press 

joining can be effectively extended to other thermal joining methods, such as FSpJ, 

provided that critical process inputs (temperature and pressure) are properly characterized. 

They also highlight the strong influence of tool geometry on thermal behavior and its 

implications for joint strength distribution. 
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Fig. 64 The (a) Schematic diagram of Al/CFRTP interface and distributions of (b, c) 

simulated maximum temperature and (d, e) predicted interfacial strength for flat tool with 

diameter of 15mm(R_15_F) and 20mm(R_20_F), and (f) comparison of predicted and 

experimental tensile shear force. 
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6.8 Summary 

Dissimilar point joints of 6061-T6 Al alloy and CF/PA6 were successfully obtained using 

tools of different shapes and sizes (flat and recess), and their bonding mechanisms and 

properties were compared experimentally and through simulations. The main conclusions 

are drawn as follows:  

(1) Tool Geometry and Heat Production: The geometry of the joining tool significantly 

influenced heat production and distribution during the joining process. Tools with recess 

features, especially those with deeper recesses, were found to reduce the overall heat 

production compared to flat tools. This reduction in heat production was beneficial in 

minimizing thermal decomposition of the CF/PA6 resin matrix, thereby reducing defect 

formation.  

(2) Joint Strength and Integrity: The tensile shear tests revealed that joints made with 

recessed tools exhibited superior mechanical properties compared to those made with flat 

tools. Specifically, increasing the depth of the recessed tool improved joint strength due 

to better suppression of interfacial deformation and reduced defect density within the 

resin matrix. Smaller diameter tools, although producing joints with smaller effective 

bonded areas, managed to maintain a high strength-to-area ratio due to enhanced thermal 

and mechanical conditions.  

(3) Thermal Distribution and Resin Flow: The temperature distribution analysis indicated 

that recessed tools promoted a more uniform thermal field, which was crucial for 

achieving consistent resin melting and wetting of the silanized Al alloy surface. The 

suppression of excessive heat flow towards the resin also helped in maintaining the 

integrity of the polymer matrix, thus enhancing the overall joint quality.  

(4) Crack Propagation and Defect Control: The study of fracture surfaces showed that 

recessed tools led to a more favorable distribution of residual resin on the Al alloy surface, 

indicating better interfacial bonding. The control of defect size and distribution through 
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optimized tool design was evident, which in turn contributed to the robustness of the joint 

under tensile loading. 

(5) The predictive function distilled from hot-press experiments was applied to evaluate 

the interfacial strength distribution in FSpJ joints based on simulated temperature fields 

and assumed interface pressures. The results successfully revealed ring-shaped high-

strength regions and center-weakening behavior consistent with thermal degradation 

mechanisms. The comparable magnitude and spatial trends confirmed the transferability 

of the quantitative model to more complex FSpJ processes, highlighting the practical 

potential of this interpretability-based modeling framework. 
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7. Summary and Outlook 

This dissertation presents a comprehensive investigation into the thermo-mechanical 

joining mechanisms of aluminum alloys and carbon fiber-reinforced thermoplastics 

(CFRTP), with an emphasis on establishing quantitative relationships between joining 

process parameters, interfacial microstructures, and mechanical performance. The 

primary objective was to develop both experimental and data-driven methodologies that 

enhance our understanding and prediction of the joining behavior in metal–CFRTP hybrid 

systems, ultimately enabling more intelligent joint design and process optimization. 

In the initial stages of this study (Chapter 2), a stable and controllable hot-press joining 

platform was constructed to allow systematic variation of thermal–mechanical inputs. 

Through a series of controlled experiments, the individual and coupled effects of 

temperature, holding time, and pressure on the joint strength were quantitatively assessed. 

Detailed interfacial characterizations using scanning electron microscopy (SEM), X-ray 

photoelectron spectroscopy (XPS), and Raman spectroscopy revealed the formation of 

Si–O–Al chemical bonds at the interface, as well as morphological evidence of resin flow, 

void formation, and thermal degradation. These findings highlighted the complex 

interplay between chemical reaction kinetics, polymer rheology, and defect evolution in 

the joining process. 

In the Chapter 3, a thinning-controlled hot-press approach was proposed to explore the 

coupled influence of temperature and pressure. By constraining the vertical displacement 

of the pressure plate, the system allowed temperature-dependent changes in effective 

pressure to emerge naturally. This setup uncovered the dual role of pressure—facilitating 

interfacial contact and resin infiltration under moderate conditions but leading to 

excessive resin loss and structural defects when pressure or temperature was too high. 

To move beyond qualitative interpretation, Chapter 5 proposed a data-driven modeling 

framework that integrates experimental observations, dimensional analysis, thermal 



155 

 

simulations, and machine learning. A dataset encompassing process conditions, 

microstructure features, and joining strength was constructed and used to train gradient-

boosted decision tree (GBDT) models. These models captured the nonlinear interactions 

among input variables and output performance, while feature importance analysis 

provided mechanistic insights. Importantly, interpretable mathematical expressions 

distilled from the trained models offered compact yet physically meaningful descriptors 

of the process–structure–property relationships, aiding both fundamental understanding 

and process design. 

Chapter 6 further validated the generalizability of the insights gained by applying them 

to friction spot joining (FSpJ), a thermally assisted process with more complex heat and 

deformation fields. Through numerical simulation and experimental validation, the 

impact of tool geometry on temperature distribution, resin behavior, and joint 

performance was clarified, reinforcing the importance of precise thermal–mechanical 

control. 

In conclusion, this research bridges the gap between experimental material joining studies 

and data-driven quantitative modeling. It demonstrates how physically informed machine 

learning approaches, when integrated with careful experimentation, can yield 

interpretable and predictive tools for hybrid joint design. Future work will focus on 

extending the proposed methodology to more complex 3D joint geometries, integrating 

time-dependent property evolution (e.g., creep or aging), and applying the framework to 

other multi-material combinations relevant to lightweight manufacturing and structural 

design in the automotive and aerospace industries. 
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