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Chapter 1: Introduction

1.1 Research Background
1.1.1 Automobile Lightweight Requirement

With the growing societal emphasis on sustainable development and environmental
responsibility, all over the world are increasingly confronted with challenges and pressures related
to energy conservation and emissions reduction [1, 2]. Currently, 198 countries globally have
established dual-carbon targets, peak carbon emissions, and carbon neutrality timelines tailored to
their respective national conditions [3]. Major developed nations such as the United States, the
European Union, and Japan have already achieved peak carbon emissions and plan to attain carbon
neutrality by 2050 [4-6]. Some developing economies, such as China, have set the goal of reaching
peak carbon emissions by 2030 and achieving ultimate carbon neutrality by 2060, as illustrated in
Fig. 1-1 [7]. It is evident that to realize the ultimate dual-carbon objectives, all nations have to
continue to exercise control over carbon emissions.

Industry enterprises are required to actively adopt innovative technologies and processes
aimed at reducing energy consumption and mitigating carbon dioxide emissions to achieve more
environmentally friendly and sustainable production methods [8, 9]. For automobile enterprises,
vehicle lightweight has grown into a significant trend all over the world, which is considered an
effective measure to reduce energy consumption and mitigate carbon dioxide emissions [10-12].
The lightweight of automobiles entails, under the precondition of ensuring the strength and safety
performance of vehicles, systematically minimizing the curb weight of automobiles to enhance
their dynamic capabilities, diminish fuel consumption, and mitigate exhaust emissions [8, 13].
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Fig. 1-1 The carbon peak and carbon neutral trajectories of major economies [1].
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Fig.1-2 Benefits taken from vehicle’s lightweight.

Data from organizations such as the U.S. Department of Energy show that for every 10%
reduction in overall vehicle weight, fuel consumption can be reduced by 6% to 8%, and carbon
emissions can be lowered by 5% to 6% [14]. Other benefits taken from vehicle lightweight can be
seen in Fig. 1-2 [15]. Governments worldwide have recognized the importance of vehicle
lightweight and have implemented policies and standards to promote its adoption. For example,
the European Union has set CO2 emission performance standards, while the United States has
established Corporate Average Fuel Economy (CAFE) standards [16-18]. Similarly, countries like
China, Japan, India, and Canada have introduced fuel efficiency regulations and weight reduction
targets [19, 20].

The above highlights the effectiveness of lightweight vehicles in reducing fuel consumption
and protecting the environment. However, vehicle lightweight is a complex process that requires
careful consideration of multiple factors, including performance, cost, safety, and regulatory
compliance [21]. As the industry continues to evolve, ongoing research and innovation in
lightweight materials and related technologies will play a vital role in shaping the future of

automotive manufacturing and sustainable mobility.
1.1.2 Recycling Requirement of Scrap Vehicles

Meanwhile, the escalating accumulation of scrap automobiles has posed a grave threat to the
environment, resources, and human health [22-24]. Chemical substances present in abandoned
vehicles may infiltrate soil and water sources, resulting in ecosystem degradation [25].

Furthermore, the energy consumption and waste emissions generated during the production and



scrapping of automobiles exacerbate the depletion of natural resources, exerting irreversible
pressure on the environment [25, 26]. Simultaneously, the accumulation of scrap vehicles occupies
vast amounts of precious land resources, further impacting the ecological balance. A more
significant concern is the presence of toxic substances in discarded automobiles, such as heavy
metals and chemical pollutants, which may permeate soil and water sources, posing a long-term
threat to human health [26].

Elevating the recycling rate of scrap automobiles can yield a series of advantages. Firstly, by
enhancing recycling systems, it is possible to efficiently recover renewable resources such as
metals, plastics, and rubber from automobiles, reducing overreliance on natural resources and
promoting the development of a circular economy. Secondly, the recycling of scrapped vehicles
can mitigate pollution to land and water sources, aiding in the reduction of energy consumption
during automobile production and disposal, maintaining ecological balance, and achieving
environmental conservation goals [27]. In addition, establishing a robust recycling system will
create numerous employment opportunities involving workers in recycling, technical personnel,
and management staff across various fields, injecting new impetus into economic development
[26]. Lastly, to effectively recover various materials from scrap vehicles, continuous improvement
and development of relevant technologies and processes are necessary, driving technological
innovation and progress [28]. The defects and benefits of scrap vehicles and recycling can be
summarized in Fig. 1-3.

Many countries have implemented policies to manage scrap vehicles better to tackle these
issues, encompassing proper disposal, recycling requirements, and establishing ambitious reuse
and recycling targets [29]. Some nations have also introduced financial incentives to promote
responsible scrap vehicle management [30]. In Europe, directives mandate the segregation of
vehicle components for reuse and recycling, setting challenging targets at 95% and 85%,
respectively [31]. Effectively managing the disassembly process requires collaborative efforts
from government, industry, and consumers. For automobile manufacturers, adopting a
disassembly-friendly design philosophy, including new recycling methods and alternative
materials, can enhance recyclability, contributing to a more sustainable automotive industry. By
implementing impactful policies and fostering ongoing innovation, the environmental impact of
scrap vehicles can be minimized, facilitating a more sustainable approach to vehicle production

and disposal.
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Fig. 1-3 Potential hazards of scrap vehicles and benefits of recycling.

1.2 Strategies for Vehicles Lightweight - Carbon Fiber Reinforced Plastic (CFRP)

Vehicle lightweight, a pivotal strategy in advancing automotive technology, involves the
implementation of sophisticated design schemes and innovative materials [32, 33]. This strategy
aims to significantly reduce the overall weight of vehicles, thereby playing a crucial role in
enhancing their performance, mitigating fuel consumption, and lowering emissions [34]. The
critical methodologies employed in achieving lightweight encompass material optimization,
structural optimization, and manufacturing process optimization, as illustrated in Fig. 1-4 [35, 36].
These approaches collectively contribute to developing more fuel-efficient and environmentally
friendly vehicles, aligning with the ongoing efforts to address sustainability challenges in the
automotive industry.

Material optimization constitutes the core of lightweight. Utilizing lightweight, high-strength
materials is a significant strategy. New materials such as non-ferrous alloys, aluminum alloys,
magnesium alloys, and titanium alloys find extensive applications in automotive manufacturing
[37]. These materials, compared to traditional steel, exhibit higher specific strength, allowing for
the reduction of vehicle mass while maintaining sufficient strength and safety [38]. Additionally,
novel composite materials like aluminum-based composites also play a significant role in
providing lightweight solutions [39]. Structural optimization is another critical aspect of achieving
automobile lightweight. Advanced structural design and engineering technologies make it possible

to reduce curb weight without compromising vehicle strength and safety [40].
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Fig. 1-4 Strategies for vehicles’ lightweight. [33]

Methods such as load-bearing body structures and localized reinforcement designs effectively
enhance the strength of the overall vehicle structure, reducing material consumption [41].
Furthermore, modular design and advanced computer-aided design technologies contribute to
achieving optimal structural configurations [42, 43]. Lastly, the optimization of manufacturing
processes is crucial for lightweight. The adoption of advanced manufacturing processes, such as
powder metallurgy, laser cutting, and modular assembly, enhances component manufacturing
precision, reduces material waste, and lowers overall manufacturing costs [44]. Additionally, new
manufacturing technologies contribute to the precise processing of complex structures, thereby
improving the performance and durability of automotive components [45].

Among the above strategies of automotive lightweight, material optimization is paramount.
To meet environmental and energy efficiency requirements, the selection and application of
lightweight, high-strength materials become critical [46]. By continuously optimizing material
choices, the automotive manufacturing sector enhances fuel efficiency, meets environmental

requirements, and achieves sustainable development goals [47]. Carbon fiber reinforced plastic



(CFRP), a high-strength, high-modulus fiber material with a carbon content exceeding 95%,
possesses characteristics such as resistance to creep, high-temperature resistance, and a low
coefficient of thermal expansion, which is considered a promising material for lightweight vehicles
[37, 48]. Fig. 1-5 illustrates a performance comparison between CFRP and other lightweight
materials in the automotive sector [49-51]. Its unique properties in density, specific strength, and
tensile strength establish it as a superior candidate among lightweight materials. By adopting
lightweight and high-strength CFRP, vehicles' total weight can be significantly reduced,
consequently improving fuel efficiency and reducing carbon emissions.
In addition to the promising properties and advantages of CFRP, it offers numerous benefits
in automotive applications [52, 53]. Follows conclude CFRP advantages on vehicle manufacturing:
a) Design flexibility
CFRP enables high design freedom, allowing for complex and customized shapes in
automotive components. Its modular integration capability facilitates the integration of multiple
functions into a single part, reducing assembly complexity and enhancing overall vehicle design.
b) Durability
CFRP exhibits exceptional durability due to its stability of carbon fibers and excellent
weathering and aging resistance. Its lifespan is typically 2-3 times longer than that of steel.
Components made from CFRP also demonstrate higher fatigue strength than steel, ensuring long-
term performance and reliability.
c¢) Safety enhancements
CFRP’s high strength, typically exceeding 3500 MPa, offers enhanced crashworthiness and
occupant protection. CFRP components minimize deformation during collisions, preserving the
survival space for occupants. Specially designed CFRP structures can absorb a significant amount
of impact energy, surpassing the energy absorption capacity of conventional steel, thus improving
vehicle passive safety.
d) Aesthetic appeal
The unique surface of carbon fiber, often coated with a clear varnish, exhibits a dense and
orderly arrangement of carbon fiber bundles. Applying CFRP in visible components such as the
rear wing, front splitter, instrument panels, door panels, and steering wheels enhances the visual

appeal of vehicles, creating a sporty and technologically advanced look.
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Fig. 1-5 Comparison of light materials’ properties.

Electric vehicles have provided a breakthrough for the application of CFRP, offering
expansive prospects for its future development in the automotive industry [54]. The application of
CFRP in automotive manufacturing is a field with tremendous research and development potential.
It is poised to revolutionize the industry by providing lightweight, durable, and cost-effective
material [52, 55]. Below are some examples of CFRP applications in automotive manufacturing,
which can be summarized through Fig. 1-6, emphasizing the advantages of CFRP and the areas in
which it can be utilized in vehicles. Nevertheless, due to its higher cost, the application of CFRP
in vehicle manufacturing remains relatively new and limited, primarily restricted to high-
performance and luxury vehicle models [56]. However, with technological advancements and the
reduction of production costs, CFRP is expected to find broader applications in mainstream vehicle
production [57].

In conclusion, among numerous options, adopting CFRP is a promising approach to achieve
automotive lightweight and enhance overall fuel efficiency. In this paper, CFRP is chosen as one
of the research subjects, aiming to reduce automobile light and explore new joining technologies.
Successful integration of metal and CFRP holds immense potential to enhance structural
performance, achieve weight reduction, and establish multifunctional material systems [58]. This
hybrid structure can combine the strength and rigidity of metals with the high specific strength and
rigidity of CFRP, thereby attaining superior mechanical performance and improving overall

functionality [59].
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1.3 Strategy for Scrap Vehicles Recycling — Easy Disassembly Joining

End-of-life vehicles pose significant challenges in recycling due to material complexity,
contamination, and advanced welding and adhesive technologies applied among different
components joining [60, 61]. This intricate mix complicates disassembly, leading to substantial
waste [62, 63]. Recognizing this, the design concept for disassembly for components joining has
emerged as a critical discipline in product design for the twenty-first century [64]. Design for
disassembly involves considering disassembly and recyclability at the initial design stage to
promote efficient product recovery [65]. By streamlining the disassembling and recycling process,
the design for disassembly contributes to a circular economy and addresses challenges related to
material complexity, contamination, damage, cost, and infrastructure. Improving end-of-life
vehicle recycling vehicles should be designed with easy disassembly, ensuring automotive
components can be easily separated during disassembly, reducing overall difficulty.

In this study, the investigated joining technology ensures the integrity of dissimilar materials
and significantly enhances the disassembly and recycling efficiency at the end-of-life vehicle cycle.
This research contributes to improving the efficiency of end-of-life vehicle recycling, reducing
waste generation, and promoting sustainable development within the automotive industry.
Furthermore, the easily disassembled joining technique increases the value of automotive
components for secondary use, fostering a shift towards more sustainable production models that

align with environmental protection and sustainable development principles. Through these



advancements, this study provides innovative dissimilar materials joining solutions for the

automotive industry, contributing to a more environmentally friendly and sustainable society.

1.4 Review of CFRP-Metals Joining Technologies

Due to substantial differences in the physical and chemical properties at the interface between
metal materials and CFRP, such as stiffness, melting point, and thermal expansion coefficient,
joining CFRP with metal remains a significant challenge [66, 67]. To fully exploit the advantages
of CFRP-metal hybrid structures, it is crucial to select appropriate joining methods to achieve the
desired outcomes. This section comprehensively summarizes existing research on joining metals
and CFRP, considering joining methods, joining mechanisms, and joint performance. It also
analyzes their advantages, disadvantages, and application scenarios. It is important to note that no
single joining technology is universally applicable to all situations, as each possesses specific

advantages and disadvantages suitable for application.
1.4.1 Mechanical Fastening

Mechanical fastening, as a standard joining method, is crucial in applying metals and carbon
fiber composite materials [68, 69]. The schematic diagram of this joining method is illustrated in
Fig. 1-7. However, they are confronted with a series of issues [70]. Firstly, traditional mechanical
fastening methods, such as rivets and bolts, increase manufacturing complexity, leading to
prolonged joining times and stress concentration in the drilling areas [71]. Additionally, hole
machines for fastener accommodation induce micro and macro damage to composite materials,
inevitably reducing overall structural strength [72]. Despite the various drawbacks of mechanical
fastening, they remain irreplaceable in specific fields, particularly in aerospace [73, 74].
Mechanical fastening methods offer advantages such as ease of inspection, maintenance, and
recycling, making them the only viable choice for high-load composite material components [71].
However, research focused on reducing the number of fasteners for weight-sensitive structures like

aircraft becomes a crucial task [75].

Fig. 1-7 Schematic diagram of mechanical fastening of metal-CFRP.



In the realm of multi-material design, especially the combination of fiber-reinforced plastics
and metals, there is a need to identify joining technologies that do not interrupt force transmission,
thus harnessing the full advantages of these composite materials. Future research trends should
aim to address the shortcomings of traditional mechanical fastening and explore optimized joining
technologies to enhance overall structural performance. Overall, mechanical fastening between
metals and CFRP remains a continually evolving area, requiring ongoing research and innovation

to address existing challenges and propel further advancements in its application [76].
1.4.2 Adhesive Bonding

Adhesive bonding is a commonly employed joining technology, particularly prevalent in
metal and CFRP structures, as shown in Fig. 1-8. [77, 78]. However, in comparison to mechanical
fastening, it is not without drawbacks. One of these is its low durability, necessitating additional
adhesives, stringent surface pre-treatment processes, and extended curing times [79-81].
Furthermore, adhesive bonding may result in detrimental environmental emissions, posing
potential risks to human health [82, 83]. At elevated working temperatures, bond quality is
susceptible to temperature influences, imposing limitations on the operational temperature range
of components [84]. Stringent surface treatment and bonding processes demand specialized
heating or pressure treatment equipment [85]. Meanwhile, adhesive bonding offers numerous
advantages, including weight reduction, smooth appearance, improved fatigue strength,
adaptability, suitability for thin-walled components, simplicity of bonding processes, and potential
decrease in production cycles [86, 87]. These advantages position adhesive bonding as a widely
adopted joining technology in the automotive manufacturing sector. However, despite the array of
benefits that adhesive bonding brings to automotive manufacturing, one unoverlooked challenge
persists: maintenance and recycling [88, 89].

In summary, while adhesive bonding has introduced numerous advantages to automotive
manufacturing, maintenance, repair, and recycling challenges restrict its scope of application.
Therefore, future research should focus on enhancing the maintainability, reparability, and

recyclability of adhesive bonding to propel its further utilization in automotive manufacturing.

Metal

CFRP

Fig. 1-8 Schematic diagram of adhesive bonding of metal-CFRP.
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1.4.3 Welding (Fusion Bonding)

In the realm of joining metal and carbon fiber composite materials, laser welding is a widely
researched method, as explained in Fig. 1-9 [90, 91]. However, laser welding faces multifaceted
challenges in practical applications, including material disparities, thermal effects, interface issues,
process control difficulties, as well as environmental and equipment cost [92, 93]. Research
indicates that when selecting laser welding as a method for joining metal and carbon fiber
composite materials, careful consideration of the issues must be undertaken, and necessary process
optimizations and control measures must be implemented [94, 95].

Relative to traditional welding methods such as induction welding/fusion and resistance
welding/fusion, they present unique advantages and challenges when joining metal and carbon
fiber composite materials [96]. Researchers like Mitschang have studied induction welding of
metal-composite hybrid joints and found that adding a polymer film intermediate layer can
increase shear strength by approximately 15% [97]. Moreover, due to the significant difference in
melting points between metal and carbon fiber composite materials, conventional welding methods
cannot generate mixed metal-plastic compounds [98]. The temperature differential in melting
points leads to thermal degradation of the plastic before the metal component melts. This demands
adopting other welding technologies, with induction welding/fusion and resistance welding/fusion
becoming primary choices [99]. However, these methods have certain limitations, such as
difficulty in disassembly, dependence on conductive filler materials, and restrictions on the use of
metal mesh or carbon fiber content [100].

In summary, different welding methods exhibit their respective advantages and limitations in
joining metal and carbon fiber composite materials [101]. Laser welding excels in enhancing shear
strength, while other methods have unique advantages in terms of ease of monitoring, short
processing time, and so forth [102]. Future research directions may include further optimizing
existing methods, developing new joining technologies, and addressing environmental and cost
issues during welding to promote the broader application of metal and carbon fiber composite
materials.

Laser

Heat conduction  Metal
TEERN
e —

Porosity CFRP
Fig. 1-9 Schematic diagram of laser welding of metal-CFRP.
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1.4.4 Ultrasonic Welding

Ultrasonic welding has emerged as a promising method for joining metals and CFRP,
garnering significant attention in current research, as shown in Fig. 1-10 [58]. This technique is
primarily used in the assembly of thermoplastic automotive composite components, offering
notable advantages such as superior mechanical performance, durable joints, short processing
times, easy online monitoring, and reduced component surface treatment requirements [103, 104].
One of the key advantages of ultrasonic welding lies in its non-thermal nature, making it
particularly suitable for joining temperature-sensitive polymer materials. [105]. By utilizing
frictional heat generated through ultrasonic vibration, this method avoids the detrimental effects
of high temperatures on carbon fibers, thereby preserving their strength and performance post-
joining [106, 107]. Despite these benefits, ultrasonic welding does present limitations [108]. Firstly,
it often necessitates the addition of conductive fillers at the joint to facilitate the welding process,
which may impact the overall structure [59]. Secondly, the feasibility of ultrasonic welding can be
limited by the carbon fiber content, with excessively high levels potentially leading to suboptimal
welding effects [109].

Meanwhile, Ultrasonic Plastic Welding (UPW) stands as a standard technology for joining
thermoplastic materials [58, 103, 110]. The mechanical oscillation of UPW, perpendicular to the
workpieces, promotes the flow and spreading of molten thermoplastics [104]. The mechanical
oscillation of UPW, perpendicular to the workpieces, promotes the flow and spreading of molten
thermoplastics. UPW offers several significant advantages compared to other joining methods,
including fast, flexible, and effective joining processes, minimal surface damage, high structural
reliability, low contamination risk, and environmental friendliness [105-107]. Moreover, it

presents cost-saving opportunities and greater feasibility for industrial applications [108].
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Fig. 1-10 Schematic diagram of ultrasonic welding of metal-CFRP.
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In conclusion, while ultrasonic welding demonstrates considerable promise for joining metals
and carbon fibers in thermoplastic automotive composite materials, its practical application
requires careful consideration of limitations, particularly concerning high carbon fiber content [111,
112]. Future research efforts should optimize ultrasonic welding processes to expand their
applicability and facilitate widespread adoption across various fields [113, 114]. Future research
endeavors should optimize ultrasonic welding processes to broaden their applicability and achieve

widespread utilization in various fields.
1.4.5 Friction Stir and Spot Welding

In the domain of metal and carbon fiber materials joining, friction stir welding and friction
spot welding methods have attracted widespread research interest [115]. These two advanced
joining techniques offer new avenues to overcome the limitations of traditional joining methods
[116]. Nakata et al.'s study focuses on the friction stir welding method, aiming to achieve the
connection between CFRP and metal materials by adding interlayer [117]. They note that
functional interfacial forces are generated between metal and thermoplastic at the interface.
Esteves et al. [118] employed the friction spot welding method with an additional interlayer,
investigating the feasibility of joining aluminum-carbon fiber composite materials and optimizing
the joining process. The results of these studies demonstrate the feasibility of a viable joining
between metal and CFRP by adding an intermediate layer. Furthermore, using thermoplastic films
eliminates the curing time associated with adhesives currently used in the industry. These
achievements expand the scope of joining technology and offer viable solutions for the composite

applications of metal and carbon fiber in various fields.

lF Electrode
YOk

Heat conduction Metal

CFRP
Fig. 1-11 Schematic diagram of spot welding of metal-CFRP.
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However, it is worth noting that, despite achieving some success, these studies still face
challenges. For example, issues such as material thermodynamics, compatibility during joining,
and post-joining structural strength and stability require further in-depth research. Future research
directions may include enhancing the efficiency and performance of joining through more
advanced intermediate layer materials and joining processes. In conclusion, research on friction
stir welding and friction spot welding methods in metal, as well as CFRP joining, is still in a

continuous development stage, ushering in broader research prospects.
1.4.6 Based on Metal Surface Texturing Technologies

Structured metal surface joining is a technique focused on improving the strength of
connections by introducing minute structures on metal surfaces. The processes are illustrated in
Fig. 1-12. These structures create additional interlocking areas, enlarging the effective contact area
and enhancing joining strength and shear resistance. The structured metal surface also helps
disperse stress, reduce local stress concentrations, and improve overall joining area durability. This
method is extensively used for connecting metals with other materials like carbon fiber composites
and rubber, especially in applications requiring high strength, durability, shear resistance, or
adaptation to thermal expansion differences.

This method incorporates artificial protruding structures onto the metal surface during
manufacturing, mechanically interlocking with polymer materials through external force to
achieve robust mechanical strength between components. The key lies in controlling the form and
arrangement pattern of these protrusions. Different manufacturing methods categorize these
structures, including Capacitor Discharge Screw Welding (CDSW), Cold Metal Transfer (CMT),
Additive Manufacturing (AM), and laser processing. However, these technologies often produce
large-sized protrusions, potentially leading to increased thermal stress on the metal substrate and
damage to carbon fiber during connection, mainly when the polymer is thin.

Recent advances in additive manufacturing technologies, such as laser processing and
capacitor discharge screw welding, have successfully produced microstructure connections. For
instance, studies used additive manufacturing to create microstructures on aluminum alloy surfaces
for joining with polymers, demonstrating significant enhancement in strength and interface effects.
Laser processing was also employed to create microstructures on A5052 aluminum alloy surfaces,
aiding in the impregnation and interlocking of carbon fiber-reinforced plastic. These technologies

showcase notable improvements in microstructure connections' strength and interface effects.
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Fig. 1-12 Schematic diagram of metal surface structuring processes.

Recent research highlights the substantial impact of structured metal surface joining on
enhancing connection strength. This involves creating complex surface patterns or introducing
irregular microstructures on metal surfaces before joining composite materials, increasing
roughness and contact area to improve strength and mechanical performance. This method reduces
reliance on adhesives, optimizes load distribution, and lowers the risk of thermal damage. In
conclusion, structured metal surface joining offers an innovative and advantageous approach for
robust and reliable joining in various engineering applications. However, it is essential to note that
while these surface patterns enhance joining strength, they may pose challenges during

disassembly or dismantling processes.

1.5 Research Purposes and Outlines
1.5.1 Research Purposes — CFRP to Metals Easily Disassemblable Joining Technique

The contemporary automotive industry increasingly anticipates the adoption of CFRP to
reduce vehicle weight [92]. To meet the comprehensive performance requirements in automotive
design, these composite materials are joined with heterogeneous materials like steel and light
alloys [119, 120]. Therefore, the first challenge arises from material differences and disparate
coefficients of thermal expansion between composite materials and metals in the joining processes
[90, 94]. Simultaneously, considerations for disassembly and recycling at the end-of-life stage of
automobiles must be integrated into the initial design phase [121]. This paper aims to investigate
the easily disassemblable joining processes between metals and CFRP to achieve high-strength
joints and contribute to the disassembly and recycling of decommissioned vehicles. The purposes

can be illustrated in Fig. 1-13.
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Fig. 1-13 Research purposes and significances of this paper.

1.5.2 Research Outlines

This article primarily addresses two aspects of manufacturing lightweight automobiles:
joining dissimilar materials and disassembling components post-end-of-life. A composite structure
involving metals and CFRP has been employed for the former. Regarding the latter, traditional
joining methods have historically prioritized high mechanical strength in dissimilar materials but
have often overlooked the disassembly and recycling processes at the end of a product's lifecycle.
Given the shortcomings of this traditional approach and the characteristics of CFRP, an innovative
approach is proposed. This approach involves manufacturing protruding structures on metal
surfaces for the joining of metal and CFRP. This method is considered a sustainable approach, as
it facilitates both strong joining and promotes ease of disassembly processes, addressing the
limitations associated with the traditional method and harnessing the properties of CFRP.

Chapter 1 introduces the research background, the necessity of vehicle lightweight, and the
requirements for end-of-life vehicle recycling. It reviews existing metal and CFRP joining
technologies, including mechanical fastening, adhesive bonding, and welding. The chapter
concludes with the research objectives and the importance of developing easily disassemblable
joining techniques.

Chapter 2 investigates the direct joining of metals and CFRP using traditional ultrasonic
welding methods, exploring factors affecting joint morphology and mechanical performance.

Chapter 3 details the specific shape design methods for the biomimetic rose thorn structures,
abstracted into a mathematical geometric model. Numerical simulations analyze stress
concentrations under various loads, determining the shape of the biomimetic structure for joining
applications.
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Chapter 4 focuses on manufacturing the biomimetic micro-protrusions identified in Chapter 3.
These structures are fabricated on SPCC surfaces using FDM technology, including modeling,
debinding, and sintering steps. This chapter provides insights into the thermal treatment process.

Chapter 5 characterizes and evaluates the joints of surface-structured SPCC (fabricated via
FDM) and CFRP, including joint interface morphology, mechanical properties, and disassembly.
It discovered that FDM is inaccurate when manufacturing millimeter-level products, particularly
at the tip of the rose thorn biomimetic micro-protrusion, causing damage to CFRP. FDM-
manufactured micro-protrusions exhibit deficiencies in mechanical performance, resulting in
lower joint strength.

Chapter 6 explores key parameters and influencing factors in the SLM process for fabricating
biomimetic rose thorn structures on metal surfaces. Given the low-power pulsed laser system (30W
max) used, the interaction mechanism and influencing factors between the laser and SUS 316L
particles are investigated.

Chapter 7 further analyzes joints' mechanical properties and disassembly process with SLM-
fabricated biomimetic rose thorn structures. Experiments show SLM-manufactured joints exhibit
excellent tensile strength, with fractures occurring in the CFRP substrate rather than at the joint
interface. Disassembly tests demonstrate this structure allows complete separation of metal and
CFRP with no significant defects post-disassembly.

This study proposes and validates the easily disassemblable joining method through
innovative biomimetic design and advanced manufacturing techniques, providing new insights and
pathways for metal-CFRP joining. The results improve joint strength and disassembly efficiency,
contributing to the recycling of end-of-life vehicles and promoting environmentally friendly

manufacturing. The research outline of this article is shown in Fig. 1-14.
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Chapter 2: SPCC and CFRP Joint Performance Produced with an Additional
Nylon-6 Interlayer by Ultrasonic Plastic Welding

Ultrasonic plastic welding (UPW), an efficient method widely employed in materials joining,
offers a potential solution for the composite joining of metals and polymers. In this chapter, we
initially attempt direct welding of SPCC and CFRP using the UPW method. The primary objective
of this chapter is to systematically investigate the application of UPW in the joining of SPCC and
CFRP through a series of experimental studies and to examine the role and transformation process

of Nylon 6 as an intermediate layer in the joining process.

2.1 Introduction

In this study, the chopped CFRP is adopted as the composite component. These sheets feature
exposed carbon fibers on their surface, posing a challenge for direct metal-CFRP hybrid joint
formation due to significant physical and chemical disparities [59]. To achieve the intended
purpose with this economical joining method, we introduced PA6 film as the thermoplastic
intermediary layer because of its low crystalline nature and excellent compatibility with carbon
fibers and metals. Additionally, a high-power digital hot plate (AS ONE Corporation, HP-1SA) as
the preheating platform that complied with the UPW was applied to investigate the weldability and
welding process of the metal-CFRP joint in this research.

In the UPW process, the local temperature increases quickly, leading to softening or melting
of the PA6 layer, which is displaced from the welding zone underneath the pressure applied by the
horn. Meanwhile, melted PA6 may fulfill the wetting on the metal surface, and the adhesion contact
between metal and CFRP is realized. Nakara et.al. [122] has illustrated that the joining mechanism
at the polymer and metal interface is hydrogen bonding. Therefore, this research focuses on the
joining process and investigates welding energy and preheating temperature to illustrate the factors
influencing hybrid joint performance and gain a feasible welding process. The role of welding
energy, preheating temperature, and the synergetic effect were analyzed according to the joint's

mechanical performance, microstructure morphology, and failure mechanisms.

2.2 Experimental Procedures
2.2.1 Materials

a) Chopped CFRP
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The chopped CFRP with a nominal thickness of 0.5 mm, supplied by Fukui manufacturer
Japan, was applied in this research. The typical properties of this chopped CFRP are listed in Table
2-1. This CFRP chopped sheet is manufactured by randomly distributing the thin layer of prepreg
cut into strips on intermediate PA6 thermoplastic film. Fig. 2-1 shows the chopped CFRP. Fig. 2-
I(a) is the chopped CFRP as received, and Fig. 2-1(b) is the top surface morphology of this
chopped CFRP. The carbon fibers are exposed to the sheet surface and distributed regularly locally
according to the chopped prepreg. Fig. 2-1(c) shows the cross-section of this chopped CFRP. It
can be observed that the carbon fibers in the chopped prepreg at the upper position are distributed
parallelly, while those in the lower chopped prepreg are oriented vertically. In between the two
perpendiculars chopped prepreg is the PA6 intermediate thermoplastic film. Fig. 2-1(d) is the
diameter of the carbon fiber that is around 7 um. Due to the chopped prepreg being oriented in all
directions, this chopped CFRP has pseudo-isotropic properties and can be laminated without
worrying about the direction of carbon fibers. Therefore, this CFRP chopped sheet is excellent for

three-dimensional shape manufacturing.

Table 2-1 CFRP chopped properties.

Fiber Volume Content Resin Content Thickness Mass
50 (%) 39 (wt.%) 500 um 500 g/m2

Vertical carbon fibers S5, s0 um SRR TS’ 0 10 i
Fig. 2-1 Chopped CFRP material: (a) purchased chopped CFRP; (b) morphology of the chopped CFRP from the
top view; (c) microstructure of the cross-section of the chopped CFRP; (d) carbon fiber diameter.
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b) Steel Plate of Cold-Rolled Commercial (SPCC)

SPCC was used as the metal substrate in this research, which is one kind of primary metallic
material applied to vehicle manufacture. Before fabricating the micro-protrusions, the SPCC
surface was polished with 220 mesh sandpaper to remove the stain and other impurities and then
degreased in acetone by an ultrasonic cleaner for 5 minutes to clean the organic containments and
dust. Fig. 2-2 is the SPCC surface morphology after treatment. The surface roughness was
calculated through a laser scanning microscope (KEYENCE VK-X Series), and the average
surface roughness value in the range of R,=2.0~4.0 um is practical.

c¢) Nolyon-6 film

Moreover, PA6, a customary engineering plastic renowned for its outstanding mechanical
properties and resistance to chemical agents and solvents [109] was employed in the experimental
procedure. Table 2-2 enumerates the prevalent properties of PA6, according to the research
findings of Natalia M et al. [123, 124]. The thickness of the PA6 film directly impacts the formation
of macroscopic mechanical anchoring between components, with 100 um identified as the optimal
value for achieving hybrid joints characterized by elevated single-lap shear strength. Consequently,
this investigation opted for a 100 pm thick PA6 film as the intermediary layer, facilitating the direct
joining process between SPCC and CFRP chopped sheet components.

Table 2-2 Physical properties of PAG6.

Chemical Formula (CeH11NO)n
Melting point (°C) 225
Density (x103kg/m?) 1.13
Molding temperature (°C) 226~298
Poisson ratio 0.38
Tensile strength (MPa) 75
Flexural strength (MPa) 100
Thermal expansion coefficient (x107>/K) 8.0
Thermal conductivity (W/(m - K)) 0.2
Glass transition temperature (°C) 40~60
Autoignition Temperature (°C) 434
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Al
Fig. 2-2 SPCC surface morphology and roughness.

SPCC {nter!ace 2

50 pm

Fig. 2-3 Joint components: (a) schematic diagram of the joint composition (not in scale); (b) cross-section of the
joint before joining; (c¢) interface 1 and 2, before joining.

2.2.2 Joint Design

The SPCC-CFRP hybrid joint designed in this research contains three components: the top
layer CFRP chopped sheet, the middle layer PA6 film, and the bottom layer SPCC metal substrate,
as schematically shown in Fig.2-3. Fig. 2-3(b) depicts the hybrid joint’s cross-section structure and
each component’s thickness before joining. In the joining process of dissimilar materials, the
interface situation is vital in characterizing the joining condition and the joint quality. Thus, two
interfaces were defined to analyze the joining state and mechanisms: interface 1 between the CFRP
chopped sheet and the PA6 film and interface 2 between the PA6 and the SPCC metal substrate, as
illustrated in Fig. 2-3(c). The interspace between the two interfaces existed apparently before the

joining, indicating no interaction between the joining components.
2.2.3 Ultrasonic Joining System

In the UPW process, energy weld mode was selected to produce the SPCC-CFRP hybrid
joints. The four controllable joining parameters in energy weld mode are welding force, vibration
amplitude, joining time, and energy, which influences the joining mechanisms and, consequently,
the joints’ microstructure and performance [125]. Welding force ensures the intimate contact
behavior between the joining components and controls the deformation of the PA6 film and the

CFRP chopped sheet [126]. Higher welding force may lead to a large amount of flowing of the
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molten PA6 film and severe deformation of the CFRP chopped sheet. Thus, the joining pressure
was kept at 100 N for all experiments. Welding energy is the main factor affecting hybrid joint
properties [119].

In this research, welding energy and preheating temperature are determining factors for heat
generation in the joining process, which affects the condition of PA6 film and is responsible for
joint performance. Therefore, this research mainly investigated the effect of welding energy and
preheating temperature on joint performance. The welding energy ranged from 300 J to 1500 J,
and the selected preheating temperature values are 20 °C (room temperature), 50 °C, 80 °C, 120 °C,
160 °C, 200 °C (melting beginning point of PA6 film), and 240 °C (full melted temperature of PA6
film), respectively. The welding time is related to the welding energy; their relationship is shown
in Fig. 2-4. The graphical representation of the system is depicted in Fig. 2-5, accompanied by a

detailed table of other joining parameters.
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Fig. 2-4 Relationship between welding time and welding energy.
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Fig. 2-5 Schematic diagram of the ultrasonic plastic welding system complied with a heater.
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2.2.4 Characterizations

a) Joint microstructure analysis
The joint interface joining condition obtained under different welding parameters was
analyzed by SEM. The joints were previously cut from the middle by a fine-cutting machine, then
embedded in cold-curing epoxy resin, followed by standard grinding and polishing procedures.
Finally, the samples were sputter coated with a thin layer of gold for 1 min before the SEM
observation.
b) Mechanical testing
The lap shear test evaluated the mechanical performance of the joint. The tests were
conducted in a Zwick/Roell 1478 universal tensile tester based on standard ASTM D3163-01, with
a 6 mm/min speed at room temperature. The dimension of the hybrid joint is shown in Fig. 2-6.
Three replicates for each joining condition were tested, and the average of the three measurement

results was reported as the joint strength.

2.3 Effect of UPW Energy at Room Temperature

UPW energy is the primary heat source for softening or melting the PA6 film at room
temperature. The joint microstructure obtained under different welding energies was observed
utilizing the SEM. Fig. 2-7 shows the joint’s microstructure produced at room temperature under
500 J welding energy. In Fig. 2-7(a), the CFRP chopped sheet, PA6 film, and SPCC metal parts
were easy to identify due to joint components being separated and keeping the original status.
Consequently, the boundary of interfaces 1 and 2 can be observed clearly in Fig. 2-7(b), which
indicates the ineffective joining between the joining components. In addition, some crevices were
found at interface 2, further verifying the insufficient heat generation generated by 500 J welding
energy at room temperature. With the same condition, when the welding energy was 300 J, it could
not produce the hybrid joint either.

When the welding energy reached 700 J, the fusion phenomenon partly occurred at interface
1, as shown in Fig. 2-8. However, the interface 1 boundary still existed for most welding areas,
and there was an interspace between the PA6 film and SPCC metal, filled by the cold-curing epoxy
resin. Fig. 2-8(a) shows the edge morphology of the joint. Joining components can be identified,
and they did not cause any deformation of the CFRP chopped sheet and PA6 film. This joining

result led to insufficient joint strength, only 30 N around under the lap shear test.
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Fig. 2-7 Microstructure of the joint cross-section at the 500 J energy: (a) the corner of the joint; (b) interface
morphology.

Fused Interface 2 Fused

P

Fig. 2-8 Microstructure of the joint cross-section at the 700 J energy: (a) carbon fibers squeezed out phenomenon;
(b) situation of interface 1 and 2.

When the welding energy reached 900 J, the carbon fiber bundles were squeezed to the joint
edge accompanied by the PA6 film melting, as shown in Fig. 2-9(a), which is different edge
morphology from Fig. 2-7(a) and Fig. 2-8(a). Meanwhile, the PA6 film fused with the chopped
CFRP, and interface 1 disappeared, as shown in Fig. 2-8(b). It suggests that the high oscillation
under 900 J welding energy can cause the melting and interdiffusion at the boundary of the PA6
film and the chopped CFRP. Efficient cohesion was guaranteed between the PA6 film and CFRP
chopped sheet. This phenomenon can be explained by the fact that during the UPW process, PA6
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film melted rapidly under the action of welding energy. Subsequently, the melted PA6 film
enveloped the exposed carbon fibers on the surface of the CFRP chopped sheet, and under the
welding force exerted by the horn, they were compressed from the center towards the joint edge.
However, for interface 2, some crevices still occurred, indicating that the molten PA6 film did not
fill the SPCC surface. It also needs to be mentioned that the carbon fibers can remain at the initial
status after the welding process under 900 J welding energy.

The disappearance of interface 1 under 900 J welding energy proves that effective joining
between the PA6 film and CFRP can be achieved by improving the welding energy. However, the
crevices at interface 2 were not fully resolved yet, as shown in Fig. 2-10. Thus, the welding energy
continued to increase in an attempt to solve this problem. When the welding energy reached 1100
J, the number of carbon fibers and molten PA6 film squeezed to the joint edge increased in Fig. 2-
10(a). Interface 1 disappeared in the same way as Fig. 2-9. In addition, carbon fibers were observed
to have been damaged due to the strong ultrasonic oscillation under 1100 J welding energy. Cracks
appeared at the cross-section of the carbon fiber perpendicular to the ultrasonic vibration direction,

which is observable in Fig. 2-10(c). Meanwhile, the crevices still existed at interface 2.

Crevices

SPCC

Fig. 2-9 Microstructure of the joint cross-section at the 900 J energy: (a) carbon fibers squeezed out phenomenon;
(b) situation of interface 1 and 2; (c) carbon fibers.

Crevices Interface 2

50 um

Fig. 2-10 Microstructure of the joint cross-section at the 1100 J energy: (a) carbon fibers squeezed out
phenomenon; (b) situation of interface 1 and 2; (¢) fractures happened on carbon fibers.
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Fig. 2-11 Microstructure of the joint cross-section at the 1300 J energy: (a) carbon fibers squeezed out

phenomenon; (b) situation of interface 1 and 2; (c¢) fractures on carbon fiber.
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Fig. 2-12 Microstructure of the joint cross-section at the 1500 J energy: (a) carbon fibers squeezed out
phenomenon; (b) situation of interface 1 and 2; (c) fractures on carbon fiber.

To further verify the high welding energy on the microstructure of the joint interface at room
temperature, the welding energy was increased to 1300 J and 1500 J. Fig. 2-11 and Fig. 2-12 show
the related microstructures, respectively. When the welding energy reached 1300 J, the squeezing
phenomenon and the damage to the carbon fibers got more serious, as shown in Fig. 2-11(a),(c).
When the welding energy reached 1500 J, more serious squeezing and damage phenomena
happened in Fig. 2-12(a),(c). However, the crevices at interface 2 still cannot be eliminated even
though under the high welding energy that can damage the carbon fibers and squeeze almost all
melted PA6 film and carbon fibers out to the joint edge.

The crevices’ occurrence was considered a joining defect that led to poor joint properties.
From the above experiments, it was found that this joining defect cannot be eliminated by solely
increasing welding energy at room temperature. Microstructural analysis at interface 2 illustrated
that the crevices always occurred at the depression area of the SPCC surface, as schematically
described in Fig. 2-13. During the welding process, the bulge area of the SPCC surface was more
feasible to bond with the PA6 layer due to the direct connection. In contrast, the depression areas
of the SPCC surface cannot be filled in a dramatic welding process. The main reason is that UPW
technology is a high-speed joining technology. Therefore, PA6 film dramatically reached a high-
temperature degree and then solidified in a short period. Thus, the short welding time and high
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cooling rate cannot enable a sufficient spreading of the molten PA6 film at the depression area of
the metal surface, which leads to the generation of crevices at interface 2.

In addition, to investigate the effect of welding energy on joint properties at room temperature,
the thickness variation of the PA6 film and CFRP chopped sheet during the welding process was
also measured under different welding energy, shown in Fig. 2-14, which can be seen as a
characterization to evaluate the effect of the welding energy at room temperature. It appears that
the PA6 film thickness was kept at 100 pm before 500 J welding energy, proving that the generated
oscillation heat was insufficient to melt the PA6 film and produce the hybrid joint. However, for
the CFRP, the thickness showed a gradual decrease trend with the energy increasing at the
beginning. This is mainly due to the interspace among the CFRP chopped sheet. Under the
ultrasonic oscillation action, the CFRP chopped sheet got more compressed, and the interspace
between the prepreg layer was excluded. When the welding energy arrived at 700 J, the PA6 film
thickness decreased to 93 um. This indicates that the PA6 film softened under 700 J, and with the
compression action applied by the horn pressure, the thickness of the PA6 film decreased. In
addition to the softening phenomenon of the PA6 film, the partial region started to melt under the
700 J welding energy. As the microstructure analyzed in Fig. 2-8 indicates, the 700 J is the starting
energy point of the effective joining. With the increase of the welding energy, effective joining can
be achieved around interface 1, but due to the squeezing phenomenon, the PA6 film and CFRP
chopped sheet thickness significantly decreased.

From the above analysis, the effect of the welding energy on the joint at room temperature
can be divided into three modes: compaction mode, joining mode, and damage mode. When the
welding energy was less than 500 J, it belonged to the compaction mode. In this mode, the energy
heat is insufficient to generate effective joining, the PA6 film was kept at the initial status, and the
chopped CFRP was compressed only. During the 700 J to 900 J welding energy, the PA6, and the
CFRP chopped sheet can somewhat generate effective joining. In the damage mode, welding
energy higher than 1100 J, carbon fiber fractures occurred on the surface following the serious
squeezing phenomenon of the PA6 interlayer and carbon fibers. This indicates that the UPW energy
should be limited to 900 J when applied to bare carbon fibers.
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Fig. 2-13 Schematic diagram of the joining result by the sole role of UPW energy.
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Fig. 2-14 The trend of the thickness variation: (a) PA6 film; (b) CFRP chopped.

2.4 Effect of the co-action of Preheating Temperature and Welding Energy

From the above experiments carried out at room temperature, it can be seen that solely
welding energy cannot generate the effective joining of the SPCC-CFRP hybrid joint with the
addition of PA6 intermediate layer; the crevices defects occurring at interface 2 has a severe impact
on the joint properties, and it cannot be eliminated by solely increasing the welding energy. In
addition, the joining process window obtained under the only action of ultrasonic joining energy
is very narrow. Therefore, eliminating crevice defects and enhancing micro-mechanical
interlocking is essential to improve joint mechanical properties.

An external heater instrument was applied with the UPW system to solve these shortcomings
to generate the SPCC-CFRP hybrid joint. The following experiments, listed in Fig. 2-15, were

carried out to investigate the effect of the preheating temperature and welding energy and the
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synergistic result. The previous results showed that welding energy should be limited to 900 J in
the following experiments to avoid carbon fibers damage. Under the combined action of ultrasonic
welding energy and preheating temperature, the addition of the PA6 film contributed to the
generation of the SPCC-CFRP hybrid joint.

The co-effect of the preheating temperature and welding energy on the hybrid joint’s
mechanical performance was evaluated utilizing lap shear tests. Fig. 2-16 reports the shear strength
results under different joining conditions. It depicts that when the preheating temperature was
lower than 80 °C, and the welding energy was less than 500 J, the joining components did not
generate adhesion and separated from each other, which led to zero lap shear strength of the joint.
With the increase of preheating temperature and welding energy, sectional joining began to appear
among the joining components, and the lap shear strength started improving. However, the joint’s
most giant lap tensile strength is less than 400 N when the preheating temperature is lower than
160 °C. The joint lap shear strength sharply increased when the preheating temperature reached
200 °C. The best joint strength was obtained when the preheating temperature reached 240 °C, and
the maximum value was around 1300 N. Meanwhile, the tensile test had almost the same matter
under different welding energy, indicating the welding energy did not play an essential role in the

joint mechanical performance under 240 °C preheating temperature.
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Fig. 2-15 Design of the experiments.
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Fig. 2-16 Ultimate lap shear strength of the joints under different joining parameters.

According to the lap shear test results, the conditions of the joints obtained under different
welding energy and preheating temperatures can be divided into three categories. The tests in the
yellow frame in Fig. 2-17 belong to Category 1, the tests in the blue frame belong to Category 2,
and the red frame is Category 3. Category 1 had the worst mechanical performance, the SPCC
metal component was completely separate from the other parts, and only a tiny area of PA6 film
was fused with the CFRP chopped sheet. The dashed red line in Fig. 2-18 shows the representative
fracture surface morphology, which represents the joining area between the PA6 film and the CFRP
chopped sheet. Only a tiny space was melted between the PA6 film and CFRP chopped sheet and
got adhesive under the welding energy oscillation effect, and under the different joining energy,

the joining area is different. It indicates that the lowest energy did not adequately join the hybrid

adherents.
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Fig. 2-17 Joining process window of the SPCC-CFRP hybrid joint by the UPW.
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Fig. 2-18 Representative fracture surface of Category 1.

In Category 2, the lap shear strength increased with preheating temperature and welding
energy improvement. Fig. 2-19 shows the representative fracture surfaces of the hybrid joints of
Category 2 and finds that the welding zone increased with preheating temperature and welding
energy. It indicates that the increased welding zone of direct contact between the PA6 film and the
SPCC is responsible for the slightly increased mechanical performance of the SPCC-CFRP hybrid
joints. In this joining category, preheating can change the mechanical properties of the CFRP
plastic matrix, lowering Young’s modulus and softening so that the ultrasonic deformation and
melting of the matrix can easily occur with less welding energy. Approximate joint strength could
be obtained under different joining conditions for some cases, such as t12 and t14, showing almost
the same strength value. These cases’ tendency shows that preheating temperature reduces the
welding energy to a certain extent. The observation of the joint’s microstructure found that the
crevices still existed but presented a decreasing tendency with the growth of the total input energy.
Therefore, adding the interlayer can enhance the joints’ mechanical strength due to the larger
welding area and fewer crevices.

A significant increase in joint strength was observed when the welding condition belonged to
Category 3. When the preheating temperature reached 200 °C, the PA6 film melted before the
joining process but could not completely dissolve. Therefore, the viscosity of the molten and
softened PA6 film favors the metal surface’s wettability. Under the co-action of welding energy,
the adhesion forces were finally applied to the joint. However, due to the insufficient melting of
PAG6 film under 200 °C preheating temperature, welding energy still played an essential role in the
joint strength. As the welding energy increased, the melting mount of the PA6 film increased and
became more compressed under the oscillation effect, which in turn led to an increase in the joint
strength. This joining condition produces joints with higher mechanical strength and smaller
amounts of microstructural defects. Microstructural analysis proves that crevices that occurred at
interface 2 have been eliminated under this joining condition, as shown in Fig. 2-20. The PA6 film
co-cured with the chopped CFRP has an active role in the bonding mechanism during the ultrasonic

joining, and an effective micro-interlocking was achieved due to the 200 °C preheating.
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Fig. 2-20 Microstructures of interface 2 obtained under 200 °C.

Unlike the partial melting under 200 °C preheating temperature, the PA6 film can be fully
melted at 240 °C before welding. Therefore, the depression area on the SPCC surface can be filled
by the melted PA6 film under the action of welding energy oscillation and welding force, and an
effective micro-mechanical interlocking could be established at interface 2. Fig. 2-21 shows the
joints’ cross-section microstructures with no crevice defects generated. However, due to the
different welding energies, the compression amount of the PA6 film was different. With the
increase of the welding energy, the more melted PA6 film could be squeezed to the joint edge,
leading to decreased distance between carbon fibers and the SPCC. Fig. 2-22 is the representative
fracture surface obtained under 240 °C. It enabled us to understand that the large welding zone

allows good joint mechanical results.
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Fig. 2-21 Microstructures of interface 2 obtained under 240 °C.
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Fig. 2-22 Representative fracture surface of Category 3.

From the above analysis, it can be found that the preheating temperature dramatically affects
the quality of the hybrid joint interfacial zone. The crevices defects at interface 2 are responsible
for the poor joint strength. The microstructural analysis demonstrated that the wide spreading of
the molten PA6 film under the high preheating temperature can fill the depression area on the
SPCC surface, which generates the micro-mechanical interlocking between the joining
components. The joint lap shear strength is thus increased. In addition, the severe squeezing

phenomenon of carbon fibers can be avoided due to the preheating temperature.

2.5 Conclusions

Ultrasonic plastic welding joints of chopped CFRP and SPCC with an additional PA6 film
intermediate layer were prepared and analyzed regarding their microstructures and mechanical
strength. It showed the feasibility of the ultrasonic plastic welding process and optimized the
joining process. From the above analysis and discussion, the following conclusions can be drawn:

1. Nylon 6 film can be used as an intermediate layer and ultrasonically welded to obtain an
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2.

effective metal and bare carbon fibers hybrid joint through the optimized joining
parameters. The melting of the PA6 film is the key to the fusion of carbon fibers and PA6
film, while the widespread spreading of the melted PA6 film on the depression area of the
metal surface guarantees the final joint strength.

With the sole effect of ultrasonic welding energy at room temperature, the bare carbon
fibers can have a good fusion with the PA6 film. Still, it cannot generate an effective joining
between metal and the PA6 film. Insufficient joining, narrow welding process windows,
and carbon fiber damage at high welding energy are the primary defects that cause poor
joint strength.

The joining condition between the metal and the PA6 film is essential to ensure joint
strength. The micro-mechanical interlocking generated on the rugged metal surface
contributes to the mechanical performances of the ultrasonically welded hybrid joints.
Effective preheating can reduce crevice joining defects at the SPCC and the PA6 film
boundary, guaranteeing the molten PA6 film’s adequate spreading on the depression area
on the metal surface and improving the welded joint’s mechanical strength. Furthermore,
preheating can reduce the welding energy, which is beneficial for the severe squeezing

phenomenon and avoids carbon fiber damage.
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Chapter 3: Design of the Rose Thorn Biomimetic Structure for Metal Surface
Structuring

Based on the overall research scope, this study focuses on the easy disassembly joining
technique for SPCC and CFRP. This chapter initially establishes the utilization of structured metal
surfaces to achieve easy disassembly joining between metal and CFRP. This chapter will outline
the methodology for determining the shapes employed for the structuring pattern on metal surfaces,
provide a theoretical analysis of how this structure facilitates the facile detachment joining between

metal and CFRP, and elucidate the precision design considerations for this structure.

3.1 Biomimicry Application in Engineering

Throughout billions of years of evolution, nature has served as an enduring wellspring of
inspiration for researchers and engineers, offering invaluable insights that drive advancements
benefiting both humanity and the environment [127, 128]. This concept of biomimicry, rooted in
the observation, understanding, and imitation of biological structures and functions, has emerged
as a fundamental approach to addressing engineering challenges [129]. Drawing inspiration from
the intricate structures, morphologies, and functionalities found in nature, researchers seek to
design innovative solutions that mimic biological entities. Examples abound, ranging from the
self-cleaning properties of lotus leaves to the robust anchoring mechanisms of tree roots, the
adhesive capabilities of barnacles, and the flexible strength of elephant trunks, as shown in Fig. 3-
1 [130-132]. These natural marvels serve as tangible embodiments of the potential for biomimetics
to revolutionize engineering practices and pave the way for transformative technological
breakthroughs. The application of biomimicry in engineering has significantly expanded into the
realm of material connections [133]. Nature provides an abundance of remarkable structures

conducive to high-performance material connections, such as spider silk, shell structures, tree roots,

dragon bone structures, and petal morphologies [133, 134].

X e ﬁ‘ > N = A% 5 ....| 4 S
Fig. 3-1 Biomimicry application examples in engineering: (a) Lotus leaves and hydrophobic materials; (b) Root
shape and stable structure; (c) Xanthium and Velcro; (d) Elephant trunk and gripper [130-132].
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Each of these structures offers unique properties that enhance the strength, durability, and
adhesion of material joining. By borrowing strategies from the natural world, engineers can design
structures with outstanding performance characteristics, shaping the future of material joining
across various applications. Simultaneously, the ongoing exploration of biomimetics and
integrating these principles into engineering practices pave new pathways for innovation and

sustainable development.

3.2 Analysis of Rose Thorn Functions and Morphology

Rose plants, classified as climbing plants, feature thorns as specialized structures
predominantly found on their stems [135]. These thorns serve multifaceted functions within the
plant's life cycle and ecological context, like defense and protection, competitive exclusions, and
support and climbing. In biomimetics, the features of rose thorns have been applied to various
engineering applications [136]. For example, researchers have designed a protective device called
a "Thorn Tube" based on the structure and morphology of rose thorns. This device, resembling
rose thorns, exhibits similar features, such as twisting, slender, and rigid characteristics. It
effectively prevents intruders from entering properties and has potential applications in various
security systems.

While the primary application of rose thorns in biomimetics relates to protection and defense,
their unique structure and morphology also have potential applications in joining, considering their
climbing property [137]. Rose plants utilize their thorns, which have sharp and curved tips, to
grasp surrounding supports such as trees, fences, walls, etc., like in Fig. 3-2. This allows them to
insert and hold onto supports firmly, and by growing along these supports, rose plants can gain
better living space. Thus, one potential application of rose thorns in joining is the design of new
fasteners or interlocking mechanisms. The twisting and hook-like shape of thorns can contribute
to creating interlocking connections that are more secure and durable than traditional fasteners and
facilitate disassembly at joints. This study aims to leverage the anisotropic properties of rose thorn
structures for use in joining metal and carbon fiber composite materials. A protruding structure has
been designed on the metal surface to achieve metal-CFRP joining that is more robust, reliable,

and easily disassembled.

38



3.3 Analysis of Rose Thorn Biomimetic Micro-Protrusion Morphology and Mechanical

Performance for Metal-CFRP Easy Disassembly Joining

However, recognizing the inherent challenges within the intersection of biomimetics and the
following manufacturing, it is imperative to acknowledge the impracticality of directly replicating
the morphology of rose thorns in the joining process of dissimilar materials [138, 139]. This is
attributed to significant disparities between natural materials and those employed in engineering
applications [140, 141]. Consequently, this chapter is motivated by the pivotal objective of
exploring alternative design strategies for micro-protrusion shapes inspired by the structure of rose

thorns and tailored explicitly for the metals-CFRP easily disassembled joining technique.
3.3.1 Definition of the Micro-Protrusion’s Geometrical Model

Rose thorns exhibit distinctive morphological features that have evolved in the natural world.
These features include a pointed tip, a curved profile, and an approximately elliptical base. These
evolutionary traits serve specific mechanical functions, aiding roses in climbing and survival [142].
The gradual taper of the thorn's tip enhances its ability to penetrate surfaces. The curved profile is
conducive to effective adaptation during climbing, while the elliptical base ensures stability on the
rose stem.

In this study, the shape of the micro-protrusions has been depicted as convex with a tapering
tip, curved sides, and elliptical bottom, as shown in Fig. 3-3. These geometric features can better
represent the morphological features of rose thorns for the engineering biomimetic application
design. Based on these geometric features, four essential geometrical parameters were extracted
to characterize the micro-protrusion geometric model:

a) Base shape (o)

The micro-protrusion base shape has been approximated as circular or elliptical to ensure

uniform load distribution and strong stability with the metal substrate. In this research, we
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introduced a parameter a, a = a/b, representing the ratio of the semi-major axis, a, to the semi-
minor axis, b, to describe the base shape, which ranges from circular to various elliptical.
b) Length (1)

The horizontal distance from the thorn’s tip to the center of the base and the symbol is | in
this research. It represents the apex position and orientation of the rose thorn-inspired micro-
protrusion, which significantly influences the subsequent joining and disassembly process.

c) Height (h)

The vertical distance from the thorn’s apex to the base center. The height of the micro-
protrusion can affect its sharpness and penetrating ability in the joining process. Higher micro-
protrusion is generally sharper, providing more robust anchoring and penetrating power.
Considering the following joining process in our research series where the CFRP thickness is less
than 1 mm, the micro-protrusion’s height was fixed at 1mm in this paper to minimize the
unintended damage to the CFRP and reduce the overall weight.

d) Side curvature (Outer profile and Inner profile)

The curved profiles describe the curvature or bending degree of the micro-protrusion. In this
study, we introduced the concepts of outer and inner profiles to delineate the micro-protrusion’s
side shape, as shown in Fig. 3-3. The outer profile delineates the raised edge of the area. In contrast,
the inner profile illustrates the recessed region within the model. The outer and inner profiles are
pivotal in enhancing joint strength and disassembly efficiency.

Furthermore, the micro-protrusion models were assumed to be symmetrical along the vertical
plane perpendicular to the major axis of the base in this study. By defining these geometric
parameters and assumptions, valuable insight into the morphological characteristics of rose thorns
was established, which can used to finely control the shape characteristics of every part of the

micro-protrusion.

Outer
profile\‘

Fig. 3-3 Biomimetic shape and geometric parameters of rose thorn biomimetic micro-protrusion.
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3.3.2 Analysis of Joining Strength Enhancement and Easy Disassembly Achieving

This research aims to develop the easily disassembled joining technique between metals and
CFRP, and the rose thorn-shaped protrusion is promised to achieve this goal as an intermediate
structure due to its unique geometric shape. Fig. 3-4 illustrates the working principle of the micro-
protrusions as intermediaries in the metals-CFRP joining process. Rose thorn-shaped protrusions
should be initially formed on the metal substrate surface, as shown in Fig. 3-4(a). In the following
joining process, the tip of the rose thorn biomimetic structure is initially embedded into the interior
of the CFRP under external force. Subsequently, following the gradual contour of the rose thorn
structure, it progressively penetrates the entire CFRP step by step, Fig. 3-4(b) and Fig. 3-4(c). This
approach effectively prevents damage and failure of the CFRP.

The performance of the micro-protrusions in the context of robust joining and easy

disassembly of the metal-CFRP joint can be summarized as follows:
Joining strength enhancement

When the joining process is finished under external force and energy, the expected joint can
be illustrated in Fig. 3-5.

a) Increased contact area:

The structured metal surface created with micro-protrusions has an increased surface
roughness and contact area, which can counteract the external loads and prevent shear slip or
delamination between metals and CFRP, enhancing the overall joint strength.

b) Mechanical locking and hydrogen bonding co-effect:

The tapered tip of the micro-protrusion can effectively penetrate CFRP, while the curve
profiles establish a robust mechanical locking effect. This locking mechanism enhances resistance
and prevents any undesired movement between the connected interfaces. Moreover, during the
welding process, the external energy input caused the resin on the CFRP surface to melt, forming
hydrogen bonding with the SPCC surface [112, 143]. This interaction increases shear and peel
strength, resulting in a more durable and stable joint.

c) Optimized stress distribution:

The structured metal surface transforms stress distribution, evenly distributing joining

stresses across the contact area. This prevents stress concentration, lowers the risk of cracks or

fractures, and enhances the joint's overall strength and durability.
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Fig. 3-4 Schematic of the rose thorn biomimetic micro-protrusions serve as intermediaries for metals-CFRP
easily disassembled joining: (a) micro-protrusions formed on the SPCC surface; (b) the joint diagram of the
SPCC-CFRP; (c) cross-section of the joint.

IF (90°)

Fig. 3-5 Schematic diagram of joining strength enhancement.

Easy disassembly achieving of the metal-CFRP joint

a) Easy for separation point generation:

The connection between the CFRP and metal at the outer curved profile base is achieved
through adhesive bonding, as illustrated in Fig. 3-6. Due to the relatively low viscosity of the resin
on the surface of CFRP, this specific location can serve as a convenient initiation point for
disassembly. This feature facilitates a smoother separation beginning when disassembling the
CFRP at this junction.

b) Clear disassembly orientation:

The progressively tapering geometric design of the micro-protrusion outer profile provides
distinct guidance during the disassembly process. As the tip gradually narrows, the initiation point
and separation angle become more easily discernible, thereby enhancing the precision and

efficiency of the disassembly procedure. The entire disassembly process diagram is illustrated in
Fig. 3-6.
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Fig. 3-6 Schematic diagram of easy disassembly achieved of the metal-CFRP joint.

3.4 Design Procedures of the Micro-Protrusion’s Shape

This chapter fine-tuned the micro-protrusion features based on numerical simulations of static
stress under various loads. The goal was to achieve an optimal shape that benefits the stress
distribution and strength within the joint, enhancing its ability to withstand shear loads and reduce

potential damage from stress concentration.
3.4.1 Numerical Simulation Methodology and Parameters Setting

In the rose thorn biomimetic micro-protrusion design, three-dimensional models with various
geometric parameters were meticulously constructed utilizing Autodesk’s Fusion 360 2.0 version
software. These models were created to comprehensively analyze maximum stress conditions
under varying loads. Fusion 360's robust modeling and simulation capabilities provided a powerful
toolkit for exploring the intricate interplay between the micro-protrusion's shape and the stress
concentration. Throughout the simulation conducted in Fusion 360, the analysis was based on the
Von Mises stress criterion, a method utilized to assess the material’s strength under complex multi-
axial stress conditions.

Table 3-1 Materials properties.

Properties Values

Density 7.85 E-06 kg/mm3
Young's Modulus 210 GPa
Poisson's Ratio 0.3

Yield Strength 207 MPa
Ultimate Tensile Strength 345 MPa

43



Fig. 3-7 Load condition of the micro-protrusions: (a) front view refer to Fig. 3-3; (b) top view.

Cold-rolled steel stands as a critical metallic material in the structural manufacturing of
vehicles [10]. Consequently, steel was chosen as the primary material for the micro-protrusion.
Material properties are shown in Table 3-1. These properties were defined strictly with Fusion
360’s settings to ensure precision and accuracy.

For load conditions, the micro-protrusion experiences predominantly biaxial loading, with
forces applied along the x and y axes throughout its operational lifespan, as depicted in Fig. 3-7.
It is important to note that these applied loads remain unaffected by gravitational forces. This
biaxial loading scenario establishes a controlled environment for evaluating the biomechanical
response of the rose thorn-inspired micro-protrusions. Furthermore, constraints were imposed on
the model's base to maintain immobility throughout the simulation process. These constraints
preserve the micro protrusions' structural integrity, ensuring they retain their desired shape during
the simulation.

This study employed Fusion 360's built-in automatic meshing functionality to construct finite
element models with a model-based size of 4%, element order set to parabolic, and a minimum
element size equivalent to 20% of the average size. Fusion 360's integrated meshing tools
automatically transform the geometric model into a discretized mesh suitable for finite element
analysis. This automated process eliminates potential errors associated with manual meshing,
ensuring uniformity in mesh generation across all models. The precision and efficiency of
simulations were enhanced through these computerized tools, allowing for a more focused
approach to research objectives and result analysis. The model's specifications, including the size,
element order, and minimum element size, were carefully configured to ensure accurate and

consistent results throughout the entire process.
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3.4.2 Micro-Protrusion’s Base Shape Design

The unique geometric characteristics of ellipses make them advantageous in engineering
applications, offering benefits such as increased structural efficiency, uniform load distribution,
and enhanced stability [144]. Initially, conical models with different ellipse base shapes were
created for micro-protrusion designing. Parameter o (a/b), depicted in Fig. 3-3 and ranging from
1 to 6, denotes the variety of the base shapes, as detailed in Table 3-2. The larger the « value, the
flattening of the base shape. The base area and height were kept constant in all models. The
representative models and the other conditions, such as the load, base area value, and height, are
also illustrated in Table 3-2.

Table 3-2 Geometric parameters and loads of models 1-6.

The same coordinate orientation with models

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Geometric
models
Base area s =mab = 0.785 mm?
Semi-major 0.708
) 0.500 mm 0.866 mm | 1.000mm | 1.118 mm 1.225 mm
axis (a) mm
Semi-minor 0.354
0.500 mm 0.289 mm 0.250 mm 0.224 mm 0.204 mm
axis (b) mm
a=alb 1 2 3 4 5 6
Height/ h 1 mm
(X, ¥, 2): (20N, ON, ON); (-20N, 1N, ON); (-20N, 2N, ON);
Loads (-20N, 5N, ON); (-20N, 10N, ON); (-20N, 20N, ON)
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3.4.3 Micro-Protrusion’s Apex Position Design

Evolutionarily, the rose thorn's apex was not fixed directly above the central point of the base,
and evolution had emerged to enhance its survival. When integrating the rose thorn-inspired micro-
protrusion into the realm of metals-CFRP easily disassembled joining, the choice of the apex
position becomes pivotal. Deviating the apex away from the base central point contributes to
forming an inclined geometric profile, which can modulate the joining interface’s angle and the
disassembly interface. Moreover, an asymmetric apex position can tailor the geometric
configuration of the joining to accommodate specific stress distributions and joining performance
requirements. Additionally, an apex oriented strictly vertically upwards may risk interference or
entanglement during the joining process. The likelihood of such occurrences can be mitigated by
deviating from the apex direction.

Consequently, this section focuses on the micro-protrusion tip position design, also called the
length (1) design. This design parameter, illustrated in Fig. 3-3, represents the horizontal distance
from the thorn’s tip to the center of the base. Based on the maximum stress analysis results of the
base shape, as introduced in Section 3.5.1, Model 2’s base shape was selected for analyzing the
apex location in this section. The applied load scenario for this analysis was (-20N, 10N, ON).
Among the models considered, models 7-12 as detailed in Table 3-3, the length (I) was related to
the semi-major axis (a) and varied as a/3, 2a/3, a, 4a/3, 5a/3, and 2a, respectively.

Table 3-3 Models 7-12 for micro-protrusion apex position design.

Model 7 Model 8 Model 9 Model 10 Model 11 Model 12
Geometric ;
models
Base shape a=0.708 mm; b =0.354 mm; o = 2
1 2 4 5

Length /| ;@ 58 a 2 38 2a
Base area/ s s = ab = 1x0.708x0.354 = 0.785 mm?

Height/h 1 mm

Load (X, ¥, 2): (-20N,10N,0N)
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3.4.4 Micro-Protrusion’s Profile Curve Design

a) Design of the outer profile curve

In contrast with the inner contour of the micro-protrusion that predominantly encountered
loadings and constitutes a vital zone for achieving robust joint, the outer contour plays a critical
role in conferring disassembly functionality. To ensure design rationality, particularly in
optimizing the inner profile curve to mitigate the maximum stress concentration and optimize the
location, the configuration of the outer profile curve needed to be established as a foundational
step. Based on the analytical findings in Sections 3.5.1 and 3.5.2, Model 9’s base shape and apex
position, as shown in Table 3-3, were selected as the fundamental parameters for the outer contour
design in this section.

Integrating the analysis in Section 3.3.2 on easy disassembly, the strategic application of sleek
curve profiles offers evident advantages for the outer profile design. Thus, the chosen approach
for outer contour design involves the utilization of a refined circular arc profile. From a broader
perspective, the pursuit of optimizing the micro-protrusion's compatibility with the CFRP
prompted the need to ensure the tip has a horizontal orientation towards the right, as explained in
section 3.3.2. Fig. 3-8 illustrates this design methodology and presents a schematic representation
of the resultant biomimetic model. Beginning with the linkage of the micro-protrusion's tip and
left endpoint, the intersection of the vertical bisector and the extended line originating from the
model's right side served as a pivotal reference center point. Subsequently, a curvilinear arc was
derived from this reference point, ensuring alignment of the left endpoint and apex along a
cohesive curve. This design approach maintained continuity and smoothness and ensured the
rightward orientation of the micro-protrusion's apex.

b) Design of the inner profile curve

The inner curved profile of the micro-protrusion enhances its stress dispersion, optimizes load
pathways, and increases stiffness. In this section, the conical curve was employed to design the
inner profile of the micro-protrusion shape. Compared with other curve shapes, the conical curve
offers several advantages, making it a focus of interest in curve design. Firstly, the shape of the
conical curve can be precisely defined using only a few parameters: start point, end point, vertex
position, and Rho value, represents the sharpness or smoothness of the curve at the vertex,
rendering it more manageable in model establishment and parameter adjustment. Secondly, the
conical curve can exhibit a wide range of curvature degrees under different parameter values,

ranging from straight lines to circular arcs and even parabolas, thus accommodating diverse
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simulation requirements for various biological structures. Most importantly, the conical curve
demonstrates continuity and smoothness in its curvature distribution, pivotal in reducing stress
concentration and optimizing structural performance.

The start and end points are the two ends of the right outline of the micro-protrusion. The
vertex position corresponds to the apex of the formed conical curve, essentially indicating the point
on the curve that is maximally distant horizontally from both the end point and start point. The
vertex position can be adjusted in both the horizontal and vertical directions on the x-z plane. When
the vertex position was altered vertically, such as moving it closer to the tip of the rose thorn, the
vertex of the formed conical curve also moved closer to the tip of the micro-protrusion, as shown
in Fig. 3-9(d). Conversely, when the vertex position was closer to the base, the vertex of the formed
conical curve also approached the base, as shown in Fig. 3-9(b). When the vertex position was
shifted horizontally, it greatly influenced micro-protrusion volume. As the vertex approached the
right side of the model, the vertex of the formed conical curve also moved nearer to the model's
right side, which resulted in a bigger micro-protrusion volume, as depicted in Fig. 3-9(a).
Conversely, when the vertex was distant from the right side, the vertex of the formed conical curve
also resided farther from the right side and led to a smaller volume, as shown in Fig. 3-9(e). In
summary, the movement of the conical curve vertex position in any direction can form different
conical curve shapes, significantly impacting the maximum stress value and position within the

micro-protrusions.

Fig. 3-8 Design of the micro-protrusion outer profile: (a) design methodology; (b) the final model.
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Fig. 3-9 Concial curve vertex position changes of the inner profile: (a) 3D model with the vertex at position 25
in Fig. 3-11; (b) 3D model with the vertex at position 9 in Fig. 3-11; (c) 3D model with the vertex at position 27
in Fig. 3-11; (d) 3D model with the vertex at position 38 in Fig. 3-11; (¢) 3D model with the vertex at position
29 in Fig. 3-11.

8 ’
Fig. 3-10 Rho values change of the inner profile: (a) schematic diagram of the inner profile with different Rho
values; (b) 3D-model with the Rho = 0.1; (¢) 3D-model with the Rho = 0.5; (d) 3D-model with the Rho = 0.9.
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Fig. 3-11 Selected conic curve vertex positions for micro-protrusion inner profile design, 1- 43 positions.
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Rho significantly impacts the sharpness of the conical curve at the vertex area of the created
inner profile. The vertex positions were kept the same in Fig. 3-10(a), but the different Rho values
led to different micro-protrusion shapes. A higher value of Rho resulted in a sharper conical curve
at the vertex position, while a lower value generated a smoother curve, as shown in Fig. 3-10(b)-
(d). During the modeling process, Rho values exceeding 0.5 were found to often result in modeling
failure due to the small volume of the model. Therefore, the subsequent experiments utilized Rho
values of 0.1, 0.3, and 0.5.

In the design of the inner profile, a detailed examination of the influence of conical curve
vertex positions and Rho values on the maximum stress value and position of the micro-protrusion
was carried out. The Rho values were selected as 0.1, 0.3, and 0.5. Additionally, the conical curve
vertex positions were systematically determined, as shown in Fig. 3-11, both horizontally and

vertically for comprehensive analysis.

3.5 Results and Discussion

According to the numerical simulation results of static stress, this chapter illustrates the
influence of each geometrical parameter on the maximum stress location and values of the micro-
protrusion. The priority objective is to engineer a rose thorn biomimetic micro-protrusion
geometry shape that is resilient against stress concentration, ensuring robust bonding with metal
matrix and mitigating the risk of mechanical failure at the apex. By systematically mitigating stress
concentration at these critical junctions, the designed structure can be expected to meet the
necessary mechanical requirements for reliable performance and longevity.

3.5.1 Influence of Base Shape

a) Maximum stress analysis under the x-uniaxial load

When subjected to the uniaxial force (-20N,0N,0N), the entire micro-protrusion experienced
a negative x-axis load. Under uniaxial loading, across models 1 through 6, the maximum stress
locations and values are depicted in Fig. 3-12 to Fig. 3-17. In Model 1, the maximum stress was
118.8 MPa, manifesting at the edge of the micro-protrusion base. Model 2 shows a peak stress of
73.5 MPa, the same position at the base edge. For Model 3, the highest stress reaches 65.0 MPa,
localized at the midsection of the inner profile of the micro-protrusion structure. Similarly, Models
4,5, and 6 also exhibited their highest stresses at the midsection area with corresponding values
of 59.2 MPa, 56.6 MPa, and 53.6 MPa, respectively. Analyzing the maximum stress within these
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models under a load of (-20N, ON, ON) revealed a decreasing trend in maximum stress values as

the o, representing the base shape, increases. And the shift in the location of maximum stress
changed from the base towards the midsection.

Stress distribution
Model 1: a=1 120
Semi-major axis: 0.5 mm Load: (-20N,0ON,0N)
Semi-minor axis: 0.5 mm Height: 1 mm 100
Z Y
(a) (b) . B
75
o
50
25

Max:118.8 MPa 0

Fig. 3-12 Stress distribution of Model 1: (a) original model; (b) 3D view of the stress-strain simulation results
(c) top view of the stress-strain simulation results.

Model 2: @ =2 Stress dlstrlbutllc;g
Semi-major axis: 0.708 mm  Load: (-20N,0N,ON)
Semi-minor axis: 0.354 mm  Height: 1 mm

@ 47 )
>
+ Max:73.51 MPa.

Fig. 3-13 Stress distribution of Model 2: (a) original model; (b) 3D view of the stress-strain simulation results
(c) top view of the stress-strain simulation results.
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Stress distribution
Model 3: a=3 120
Semi-major axis; 0.866 mm  Load: (-20N,0N.0ON)
Semi-minor axis: 0.289 mm  Height: 1 mm

100

Max:65.04 MPa
o Max 65.04 MPa

Fig. 3-14 Stress distribution of Model 3: (a) original model; (b) 3D view of the stress-strain simulation results
(c) top view of the stress-strain simulation results.

51



Stress distribution
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Semi-minor axis: 0.25 mm  [leight: 1 mm 100
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Fig. 3-15 Stress distribution of Model 4: (a) original model; (b) 3D view of the stress-strain simulation results;

(c) top view of the stress-strain simulation results.

Stress distribution
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Fig. 3-16 Stress distribution of Model 5: (a) original model; (b) 3D view of the stress-strain simulation results;

(c) top view of the stress-strain simulation results.
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Semi-major axis: 1.225 mm  Load: (-20N,0N,0ON) 100
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Fig. 3-17 Stress distribution of Model 6: (a) original model; (b) 3D view of the stress-strain simulation results;

(c) top view of the stress-strain simulation results.

Within the examined models 1 to 6, each horizontal section of the micro-protrusion resembles
the base's shape. In model 1, the circular base generated a uniform stress distribution due to its
symmetry, resulting in even stress distribution around the circular edge, which is farthest from the
base center. Conversely, models 3 to 6 adopted an elliptical base, and the asymmetry of the ellipse
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induced a more dispersed stress distribution, consequently reducing stress concentration along a
single direction. Moreover, stiffness varies along the major and minor axes in an elliptical structure
due to differing geometric properties and cross-sectional areas. Generally, the longer axis exhibits
higher stiffness and more excellent resistance to external forces due to its considerable length and
cross-sectional area. Hence, from model 1 to model 6, an increase in the length of the major axis
corresponded to a decreasing trend in maximum stress values for the micro-protrusion subjected
to a singular x-axis load.

Additionally, alterations of the base shape affected the form of each horizontal cross-section
of models along the z-axis. Thus, when the base took an elliptical form, stress distribution along
each horizontal cross-section became non-uniform, causing stress behaviors to shift away from the
base's edge to the midsection of the micro-protrusion. In summary, the base shape variation
directly impacted the micro-protrusion models' maximum stress value and location. Elliptical base
shapes introduced asymmetry and non-uniform stress distribution, leading to the relocation of the
maximum stress from the base's edge to the model's midsection.

b) Maximum stress analysis under x-y biaxial load

After introducing the load applied along the y-axis, Fig. 3-18 illustrates the maximum stress
values under various loading conditions for different models. Unlike the uniaxial x-load condition,
the variation trend of maximum stress values under the x-y biaxial loading conditions exhibits
more complexity. For instance, under the (-20N,1N,0N) load, models 1-6 continue to show a
decreasing trend in maximum stress values, similar to what was observed under the previous (-
20N,0N,0N) load. However, when the y-axis load was increased to 2 N (-20N,2N,0N load), models
1-5 still showed a decreasing pattern, but the maximum stress value in model 6 slightly increased,
surpassing that of model 5.

With a y-axis load of 5 N, models 1-5 continued to exhibit decreasing maximum stress values,
while a significant increase was observed in the maximum stress value of model 6, surpassing that
of model 3. When the y-axis load reached (-20N,10N,0N), the maximum stress values in models
1-6 displayed a more intricate variation trend, with model 2 showing the lowest maximum stress
value. Finally, as the y-axis load increased to (-20N,20N,0N), the maximum stress values in
models 1-6 progressively rise.
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Fig. 3-18 Maximum stress values of models 1-6 under x-y biaxial different loads.

Regarding the location of maximum stress occurrence, in model 1, maximum stress
consistently appeared at the base edge under all loading conditions. This is primarily due to the
symmetry of the circular base shape, resulting in a uniform distribution of applied forces and the
emergence of maximum stress values at the farthest edge from the base center. However, in models
2-6, due to the non-uniformity of the elliptical shape, maximum stress values were distributed at
both the base edge and the waist area.

The intricate variation trends observed in Fig. 3-18 can be explained by considering the
interaction between the geometric characteristics of the models and the applied loading conditions.
When the y-axis load was introduced, the resultant force direction changed with variations in the
y-axis load. Therefore, the most extended length along the resultant force direction within the base
shape was measured for each of the six models, as illustrated in Fig. 3-19(a) and presented in Fig.
3-19(b). In model 1, with a regular circular base, the longest length remained constant at 1 mm for
different loads. However, for models 2 to 6, which have ellipses with varying aspect ratios as their
base shapes, the longest length gradually decreased with changes in the loads (-20N,0N,0N), (-
20N, IN,0N), (-20N,2N,0N), (-20N,5N,0N), (-20N,10N,0N), and (-20N,20N,0N).

Fig. 3-19 shows that the arrangement of the longest length along the resultant force direction
within the base changed as the load varied among the six models. When comparing the longest
length of the six models under each load with the corresponding maximum stress values generated
under the same load, an approximately inverse relationship between the length along the resultant

force direction and the maximum stress value can be observed.
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Fig. 3-19 Longest length along the resultant force direction within the base shape: (a) schematic of the longest
length along the resultant force direction; (b) values of the longest length.

For the loads (-20N,0N,ON), (-20N,IN,0N), and (-20N,2N,0ON), the arrangement of the
longest length from models 1-6 was as follows: model 6 > model 5 > model 4 > model 3 > model
2 >model 1, while the arrangement of the maximum stress values under this load was essentially:
model 1 > model 2 > model 3 > model 4 > model 5 > model 6. This indicated that as the length
within the base along the resultant force direction increased, the resultant stress value gradually
decreased.

Under the load (-20N,5N,0N), model 5 exhibited the longest length along this resultant load.
With the load (-20N,10N,0N), model 2 had the maximum length along the resultant force direction
within its elliptical base, resulting in the smallest maximum stress value. Conversely, under the
load (-20N,20N,0N), the lengths along the resultant force direction within the base of all six models
gradually decreased, subsequently causing the corresponding maximum stress values to increase
progressively.

The findings from the above observations can be summarized by considering stiffness as a

critical perspective, elucidated by the equation (3-1):
E

k= 3-1)

© 3(1-20)

Where k symbolizes the material’s stiffness, E represents the material's elastic modulus, and
o signifies the Poisson's ratio. It becomes apparent from this equation that, under a consistent

material composition, stiffness shares a direct proportionality with the elastic modulus.
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Furthermore, the elastic modulus £ can be mathematically represented by Equation (3-2):
a a Lo

E=-= L= 5 (3-2)

In this equation, L corresponds to the length of the base geometry in the direction of the
applied force, d characterizes deformation, and o denotes stress.

This equation clearly illustrates that the elastic modulus maintains a direct relationship with
L, underscoring that the stiffness of a material is intimately linked to its length in the resultant
force direction. Consequently, as the length along the force direction increased, the model’s
stiffness intensified, thereby augmenting its ability to resist deformation. This progression
subsequently led to a reduction in the magnitude of the maximum stress value. Therefore, when
determining the base shape for the rose thorn biomimetic structure, it is imperative to initially

scrutinize its specific force distribution and subsequently judiciously amplify its length along the

force direction.
3.5.2 Influence of Apex Position

Fig. 3-20 to Fig. 3-25 depict the locations and magnitudes of the maximum stress generated
in models 7 to 12 under the load condition (-20N,10N,0N). Firstly, across models 7 to 12, the
positions where the maximum stress values occur were consistently situated at the bottom of the
right side of the models. Notably, model 7 exhibited the smallest maximum stress value at 158.1
MPa. As the tip of the model gradually shifts from left to right, a trend of increasing maximum
stress values was observed in models 8 to 11. In model 11, the maximum stress value peaked at
720.1 MPa. Subsequently, as the apex of the model continues to move rightward, a slight decrease
in the maximum stress value was observed in model 12, with a value of 589.3 MPa.

Model 7: Length / | = 0.236 mm (% a)

Stress distribution

Z (a) (b) ‘- 158.1 Max

Semi-major axis/a: 0.708 mm

Semi-minor axis/b: 0.354 mm
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Load: (-20N,10N,0N)
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Fig. 3-20 Stress distribution of Model 7: (a) original model; (b) 3D view of the stress-strain simulation results.
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Model 8: Length / 1= 0.472 mm (34) Stress distribution
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Fig. 3-21 Stress distribution of Model 8: (a) original model; (b) 3D view of the stress-strain simulation results.

Model 9: Length / | = 0.708 mm (3-2) e diibuton

b

Semi-major axis/a; 0.708 mm 7z (a) ( ) 297.1 Max
Semi-minor axis/b: 0.354 mm E a0
a:2 -
Load: (-20N, 10N.ON) 180
Height/h: 1 mm 120

60

@ “T -

_,P 20 Min
Max: 297.1 MPa
Fig. 3-22 Stress distribution of Model 9: (a) original model; (b) 3D view of the stress-strain simulation results.

Model 10: Length /1 = 0.944 mm (5 )
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Fig. 3-23 Stress distribution of Model 10: (a) original model; (b) 3D view of the stress-strain simulation results.
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Fig. 3-24 Stress distribution of Model 11: (a) original model; (b) 3D view of the stress-strain simulation results.
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Fig. 3-25 Stress distribution of Model 12: (a) original model; (b) 3D view of the stress-strain simulation results.

Based on the simulation results and subsequent analysis, we observed a trend of increasing
maximum stress values when the apex deviates from being directly above the base center. This is
due to the micro-protrusion apex gradually shifting from left to right, increasing structural
asymmetry, and sharpening the angle at the junction between the model’s right side and the base.
However, achieving enhanced joint strength and easy disassembly are essential goals for rose
thorn-inspired protrusions, which require intentionally displacing the tip from the base center. In
model 9, the apex aligns directly above the right endpoint of the base, ensuring more effective
joining with the CFRP while avoiding excessive asymmetry in the model's shape. Consequently,
we selected model 9 parameters as the basis for further analysis, highlighting the importance of
meticulous design in optimizing the side profile of the rose thorn biomimetic protrusion.

3.5.3 Influence of Profile Curves

a) Influence of outer profile
In Section 3.4.4 a), the initial design of the outer contour curve of the micro-protrusion was
carried out, and the resulting stress distribution under equivalent load was depicted in Fig. 3-26.
With this micro-protrusion shape, the maximum stress was found at the base edge, aligning with
model 9, and the value exhibited improvement. This indicated that the changes in the outer contour
shape have resulted in variations in the stress distribution of the rose thorn, emphasizing the
necessity of designing the inner-sides shape.
b) Influence of inner profile
After establishing the fixed outer profile curve of the micro-protrusion, attention turned to the
design of the inner profile curve. As outlined in Section 3.4.4 b), a series of studies were conducted
to assess the impact of distinct vertex positions and Rho values within the context of the conic
curve on the micro protrusions' maximum stress values and positions. The influence of Rho values

and vertex positions of the conic curve on the micro-protrusion primarily manifests in two critical
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aspects: the location and the value of the maximum stress. Regarding the generation location of
the maximum stress, it can typically be categorized into three areas: the base edge of the micro-
protrusion, the apex area, and the vicinity of the conic curve vertex.

Fig. 3-27 illustrates a scenario where the maximum stress was located at the base edge, with
a Rho value of 0.5 and vertex coordinates of the conic curve set at x = 0.3 mm, z = 0.5 mm, position
27 in Fig. 3-11. Compared to Fig. 3-26, it can be observed that the maximum stress value
decreased. This implies that the design of the inner profile can significantly impact stress
distribution. This situation often occurred when the vertex was positioned at a higher location and
closer to the right edge of the micro-protrusion. Under these conditions, a smooth transition zone
occurred at the higher position, while a less noticeable curvature resembled characteristics closer
to a straight line at the base edge. In this case, the maximum stress location resembled the stress
distribution observed in model 9.

(b) Min:15.46 MPa
Stress distribution

3244 Max
E 300

Left profile: Arc line

Length /1= 0.708 mm («)
Semi-major axisfa: 0.708 mm
Semi-minor axis/b: 0.354 mm

a2
Load: (-20N,10N.ON) 150
IHeight/h: 1 mm

155 Min

Max:324.4 MPa
Fig. 3-26 Stress distribution with the designed outer profile curve: (a) original model; (b) 3D view of the stress-
strain simulation results.
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Fig. 3-27 Maximum stress occurred at the base edge: (a) original model; (b) 3D view of the stress-strain
simulation results.
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Fig. 3-28 illustrates a scenario where the maximum stress was observed near the apex. The
associated coordinates of the conic curve's vertex were x = 0.4 mm and z = 0.2 mm, specifically
at position 10 in Fig. 3-11, with a Rho value of 0.1. Based on the analysis in Fig. 3-27, it is
confirmed that when the conic vertex position exceeded 0.5 mm, the maximum stress occurred at
the base edge. However, this does not imply that other vertex positions lower than z = 0.5 mm in
Fig. 3-11 would yield an ideal micro-protrusion. When the x-coordinate of the vertex exceeded 0.3
mm, it led to a reduction in the micro-protrusion's volume, as explained in Fig. 3-9(a)(c)(e).
Notably, as the conic curve's vertex moved upward along the z-axis, approaching the tip of the
model, it further reduced the overall dimensions. Consequently, it caused the maximum stress
value to appear at the tip.

In the final scenario, the maximum stress of the micro-protrusion was located near the conic
curve vertex zone, with a corresponding curve's Rho value of 0.3, as depicted in Fig. 3-29. The
vertex coordinates were set at x = 0.3 mm and z = 0.3 mm, specifically at position 15 in Fig. 3-11.
As the vertex position decreased, the junction area at the right corner of the base exhibited a
smoother characteristic rather than forming a nearly 90° right angle. Consequently, the maximum
stress value of the micro-protrusion began to move upward, approaching the vertical height of the
conic curve's vertex zone.

Based on the analysis above, the selection of the vertex position of the conical curve can be
divided into three Regions according to the location of the stress concentration, and the result is
shown in Fig. 3-30. If the vertex position of the conical curve was chosen in Region 1, the final
stress concentration occurred at the bottom edge of the micro-protrusion. If the vertex position of
the conical curve was selected in Region 2, the corresponding stress concentration happened in the
apex area of the micro-protrusion. If the vertex of the conical curve were chosen in Region 3, the

related stress concentration would occur in the vicinity of the vertex of the conical curve.
Stress distribution

F 309.7 Max
. 248

Vertex: x = 0.4mm; z= 0.2 mm (10) (b) Max: 309.7 MPa (c)

Rho: 0.1 :
Length /1= 0.708 mm (a) E

Semi-major axis/a: 0.708 mm
Semi-minor axis/b: 0.354 mm
a:2

Load: (-20N,10N,0N)
Height/h: 1 mm

|~ 86

124

£
0.9 Min

Fig. 3-28 Maximum stress occurred at the apex zone: (a) original model; (b) 3D view of the stress-strain
simulation results; (c) magnification of the apex zone.
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Vertex: x = 0.3 mm; z= 0.3 mm (15) (b) Stress distribution
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Fig. 3-29 Maximum stress occurred near the conic curve vertex zone: (a) original model; (b) 3D view of the
stress-strain simulation results.
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Fig. 3-30 The relationship between the selection of the conical curve vertex position and the related stress
concentration location of the micro-protrusion, refer to Fig. 3-11.

3.6 Proposed Micro-Protrusion Shape for Metals-CFRP Easy Disassembly Joining

Considering the need to implement micro-protrusion fabrication on the metal substrate
surface in the ongoing research, it is essential to avert stress concentration at the base of the micro-
protrusion. This stress concentration could result in weak connections between the micro-
protrusions and the metal surface, potentially leading to the failure of the metal and CFRP bonding
[145, 146]. Furthermore, the diminutive geometry of the micro-protrusion’s apex requires
deliberate precaution. The apex's limited volume and load-bearing capacity necessitates a
concerted effort to preclude stress concentration in this domain. This preemptive measure is
essential to maintain the micro-protrusion's structural integrity and functional efficacy. Thus, the
imperative lies in avoiding and reducing stress accumulation in the base edge and tip near the zone
to mitigate structural vulnerabilities. Therefore, Optimal positioning of the vertex for the conical

curve in the inner profile design is recommended within Region 3, as illustrated in Fig. 3-30.
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Fig. 3-31 The maximum stress values under different vertex positions and Rho values.

In Region 3 of Fig. 3-30, stress concentration can be prevented from occurring at both the
base edge and the apex zone. However, different values of Rho and corresponding apex positions
result in varying maximum stress values. Fig. 3-31 displays the outcomes of the maximum stress
values for different vertex positions and Rho values. It is evident that, across all apex positions,
the model with Rho = 0.1 consistently exhibits the smallest maximum stress values, while the
model with Rho = 0.5 consistently yields the most significant maximum stress values. Calculating
the standard deviation of these maximum stress values for the three Rho values, it can be found
that when Rho = 0.1, the standard deviation of the maximum stress values was 4.3; when Rho =
0.31, it was 10.4; and when Rho = 0.5, it was 19. This indicates that the model with Rho = 0.1
produces relatively uniform maximum stress values.

This section explores the impact of Rho values and the positions of conic curve vertices on
both the maximum stress value and micro-protrusions' location. The analysis of various
combinations of Rho values and conic curve vertex positions showed that placing the conical curve
vertex in Region 3 effectively avoids stress concentration at the base edge and the apex zone,
thereby mitigating the fracture risk. Specifically, when the Rho value is set to 0.1, the smooth
contour profile on the left side of the micro-protrusion promotes load dispersion, further reducing
stress concentration at the base edge and the apex zone and mitigating the risk of fracture.

3.7 Conclusions

This chapter draws inspiration from the structural characteristics and functionalities of rose
thorns in nature. This research applies the rose thorn biomimetic micro-protrusions to the metal
surface and explores its utility and shape design in joining metals with CFRP. Key findings of this
study include:
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1. successfully establishing a geometrical model for the biomimetic micro-projections
inspired by rose thorns. Precise control of the micro-protrusion shape can be achieved
through the raised parameters, offering a novel design approach for connecting metals with
CFRP.

2. The bottom shape of the micro-protrusions directly influences the distribution of maximum
stress values. When designing the bottom surface shape, considering the structural
operating environment and elongating the bottom surface length to increase structural
rigidity are essential strategies to reduce stress concentration.

3. Shifting the micro-protrusion apex position can increase the maximum stress values.
However, controlled vertex displacement can be employed to facilitate disassembly and
optimize the side contour to minimize stress concentration.

4. The position of the vertex of the conic curve and the Rho value affect the shape of the inner
profile of the micro-protrusion. Conical curve vertex position can influence the stress
concentration in the happened area. Meanwhile, smaller Rho values, such as 0.1, promote
smoother contours, dispersing loads and reducing stress concentration. Conversely, larger
Rho values, like 0.5, lead to sharper contours, potentially increasing stress concentration
and compromising structural stability.

5. Analysis of stress distribution under load conditions for the biomimetic micro-protrusion
revealed that appropriate micro-protrusion shape design significantly reduces maximum
stress values and optimizes their locations, ultimately enhancing connection strength and
reliability.

Simultaneously, this study has certain limitations. For instance, the consideration of the
service environment for rose thorns does not encompass all possible scenarios. Additionally, the
applicability of the final structure requires further validation through feedback from subsequent
manufacturing and joining processes.
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Chapter 4: Manufacture of Rose Thorn Biomimetic Micro-Protrusions via
Fused Deposition Modeling Method

In this chapter, we delved into the practical realization of the rose thorn-inspired micro-
protrusions that were determined in Chapter 3. The cutting-edge technique of Fused Deposition
Modeling (FDM) is employed to manufacture the structures on the SPCC surface. The
manufacturing process unfolds across various stages, encompassing modeling, debinding, and
sintering at different temperatures and times. Through the lens of FDM, this chapter not only
realizes the complex bio-inspired structures’ manufacturing but also provides insights into the

intricate processes essential for post-heat treatment of the resulting products.

4.1 Introduction

This chapter extensively investigated multiple critical aspects of rose-thorn-inspired micro-
protrusions manufacturing processes through the FDM method. The FDM process commences
with the polymer melting in the printing nozzle at a temperature slightly above its melting point,
typically around 230 °C, followed by precise layer-by-layer deposition onto the printer hotbed
under computer control. The deposited layers seamlessly fuse with the underlying ones, resulting
in a cohesive structure. This initial 3D-printed model, commonly called the “green part”, does not
represent the final state of the metal components. This is attributed to the presence of a polymer
matrix containing metal components within the green part. Furthermore, the green part fails to
meet the performance requirements to fully realize metal products. To achieve authentic metal
components, it is imperative to undergo the subsequent steps, namely debinding and sintering.
These essential processes play a pivotal role in removing the binder components and enhancing
the material's performance characteristics to meet the stringent demands of metal applications. A
comprehensive illustration of the entire FDM processes and the responding microstructure
composition can be found in Fig. 4-1.

In this chapter, we first experimented with the influencing factors during the modeling process
to comprehensively understand their potential impact on product performance, such as forming
accuracy and macro defects. Subsequently, our focus shifted to studying the variation of post-heat
temperatures and holding time during the sintering process to explore their effects on the final

metal.
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Fig. 4-1 Schematic diagram of the FDM processes.

This involves a systematic investigation of the microstructure and mechanical properties
during the sintering process to unveil the product properties under different process conditions.
Through this series of studies, we successfully fabricated rose thorn biomimetic structures on the
metal surface, laying the foundation for future development in the easy disassembly joining

between metals and CFRP.

4.2 Experimental Material and Equipment
4.2.1 Materials

The ultrafuse 316L filament, as shown in Fig. 4-2, an innovative metal-polymer composite
feedstock filament developed by BASF company, Japan, redefines the landscape of additive
manufacturing within the realm of FDM 3D printers, specifically to produce rose thorn-shaped
protrusions in this research. This filament possesses outstanding 316L stainless steel particles with
weight content surpassing 80%, and this filament demonstrates compatibility with 1.75 mm
diameter open-source FDM printers [147]. The polymer blend, incorporating polyformaldehyde
and additives such as polypropylene, enhances fluidity and thermo-stability [147]. Noteworthy is
the filament's melt flow rate of 23.56 g per 10 mins at 230 °C, ensuring a seamless printing process
[148]. The distinctive attributes of this filament have positioned it as a focal point in ongoing

research endeavors, particularly in the context of low-cost additive manufacturing equipment.
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Fig. 4-2 Ultrafuse 316L filament: (a) filament scroll; (b) filament cross section and diameter; (c) filament
microstructure; (d) elements composition.

4.2.2 FDM Equipment

In this study, we utilized Adventure 3 series FDM equipment provided by APPLE TRESS
company, Japan, for the 3D printing process, as shown in Fig. 4-3. This cutting-edge equipment
offers precise control over the additive manufacturing process, ensuring the high-quality
fabrication of complex rose thorn-shaped structures. To translate our design concepts into tangible
models, we relied on FLASHFORGE software for the slicing and printing of the rose thorn models.
FLASHFORGE’s intuitive interface and robust features facilitated the seamless translation of
digital designs into physical prototypes, enabling us to explore the intricate details of our

envisioned structures with ease and precision.

67



4.2.3 Furnace

A crucial step in the thermal processing of FDM printed products involves the use of a high-
performance furnace. Specifically, the FT-101M lab furnace from Full-Tech, Japan, was employed
for thermal debinding and sintering processes. Operating within a controlled Nitrogen atmosphere
with 2 L / min throughout the entire process, the furnace enables oxidation prevention and precise

thermal treatments to enhance the quality of the final metal part.
4.2.4 Scanning Electron Microscope (SEM)

The SEM instrument was extensively utilized in experiments to observe the microstructure
of object surfaces and microstructures. During the FDM process, SEM provided high-resolution
images, revealing the deposition status of the filament at different stages. This aided in

understanding the hierarchical structure, surface roughness, and potential defects.

4.3 Modeling Phase
4.3.1 Preliminary Modeling Results

During the FDM process, the modeling stage is a critical step, where various factors come
into play, directly influencing the quality and performance of the final part. In this section,
meticulous attention was dedicated to the Green Parts fabrication, and precision and macroscopic
defects are considered two fundamental criteria and the most intuitive standards for evaluating the
products produced in this process. The following parameters in Table 4-1 were printed preliminary
to explore the potentiality of the printing process. The results are presented in Fig. 4-4, which were
printed under the conditions of ambient platform temperature and a layer thickness of 100
micrometers. It is evident that when the model's height was 1 mm, the forming results were entirely
unsuccessful, similarly observed at a height of 2 mm. Subsequently, the model was uniformly
scaled to three times its original dimensions. With the continuous amplification, the forming
process of the model exhibits notable improvements, particularly in the waist region. However,
due to the smaller dimensions at the top of the micro-protrusion, the forming remained suboptimal
in smaller sections. Following this, when the model was uniformly scaled four times,
corresponding to a height of 4 mm, a significant enhancement in the forming of the top section of
the micro-protrusion was observed, although the result was not yet optimal. Upon reaching a
scaling factor of 5, the forming result entirely replicated the geometric shape of the designed model,

as shown in Fig. 4-4(b).

68



Table 4-1 Printing parameters used in FDM.

Printing parameters Values
Filament material Ultrafuse SUS 316L
Nozzle diameter 400 pm
Nozzle temperature 230 °C
Platform temperature Room temperature
Layer thickness 100 um
Printing speed 40 mm/s
Infill density 100%
(a) Height:
Ilmm 2mm 3 mm 4 mm

ey

ey : : - T ol
Fig. 4-4 Modeling results of the Green Part with room temperature platform and 100 um layer thickness: (a)
forming results with different scale under optical camera; (b) vertical section of the protrusion with 5 mm height;
(c) layers’ boundary; (d) porosity defects.

This indicates that smaller-sized sections experienced a more substantial impact, and with the
increase in scale, the shape's performance gradually stabilized. The findings highlight the critical
role of dimension adjustments in FDM modeling, particularly in achieving high precision and
mitigating macroscopic defects. However, it is important to highlight that a structure with a height
of 5 mm deviated significantly from the designed model scale in Chapter 3. Therefore,
corresponding optimization should be undertaken to enhance precision and minimize structural
scale.

In addition to the macroscopic forming precision, another prominent defect observed in
structures printed under ambient room temperature conditions on the platform was interlayer

delamination, as illustrated in Fig. 4-4(b). Interlayer delamination can weaken the product's
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structural integrity, thereby affecting its mechanical properties and the joint performance in the
subsequent joining process. Notably, all these products were printed with the platform temperature
set at room temperature, while the corresponding nozzle temperature was maintained at 230
degrees Celsius. The substantial temperature gradient resulted in inadequate adhesion between
adjacent layers, leading to the occurrence of delamination. The improvement of this phenomenon
will be discussed in the following section.

Observation of the microscopic structure in the cross-section of the obtained products reveals
another defect: the presence of pores within the material matrix. These pores are commonly
distributed in two primary regions: at the interfaces between adjacent layers and within the internal
of each layer. Notably, the size of the pores tends to be larger at interlayer positions. The formation
of these pores is primarily attributed to excessive temperature gradients, resulting in uneven flow
of melted binder, lower adhesion between layers, and rapid cooling rates, consequently leading to
the formation of bubbles. These defects adversely affect the performance and diminish the

product's mechanical properties.
4.3.2 Optimized Modeling Results

Building upon the analysis in the previous section, this section adopted optimized parameters
for the 3D printing of the micro-protrusions. In particular, we increased the platform temperature
from the ambient environment to 100 degrees to reduce the temperature gradient and raised the
layer thickness from 100 pm to 120 pm. Fig. 4-5 is the modeling results obtained under optimized
printing parameters. The print results are depicted in Fig. 4-5(a). Currently, in the printing process,
we attempted for the first time to print four rose thorn structures on the 15mm x 15mm area. These
four rose thorn structures were arranged in two rows and two columns, ensuring the presence of
the structures in both the x and y directions on the same plane.

Similar to the previous modeling experiments, the initial attempt to model a micro-protrusion
with 1 mm height yielded an unsatisfactory result. It was confirmed again that the minute size was
a crucial factor leading to the complete failure of the modeling process. Then, a double-scale model
was adopted. The forming result indicated that it improved compared to the printing result of the
previous model, which was the same size. This modification improved the modeling effect in the
bottom region, but challenges in achieving shape satisfaction persisted in the tip area, as shown in
Fig. 4-5(b). Subsequently, satisfactory modeling can almost be obtained by further enlarging the

model to 2.5 times its original size. The base section presented a well-forming result, while the tip
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section was still dissatisfactory. The cross-section morphology of the 2.5-scaled structure is
presented in Fig. 4-5(c). Scaling the model to three times its initial size also demonstrated
successful manufacturing, as shown in Fig. 4-5(d). To achieve the smallest possible model size
while ensuring its form accuracy, the model size of 3 mm was ultimately chosen for subsequent
debinding and sintering experiments.

Fig. 4-6 presents the obtained microstructure of the Green Part obtained with new printing
parameters. Compared to Fig. 4-4(d), no porosity was observed within the product's interior. Under
this set of printing parameters, the microstructure of the Green Part distinctly reveals the
distribution of the binder and metal particles. Additionally, an increased binder between layers
leads to observable boundaries between layers at the macroscopic level. The experimental results
above demonstrate that reducing the temperature gradient between the printing platform and the
printing material can effectively control inter-layer delamination defects and the occurrence of
pores within the internal micro-structure of the Green Part. Additionally, increasing the thickness
of the printing layers appropriately contributes to improving the forming accuracy of the final

product.

(a) Height:

I mm I mm Ry | mm
Fig. 4-5 Modeling results of green part with 100°C platform and 120 um layer thickness: (a) modeling results
with different scale under optical camera; (b) vertical section of the 2 mm protrusion; (c) vertical section of the
2.5 mm protrusion; (d) vertical section of the 3 mm protrusion.
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Fig. 4-6 Microstructures of the green part under new printing parameters.

4.4 Debinding Phase

Debinding is an indispensable stage in the post-modeling phase, particularly crucial for metal
parts fabrication through the FDM process. It serves as an essential step wherein the polymeric
matrix is meticulously removed from the green parts and retains the well-bonded 316L particles
[149]. The significance of debinding extends beyond mere binder material removal. It stands as a
pivotal factor influencing the final microstructure and properties of the sintered components [150].
The intricate interplay between debinding and sintering is instrumental in achieving the desired
material characteristics, ensuring the printed components attain the required strength, density, and
overall performance [151]. Thus, debinding stands as a critical and transformative stage, playing
a key role in shaping the quality and properties of the final metal components manufactured
through the FDM process [152].

According to the previous research results from other researchers, the debinding process is
mainly influenced by the gas flow rate, where an insufficient rate impedes binder evaporation,
leading to the retention of binders in brown parts [153]. This phenomenon can give rise to issues
such as cracks, blistering, bloating, and internal voids during subsequent sintering [147]. In this
experiment, we selected a debinding temperature of 300 degrees Celsius, a holding time of 90
minutes, and heating and cooling rates of 5 degrees per minute, as illustrated in Fig. 4-7, aiming
to achieve an optimal debinding effect on the green parts [154]. The temperature of 300 degrees is
effective in decomposing the polymer matrix. A holding time of 90 mins ensures efficient
decomposition and removal of the polymer matrix, while heating and cooling rates help balance
the impact of temperature changes on the structure and material, minimizing the occurrence of

residual pores during the debinding process.
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Fig. 4-8 Debinding results: (a) vertical section under the optical microscope; (b) microstructure of region b in
Fig. 4-8(a); (c) magnification microstructure of region ¢ in Fig. 4-8(b).

The microstructure of the debinded part serves as a tangible testament to the profound impact
of debinding. The cross-section microstructure of the product is presented in Fig. 4-8. Fig. 4-8(a)
illustrates the vertical section of the debinded product, which exhibits no significant difference in
geometrical shape compared to Fig. 4-5(c). Fig. 4-8(b) presents the microstructure of region b in
Fig. 4-8(a), and a more pronounced trace at the layers’ boundary was observed. Additionally, there
is a significant increase in the density of metal particles in interlayers, as shown in Fig. 4-8(c).
Furthermore, some small pores were present in the microstructure at this stage, resulting inevitably
from the melting and decomposition process of the matrix resin. By reducing the heating and
cooling rates, the quantity and size of these pores at this stage can be effectively suppressed,

although their occurrence cannot be entirely avoided.

4.5 Sintering Phase

Sintering, the final phase in the FDM process, is crucial in consolidating loose particles into
a dense and cohesive body through controlled thermal treatment [186]. During sintering, the

aggregation of powder particles forms cohesive bonds while undergoing pore shrinkage [187].
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Among the various influential factors during the sintering process, the sintering temperature stands
out as pivotal. It is noteworthy that many scholars in the field typically opt for sintering
temperatures exceeding 1300 degrees Celsius, approaching the melting point of the metal [155,
156]. This process demands stringent requirements for the thermal treatment equipment. In our
experimental setup, we deliberately employed comparatively lower temperatures to explore the
effects, specifically at 500 °C, 800 °C, and 1000 °C. Similarly, diverse durations of dwell time
were also examined, including 90 mins, 180 mins, and 600 mins.

Additionally, influence factors, such as heating and cooling rates, in the sintering atmosphere
are acknowledged to influence the sintering outcome. However, in alignment with prevailing
research, our other experimental parameters were chosen to maintain consistency with established
results [148, 157]. Ultimately, the microstructural characteristics of the produced structure under

varying parameters were analyzed, and the effects of different parameters were summarized.
4.5.1 500 degrees Celsius

During the sintering process, the temperature is initially maintained at 500 °C, designated as
the starting stage of the sintering process. The temperature profile of the heat treatment process is
illustrated in Fig. 4-9. Before sintering, the debinding process was reiterated to remove the binder
from the Green Parts. Subsequently, the sintering process was carried out with a heating rate of 5
degrees per minute until reaching the maximum temperature of 500 C, held for 90 minutes, and
then cooled to room temperature at a rate of 5 degrees per minute. The entire heat treatment process
was conducted in the same furnace, with precautions taken to maintain the continuity by avoiding
opening the furnace door during the sintering.

Fig. 4-10 presents the internal microstructure of the parts obtained under sintering conditions
of 500 °C for 90 mins. Fig. 4-10(a) displays the product's vertical section, which resembles the
morphology of the Green Part in Fig. 4-5. Fig. 4-10 (b) showcases the internal microstructure of
the product obtained under these experimental conditions, with yellow lines representing the layers’
boundaries. This figure shows a significant presence of numerous holes, contrasting sharply with
the morphology of the Green Part and the product after debinding. The holes depicted in Fig. 4-10
(b) extend not only to the surface but also into the product's internal structure. Moreover, these
holes exhibit distinct regional concentrations, primarily concentrated at the boundaries between

layers.
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Fig. 4-9 Temperature profile of sintering under 500 °C, 90 mins.

Additionally, Fig. 4-10 (b) reveals a collapsing phenomenon where the entire region is notably
lower than the surrounding area. This also indicates the thorough removal of organic matter from
the product in this environment, resulting in a volumetric loss in that region. Another phenomenon
observed is that after sintering at 500 °C for 90 minutes, the boundaries between layers are no
longer very distinct. This suggests that in this sintering environment, metal particles undergo
deposition, reducing gaps between metal particles and increasing density, as demonstrated in Fig.
4-10(c) and 4-10(d). Furthermore, it is noteworthy that despite the significant defects present in
the products obtained under these sintering parameters, relatively ideal results can still be observed
in the cross-section, as shown in Fig. 4-10(d), where the microstructure indicates the absence of
pore occurrence between layers. However, organic matter still existed between metal particles,
indicating that the final product obtained under these deposition parameters is not ideal.

In addition to addressing microstructural intricacies and managing porosity during the
sintering process, ensuring optimal mechanical performance of the final sintered parts is
paramount. The controlled removal of binders and subsequent sintering steps significantly
influence the components' mechanical properties. Typically, a sintering temperature of 500°C is
not sufficient to achieve complete melting and bonding of metal particles. Consequently, inter-
particle bonding is insufficient to provide adequate structural support. Under slight force
application, structural disintegration of the product occurred, with the product easily crumbling

into powder upon gentle pressure, indicative of its brittleness, as illustrated in Fig. 4-11.
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Fig. 4-10 Sintering results under 500 °C, 90 mins:

(a) vertical séction ﬁnder optical microscope; (b)
microstructure of region b in Fig. 4-10(a); (c) magnification microstructure of region ¢ in Fig. 4-10(b); (d)
magnification microstructure of region d in Fig. 4-10(b).

Fig. 4-11 Brittle phenomenon obsérved after sintering under 500 °C, 90 mins: (a) the product just removed from
the furnace; (b) slight crushing of the powder with the fingertip.

Higher sintering temperatures are often necessary to ensure thorough bonding of metal
particles, enhancing mechanical strength in the final product and providing superior mechanical
performance. This necessitates a meticulous balance between sintering temperature and duration
to achieve optimal densification and mechanical integrity while mitigating the risk of over
sintering-induced defects. Such optimization endeavors are crucial for fabricating components that
meet stringent mechanical specifications and withstand operational stresses within demanding

applications.
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4.5.2 800 Degrees Celsius

Based on the sintering results at 500 °C, we further elevated the temperature to 800 °C and
extended the holding time to 180 minutes. It is noteworthy that the heating and cooling rates
remained unchanged. The adjusted temperature curve is depicted in Fig. 4-12.

The microstructural analysis was conducted under the conditions of 800 °C and 180 minutes
of holding time. As depicted in Fig. 4-13(a), observations between deposition layers reveal the
persistence of hole defects. These defects were concentrated predominantly at the boundaries
between layers, consistent with previous findings. Moreover, their aggregation appeared more
pronounced compared to the conditions illustrated in Fig. 4-10(b). Notably, the size of these holes
slightly exceeds those observed at 500 °C. Furthermore, the internal organization displays a
noticeable increase in the density of metal particles, as evidenced in Fig. 4-13(b) and (c).
Noteworthy is the occurrence of localized fusion phenomena at the boundaries between metal
particles, like in Fig. 4-13(c). This observation suggests a more pronounced sintering phenomenon

under the specified sintering condition, indicative of enhanced metal particle coalescence.
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The aforementioned results suggest that raising the sintering temperature to 800 °C and
extending the holding time to 180 minutes significantly affect the sintering process. Firstly,
elevating the sintering temperature to 800 °C resulted in more thorough particle deposition and
surface diffusion, thereby enhancing the interaction between metal particles. This is expected to
increase the density and mechanical properties of the sintered body and further optimize its
microstructure. Simultaneously, extending the holding time to 180 minutes provides more ample
time for the sintering process, ensuring uniform heating and reaction of the material, thereby
further enhancing the density and performance of the sintered body. To further eliminate hole
defects while maintaining the sintering temperature at 800 °C, the sintering time was extended to

10 hours. The temperature curve at this point is shown in Fig. 4-14.
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Fig. 4-15 Sintering results under 800 °C 600 mins holdlng time: (a) microstructure of the vertical section; (b)
magnification microstructure of region b in Fig. 4-15(a).

Fig. 4-15 presents the microstructure obtained after extending the deposition time to 10 hours
under sintering conditions at 800°C. Upon observing the results in the figure, a noticeable trend of
significant reduction in pore size and quantity is evident. This indicates that extending the
deposition time effectively reduces the occurrence of pores during the FDM process. However, it
is noteworthy that microscopic observation reveals the presence of some bonding between the
boundaries; however, due to limitations in sintering temperature and time, this bonding was not
complete, resulting in minor gaps and incomplete fusion at the boundaries, as shown in Fig. 4-15
(b).

The aforementioned phenomena illustrate that during the sintering process, the diffusion
process between metal particles was more fully developed with the extension of deposition time,
which is conducive to reducing interparticle voids and pore formation. However, although
extending the deposition time can significantly reduce the porosity, achieving complete fusion of
metal particles requires further process optimization and control.

In addition, we performed binarization processing on the microscopic morphology of the
products obtained under different parameters using Imagel software and conducted a detailed
analysis of the volume fraction of metal particles and binder in the images. As shown in Fig. 4-16,
the volume fraction of metal particles shows a gradual increase trend with the progress of post-
heat treatment. When the sintering temperature reaches 800 °C and lasts for 10 hours, the volume
fraction of metal particles reaches the highest value of 94.7%. This trend suggests that post-
processing significantly enhances the proportion of metal particles, providing an important

reference for the ultimate performance of the material.
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Fig. 4-17 The binding result between the printed part and the metal substrate.

Under the current heat treatment conditions, poor connecting between the printed micro-
protrusions and the metal surface, as depicted in Fig. 4-17, has been noted. The primary cause is
attributed to insufficient metallurgical bonding due to inadequate diffusion, resulting in substantial
gaps between the printed product and the metal substrate. Such poor connection adversely affects
the performance of joints when joining with CFRP. This inadequate bonding arose from the failure

to achieve sufficient inter-metallic diffusion during the heat treatment process.

4.5.3 1000 Degrees Celsius

To address the issues encountered at 800 °C, this study further elevated the sintering
temperature to 1000 °C and employed insulation times of 180 and 600 minutes, respectively. This
adjustment aimed to enhance the sintering process by elevating the sintering temperature and
extending the holding time, thereby improving the density and structural stability of the parts. The
time-temperature curves, as depicted in Fig. 4-18 and 4-19, illustrate the heat treatment process of

the material under different conditions.
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Fig. 4-19 Temperature profile of sintering under 1000°C, 600 mins.

Fig. 4-20 Sintering results under 1000 °C, 180 mins, and 600 mins holding time: (a) microstructure of the
vertical section under 1000 °C and 180 mins; (b) magnification microstructure of region b in Fig. 3-20(a); (c)

microstructure of the vertical section under 1000 °C and 600 mins; (d) magnification microstructure of region d
in Fig. 4-20(c).
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Fig. 4-20 illustrates the product's microstructure obtained under 1000°C sintering with the
holding time of 3 hours and 10 hours, respectively. By comparing Fig. 4-20 (a) and 4-20 (c),
significant pore size and quantity differences are observed under the same sintering temperature
but different holding times. Pores are larger with a 3-hour holding period while slightly smaller
with a 10-hour holding period. Furthermore, compared to Fig. 4-13, there is a gradual decrease in
pore size and quantity in Fig. 4-20. Additionally, when the sintering time is 3 hours, the fusion
between metal particles was insufficient, as evidenced by the relatively separated metal particles
observed in Fig. 4-20 (b). Conversely, with a sintering time of 10 hours, the fusion between metal
particles becomes more pronounced. The overall structure exhibits uniformity, as depicted in Fig.
4-20 (d). This indicates that with prolonged sintering time, the degree of bonding between metal
particles increases, reducing pore size and quantity and creating a denser and more uniform
microstructure.

The influence of sintering time and temperature in the FDM process is considered to be two
primary factors during the solidification process. With an increase in solidification time, the degree
of bonding between raw materials strengthens, increasing product density, which suppresses pore
formation, resulting in relatively smaller pore size and quantity. On the other hand, the elevation
of solidification temperature promotes the movement and diffusion of raw material molecules,
facilitating the reduction of pore size and quantity. Additionally, it aids in the fusion between metal
particles, enhancing the final product's mechanical properties. However, it is worth noting that
small pores persist even with a sintering temperature of 1000°C and an insulation time of 10 hours

adopted in this study. This phenomenon remains unresolved in the current study.

4.6 The Final Micro-protrusion

After conducting the aforementioned experiments and analyzing the observed phenomena,
we opted to subject all micro-protrusions to sintering post-processing, with a sintering temperature
of 1000 degrees Celsius and a holding time of 10 hours. The final appearance of the micro-
protrusions is depicted in Fig. 4-21. Given that the printed model was three times the original
model's size, the micro-protrusions' dimensions in the longitudinal and transverse directions were
initially 4.248 millimeters and 2.124 millimeters, respectively. Following sintering, the dimensions
of the micro-protrusions in the longitudinal and transverse directions were measured at 3.37
millimeters and 1.72 millimeters, respectively. This indicates a horizontal shrinkage of

approximately 21% during sintering.
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Fig. 4-21 Final product otalned under 1000°C, 10 h sintering condition: (a) from top view; (b) magnification of
the region b in Fig. 4-21(a).

At the apex of the micro-protrusions, the final morphology is not entirely sharp, with the
maximum dimension of the topmost deposited layer being approximately 550 um. Additionally,
the accuracy of the top few layers of the micro-protrusions' formation is relatively low, with a
noticeable "step-like" transition between layers, with these "steps" measuring up to approximately
400 um. As one moves towards the middle and lower sections of the structure, the size of the

"steps" slightly decreases, although the stratification between layers remains clearly visible.

4.7 Conclusions

Based on the rose thorn biomimetic-shaped structure identified in Chapter 3, this chapter
employed the FDM method to print it and investigated three stages of the entire FDM process. The
following conclusions were drawn:

1. During the modeling stage, the platform temperature emerged as a critical influencing
factor. Excessive temperature gradients led to phenomena such as interlayer separation and
the formation of numerous small pores within the internal structure. This may be attributed
to uneven material curing and stress accumulation induced by temperature gradients,
resulting in diminished product quality.

2. Sintering phenomena began to occur at 500 degrees Celsius, although this sintering
temperature alone did not yield satisfactory mechanical properties in the final product. The
poor mechanical performance of the final product was attributed to incomplete removal of
the debinding agent and the absence of effective metal fusion between metal particles. This
insufficiency in sintering temperature likely hindered the bonding and fusion between
metal particles.

3. Throughout the sintering process, the emergence of small pores posed a significant defect

issue. Elevating the temperature to 1000 degrees Celsius and holding it for 10 hours
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effectively reduced the size and quantity of these small pores. However, under these
conditions, the complete elimination of small pores remained elusive. This may be due to
the release of volatile substances from the material during the sintering process and

structural adjustments, necessitating further research to address this issue.
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Chapter 5 Joint Mechanical Properties and Disassembly Process Evaluation
Based on FDM-Manufactured Biomimetic Micro-Protrusions

5.1 Introduction

In the preceding chapters, comprehensive investigations explored the feasibility of achieving
easy disassembly joints between metal and CFRP materials. Specific rose thorn biomimetic micro-
protrusions were developed through systematic analyses and design to facilitate this objective. In
particular, Chapter 4 utilized FDM technology to fabricate rose thorn biomimetic micro-
protrusions on the surface of SPCC substrates. These micro-protrusions aimed to facilitate the easy
disassembly joining between the structured SPCC and CFRP. Building upon the insights gained
from earlier experimental studies, the 5th chapter delves deeper into the characterization and
evaluation of surface-structured SPCC and CFRP joints. This includes a detailed examination of
the morphology of the joint interfaces, mechanical performance, and the disassembly process post-
joining. By elucidating the intricacies of these surface-structured joints, this study seeks to provide
valuable insights into the metal-CFRP joining for applications requiring ease of assembly and

disassembly.

5.2 Experimental Procedures
5.2.1 Materials

a) Chopped CFRP

The CFRP material is adopted the same as in Fig. 2-1. Although chopped CFRP sheets exhibit
good formability in practical applications, they have noticeable deficiencies in mechanical
performance. This is primarily due to the fabrication process of this material. As a composite,
chopped CFRP sheets are produced by cutting carbon fibers into shorter lengths and combining
them with a PA6 intermediate layer. However, unlike continuous fibers, this bonding method does
not provide the same strength and load-bearing capacity. Additionally, since the carbon fibers in
chopped CFRP sheets are in short-fiber form, their dispersion and interlayer bonding in the
composite are relatively poor, resulting in weaker connections between the fibers, affecting overall
tensile strength and toughness. Consequently, when tensile stress is applied in the planar direction,
the PA6 intermediate layer becomes the primary load-bearing component.

To improve the mechanical performance of chopped CFRP sheets, this study proposes

enhancing the structural strength of this material through epoxy resin coating on its surface. This
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surface treatment is expected to strengthen the bond between the carbon fibers and the matrix,
thereby improving overall mechanical properties, including tensile strength, impact resistance, and
fatigue life.

b) Epoxy resin

Epoxy resin is a versatile and widely used material in various industries, including aerospace,
automotive, marine, and construction, due to its exceptional properties and ease of use [89, 158].
One of its notable applications is in the enhancement and protection of chopped CFRP sheet
surfaces [159]. Using epoxy resin on chopped CFRP surfaces yields many advantages, including
enhanced aesthetic appeal, high transparency, and a smoother surface texture. Importantly, epoxy
resin contributes to the enhancement of mechanical properties of the chopped CFRP sheet, such as
strength, stiffness, fatigue resistance, impact resistance, and surface wear resistance [160].

In terms of handling characteristics, the epoxy resin offers a pot life of approximately 28
minutes, allowing sufficient time for application and manipulation before it begins to cure. Once
applied, the resin fully cures within about 16 hours at a temperature of 25°C, forming a durable
and resilient bond with the chopped CFRP substrate.

¢) Epoxy resin infused chopped CFRP

A manual coating method was employed in this experiment to enhance the mechanical
properties of the chopped CFRP sheet, utilizing epoxy resin to treat the surface of the chopped
CFRP. Firstly, the chopped CFRP was cut into the required dimensions and placed on a suitable
working platform. Ensuring surface cleanliness and dryness to facilitate effective epoxy resin
penetration and curing. Subsequently, epoxy resin was mixed in a 2:1 ratio and evenly applied to
the surface of the chopped CFRP sheet using a brush. During the coating process, it was ensured
that the resin penetrated sufficiently between the fibers to enhance bonding strength. Then, a
compaction tool was used to compact the coated samples to ensure uniform resin distribution and
effective fiber bonding. Finally, the samples were cured in an environment at 25°C. It is worth
noting that during the manual coating process, one end of the chopped CFRP sheet was preserved
for the area where the joint with the metal would be formed. As this area was not hardened by
resin, the tip of the rose thorn on the metal surface facilitated piercing through the entire carbon

fiber, forming the joint. Schematic and actual images of the entire process are shown in Fig. 5-1.
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Fig. 5-1 Epoxy resin-infused processes: (a) pour liquid epoxy resin on chopped CFRP; (b) partially cured
chopped CFRP.

5.2.2 Joining Methods

The metal part is manually integrated into the CFRP during the forming process, using the
interlocking technique of the carbon fibers with the metal anchors. The CFRP component of the
joint is manufactured by utilizing a manual process of applying epoxy resin to a dry twill carbon
fiber weave.

After obtaining the chopped CFRP sheet infused with epoxy resin is connected to an SPCC
plate with micro-protrusions. Prior to the connection, the cleanliness of the SPCC plate surface is
ensured, and alignment between the reserved connection area of the chopped CFRP sheet infused
with epoxy resin and the structured area on the SPCC surface is confirmed to ensure connection
accuracy. During the connection process, the tips of the micro-protrusions are first inserted into
the gaps between the carbon fibers at an appropriate angle, and external force is then applied to
compress the CFRP onto the metal plate. The micro-protrusions gradually penetrate the carbon
fiber sheet throughout this process, ultimately achieving the connection effect. The entire process
is illustrated in Fig. 5-2. Following the completion of the connection, the same resin is applied to
the connection area to ensure uniformity of the entire carbon fiber sheet. Subsequently, after the
resin has solidified and formed the final connection joint, it is ensured during the connection
process that the tips of the micro-protrusions are effectively inserted into the carbon fiber sheet,

and an adequate amount of resin is applied to ensure the strength and durability of the joining.

Joining
process
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Fig. 5-2 Schematic diagram of the joining processes: (c) joining process; (d) pour liquid epoxy resin on the
joining area; (e) finished joint.

5.2.3 Disassembly Method

A simplified disassembly process helps improve the maintenance efficiency and reusability
of the joints. On the other hand, in studying the damage to materials after disassembly, we will
focus on the impact of the disassembly process on metal and carbon fiber sheets. Particularly,
attention will be paid to whether the disassembly process causes material damage, deformation, or
other forms of damage, thus affecting the material's reusability or continued use.

The CFRP-SPCC joints based on FDM-manufactured micro-protrusions on the metal surface
exhibit certain challenges and characteristics during disassembly. The disassembly strategy has
been elaborated in detail in the previous section, 3.3.2, and Fig. 5-3 can be used to illustrate the
disassembly steps. According to the design, the outer profile of the micro-protrusion was designed
to be arc-shaped, aiming to facilitate the disassembly process. The disassembly process starts from
the left side of the joint. Initially, the metal plate was fixed on the platform, and then one side of
the carbon fiber was gripped with pliers to separate the carbon fiber plate from the metal in a

tearing manner. The disassembly process can be divided into the following three steps.

Adhesive
&~ bonding

y=—

Metallurgical  ~ SPCC |
bonding
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broken ‘ ~ SPCC (fix on the workplace)
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Fig. 5-3 Schematic diagram of disassembly processes: (a) initial joint stage; (b) tear direction diagram; (c) tear
process.

5.3 Joint Morphology Analysis Based on FDM-Manufactured Micro-Protrusions

In this section, the analysis is first conducted on the joint between CFRP and SPCC, which
fabricated the rose thorn biomimetic micro-protrusions on its surface using the FDM method. Fig.
5-4 illustrates the morphology of the joints at various locations under an optical microscope.
Specifically, Fig. 5-4(a) depicts a schematic diagram of the joint at different positions. In the joint
prepared by this joining method, the morphology of the upper surface and the location of the left
side significantly influence the joint's performance. Therefore, the morphology at these two
positions was analyzed in detail. Fig. 5-4(b) displays the morphology of the upper surface of the
joint after the structured SPCC is joined to the CFRP without epoxy resin curing. The apex of the
micro-protrusions penetrated through the entire chopped CFRP sheet, causing fracture of the
carbon fiber filaments in the surrounding area of the micro-protrusions. Fig. 5-4(c) shows the
surface morphology after epoxy resin curing of the joint area, where the resin uniformly covered
the upper surface of the joint, with some areas exhibiting reflection.

Fig. 5-4(d) illustrates the morphology of the left side of the joint before resin curing. A
significant gap between the chopped CFRP sheet and the SPCC was observed, with partial micro-
protrusions visible at the root of this gap. This situation represents the limit of the joining, meaning
that the chopped CFRP cannot be fully matched with the SPCC plate. This is attributed to the large
rough micro-protrusions produced on the SPCC surface by the FDM method, as shown in Fig. 4-
21, with their outer profile not being smooth, especially in the tip region. Due to the large “stage-
platform” spacing between adjacent layers, the chopped CFRP encountered significant resistance
when sliding down after passing through the tip region, leading to this phenomenon. Fig. 5-4(e)
shows the morphology of the left side of the joint after resin curing, where the cured resin filled

the gap area observed in Fig. 5-4(d), indicating an ideal joint.
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Fig. 5-4 Joint morphology based on FDM: (a) diagram of the joint positions; (b) joint top surface morphology
before epoxy resin curing; (c) joint surface morphology after epoxy resin curing; (d) joint left side view before
epoxy resin curing; (e) joint left side view after epoxy resin curing.

Fig. 5-5 presents the upper surface morphology of the joint observed using SEM. In contrast
to the macroscopic morphology under optical microscopy, SEM allows for the observation of more
detailed features. In Fig. 5-5(a), it can be observed that when the tips of micro-protrusions
penetrated the chopped CFRP, the carbon fibers on the surface were severely damaged, resulting
in many carbon fibers breaking. Fig. 5-5(b) and 5-5(c) provide clearer details of the carbon fiber
breakage issue. The damage to the chopped CFRP sheet caused by this joining will inevitably lead

to a decrease in the overall performance of the carbon fiber board.
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Fig. 5-5 Top side view of the joint under SEM: (a) morphology of the joint top surface; (b) magnification of zone
b in Fig. 5-5(a); (c) magnification of zone ¢ in Fig. 5-5(a).

Fig. 5-6 presents the microstructure of the vertical section of the joint. Fig. 5-6(a) represents
the image obtained through an optical microscope. From Fig. 5-6(a), the positional relationship
between micro-protrusions and the CFRP can be clearly observed, indicating that the CFRP cannot
fully conform to the root of the micro-protrusions. This is consistent with the gap on the left side
of the joint shown in Fig. 5-4(d), which was explained before. Additionally, delamination of the
CFRP can be observed at the upper left position in Fig. 5-6(a), which is also attributed to the
excessive surface roughness of the micro-protrusions manufactured based on FDM. When
subjected to external force, the CFRP encounters significant resistance as it slides along the contour
of the micro-protrusions, ultimately leading to the separation of carbon fibers in chopped CFRP.
Such delamination during the joining process is bound to affect its performance; therefore, it
should be avoided as much as possible during the joining process.

Fig. 5-6(b) illustrates the vertical section morphology of the joint obtained through SEM. In
the image, the structure of the micro-protrusions is clearly visible, although the carbon fibers are
less pronounced in Fig. 5-6(b) due to the poor conductivity of carbon fiber filaments. However,
their presence can still be observed, and their position is almost identical to that in Fig. 5-6(a).
Furthermore, the joining situation between the carbon fibers and the inner and outer contours of
the micro-protrusions was further examined. Fig. 5-6(c) demonstrates the joining condition

between the outer contour of the micro-protrusions and carbon fibers. There are no observed gaps
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or significant porosity over the contact boundary. Even some filling in the step area between
adjacent layers of micro-protrusions is visible, indicating a good joining effect between carbon
fibers and micro-protrusions in this contact area. Fig. 5-6(d) displays the joining result between
the inner contour of the micro-protrusions and carbon fibers, showing no gaps between carbon
fibers and micro-protrusions. And some carbon fibers on the CFRP side remain consistent with the
inner contour of the micro-protrusion. This further demonstrates that this joining method can

achieve effective joining at the vertical section of the micro-protrusions and carbon fibers interface.

A j_S0um_ 5 _S0mm_
Fig. 5-6 Joint cross-section microstructures based on FDM: (a) joint cross-section under the optical microscope;
(b) joint cross-section under SEM; (c¢) magnification of zone ¢ in Fig. 5-6(b); (d) magnification of zone d in Fig.

5-6(b).

Micro-protrusion
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Fig. 5-7 Middle horizontal section view of the joint based on FDM: (a) joint morphology under the optical
microscope; (b) magnification of zone b in Fig. 5-7(a); (c) magnification of zone ¢ in Fig. 5-7(a); (d)
magnification of zone d in Fig. 5-7(a).

Fig. 5-7 illustrates the morphology of the joint at a horizontal section. This section is located
at the position indicated by the red dashed line in Fig. 5-7(a), encompassing both the carbon fiber
sheet and the micro-protrusion. By examining the bonding condition at this location, a better
understanding of the joining mechanism at the joint site can be obtained. Fig. 5-7(a) displays the
joining condition at this horizontal section obtained under an optical microscope. It can be
observed that the horizontal section of the micro-protrusion appears elliptical and is surrounded
by carbon fibers. However, the optical microscope cannot reveal the condition at the boundary
between the micro-protrusion and the carbon fibers. Therefore, regions b, c, and d were selected
for observation under SEM in Fig. 5-7(a). The results, as shown in Fig. 5-7(b), (c), and (d), indicate
that in each region, there are no noticeable bonding defects, such as gaps or pores at the boundary
between the micro-protrusion and the carbon fibers. This further demonstrates that this joining
method can achieve a robust joint at the interface between the micro-protrusion and the carbon
fibers.

In the process of joining CFRP to metal after applying rose thorn biomimetic micro-
protrusions manufactured using the FDM method, certain defects were observed in the joint
morphology. Firstly, due to the significant rough of the micro-protrusion surface, there was
incomplete contact between the CFRP and the metal plate, resulting in areas of inadequate contact.
This condition may potentially reduce the strength and stability of the joint. Secondly, during the
joining process, the large platform gap between adjacent layers of the micro-protrusion surface
could cause delamination of the CFRP under external forces, leading to structural instability in the
joint area, thereby affecting the performance and reliability of the joining.

However, despite these defects, the regions capable of forming effective joining, including

the horizontal and vertical cross-sections, exhibit favorable joint formation under observation. This
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indicates that although challenges exist in certain aspects, micro-protrusions manufactured based
on the FDM method still hold the potential for achieving reliable joining between CFRP and metal
under specific conditions. Therefore, future research efforts could focus on improving the
fabrication process of micro-protrusions and optimizing the joining process further to enhance the

quality and stability of the joining.

5.4 Joint Mechanical Properties Based on FDM-Manufactured Micro-Protrusions

The tensile test results of the joints connecting metal and carbon fiber with surface-structured
patterns using the FDM method are as follows. During the tensile process, the schematic diagram
of the fracture location is shown in Fig. 5-8(a), with the final fracture occurring at the joint. Along
with the joint, the FDM-manufactured micro-protrusions also fractured. Fig. 5-8(d) depicts the
metal side's morphology after fracture, showing residual carbon fibers on the metal surface and
the fractured micro-protrusions. The presence of carbon fibers on the metal surface was attributed
to the phenomenon of carbon fiber delamination during the joining process, the causes of which
have been analyzed and discussed in Section 5.3. The delamination of carbon fibers results in the

failure of carbon fibers at the joint, leading to fracture during the tensile process.
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Fig. 5-8 Tensile test of the CFRP-SPCC joint based on FDM-manufactured micro-protrusions: (a) diagram of
the break position; (b) sample before test; (c) sample after test; (d) fracture joint morphology of the metal side.
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Fig. 5-9 Stress stain curved of the CFRP-SPCC joint that is based on FDM-manufactured micro-protrusions.

The final stress strain of the CFRP-SPCC joint based on FDM-manufactured micro-
protrusions, as shown in Fig. 5-9, indicates that the maximum strength of the joint reaches
approximately 6.6 MPa. Compared to joints between SPCC and CFRP directly bonded with resin,
this joint exhibited a certain degree of strength enhancement. However, the strength enhancement
is primarily attributed to the increased amount of resin between the carbon fiber plate and the metal
plate, like the scenario presented in Fig. 5-4(e), where significant gaps exist between the metal
plate and carbon fiber plate, and these areas were adequately filled with resin during the curing
process. Consequently, the strength of the joint was also improved. This indicates that the increase
in tensile strength of the joint cannot be solely attributed to the mechanical interlocking effect of

the rose thorn-inspired micro-protrusions.

5.5 Joint Disassembly Process Evaluation Based on FDM-Manufactured Micro-Protrusions

The joint disassembly process can be illustrated in Fig. 5-10. Firstly, a separation fracture
occurred between the metal and the CFRP sheet at the edge of the metal plate. This process
involves the rupture of hydrogen bonding, i.e., the rupture that occurs after resin curing during the
joining process. In this area, the performance of joints solely bonded by resin has been
characterized in section 5.3. In this step, a fracture was first formed between the metal and carbon
fiber plates, as shown in Step 1. Subsequently, the fracture gradually enlarges with external force,
as shown in Step 2. With the continued increase in force, the crack eventually extended to the
position of the micro-protrusions, and with further force, the carbon fiber plate was completely
separated from the metal side, as shown in Step 3. This disassembly process reveals the joints'
specific behaviors and performance characteristics during joining release, providing important

references for their performance assessment and improvement.
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Fig. 5-10 Disassembly steps of the CFRP-SPCC joint based on FDM-manufactured micro-protrusions.

After disassembly, the morphology of the separated sides was first observed through an
optical microscope. The purpose of observing the morphology of the disassembled parts is to
determine the extent of damage caused to the materials during disassembly. In Fig. 5-11(a), the
morphology of the metal plate side is displayed, showing carbon fiber bundles covering the surface
of the metal plate as well as broken micro-protrusions during the tearing process. This indicates
that the fracture did not occur in the resin region between the metal and the carbon fiber plate.
Meanwhile, Fig. 5-11(b) displays the morphology of the torn carbon fiber side, revealing the
occurrence of delamination in the carbon fibers. This delamination initially appeared during the
joining process and was exacerbated during tearing disassembly. Due to delamination at this
location, its performance deteriorated, leading to the progressive exacerbation of delamination and

eventual failure at this location. This phenomenon highlights potential issues during the joining
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process, which are significant for joint design and performance assessment.

The disassembled metal plate and carbon fiber plate morphology was subsequently observed
using SEM to confirm the extent of material damage after disassembly. Fig. 5-12(a) shows the
morphology of the carbon fiber side after disassembly, where embedded fractured micro-
protrusions and tearing of the carbon fiber plate during disassembly can be observed. This indicates
that the disassembly process caused damage to both the micro-protrusions on the metal surface
and the carbon fiber plate. Fig. 5-12(b) presents the morphology of the metal plate side after
disassembly, showing torn carbon fiber bundles on the metal plate surface, further indicating
severe damage to the carbon fiber plate caused by the disassembly process. Additionally, broken
micro-protrusions can also be observed on the side of the metal plate.

Subsequently, observations were made on the sectional morphology of the fractured micro-
protrusions and their joining condition with the surrounding carbon fibers, as shown in Fig. 5-12(c)
and (f), respectively. In these two images, the presence of spherical SUS 316L particles that remain
spherical suggests that there were particles in the micro-protrusions manufactured based on FDM
that were not completely melted, which may be related to the sintering temperature being only
1000 degrees Celsius. Moreover, a certain number of pores and even holes can be observed, further
indicating that the micro-protrusions' performance significantly affects the joint's performance.

In Fig. 5-12(d) and (e), the connection between the fractured micro-protrusions and the
surrounding carbon fibers is shown. No obvious defects are around them, which is consistent with
the results of the previous analysis. This further indicates that the failure mode of the surface-
structured metal and carbon fiber joint based on FDM is the delamination failure of carbon fibers

at the joint rather than the failure at the interface with carbon fibers.
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S ™ Metal side _CIRP side

-~

Fig. 5-11 Disassembled materials morphology: (a) metal side; (b) CFRP side.
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Fig. 5-12 The disassembled materials morphology under SEM: (a) CFRP side; (b) metal side; (c) fractural
morphology of the ¢ zone of the micro-protrusion in Fig. 5-12(a); (d) fractural morphology of the d zone of the
micro-protrusion in Fig. 5-12(b); (e) fractural morphology of the e zone of the micro-protrusion in Fig. 5-12(b);
(f) fractural morphology of the ¢ zone of the micro-protrusion in Fig. 5-12(b).

5.6 Conclusions

This chapter primarily discusses the experimental process for connecting metals with carbon
fiber using the FDM method for surface structuring and provides analysis and characterization of
joint performance and disassembly processes. Based on the experimental results, we can draw the

following conclusions:
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1. Due to the lower accuracy and larger size of the FDM-manufactured micro-protrusion’s tip,
the penetration process of the CFRP sheet inevitably causes damage to the sheet.

2. Because the tip of the FDM-manufactured micro-protrusion has significant “stair” between
layers, the CFRP sheet experiences substantial resistance when extending along the contour
of the micro-protrusion, ultimately leading to incomplete adhesion to the metal substrate.

3. In the area where the CFRP sheet forms an effective joining with the micro-protrusion,
microscopic observation showed no signs of defects such as cracks or pores, indicating
high-quality connections in this region.

4. Tensile test results indicated that fractures occurred at the micro-protrusions, suggesting
that the FDM method significantly impacts the performance of welded joints. When the
mechanical properties of the micro-protrusions are inadequate, the welded joint tends to
fracture at the micro-protrusions.

These results indicate that the FDM-manufactured rose-thorn structure has certain limitations
in surface connection processes, highlighting the need to improve the manufacturing method to

enhance joint performance.
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Chapter 6: Manufacture of Rose Thorn Biomimetic Micro-Protrusions via
Selective Laser Melting with a Low-Power Laser System

In this chapter, we employed Selective Laser Melting (SLM) technology to manufacture rose
thorn biomimetic micro-protrusions on metal surfaces. Given that this study utilizes a low-power
laser system with a maximum power of 30 W, we first investigated the interaction mechanisms

and influencing factors between the low-power laser and SUS 316L particles.

6.1 Introduction

In this study, we conducted an in-depth investigation into the interaction between a low-power
fiber laser (with a maximum average power of 30 W) and SUS 316L particles as well as the SPCC
matrix, focusing on determining influencing factors such as laser average power density, laser peak
power, original metal particle size, powder layer thickness, laser irradiation time, and powder
bedding temperature. By systematically analyzing these parameters' impact on the manufacturing
process and the related phenomena, we aimed to establish the groundwork for utilizing low-power
lasers in creating millimeter-scale structures. Additionally, we explored the possibility of future
optimization and enhancement, aiming to promote the widespread and efficient adoption of low-
power lasers in laser additive manufacturing.

Additionally, we upgraded the design of a fully automated powder-spreading platform. This
enhanced system offers increased manufacturing flexibility and advanced production automation,
improving production efficiency and enabling more precise laser additive manufacturing. We
examined the performance and applications of this integrated system in SLM, driving further
development in laser additive manufacturing technology and offering innovative solutions for

practical applications.

6.2 Experimental Procedures
6.2.1 Materials

This study employed Steel Use Stainless (SUS) 316L particles to fabricate the rose thorn-
shaped micro-protrusions on the SPCC surfaces. SUS 316L particles have been considered to
mitigate defects arising from excessive chemical composition differences during manufacturing.
These particles served as the powder bedding material, aligning closely with the chemical

composition of the SPCC. Table 6-1 provides the chemical composition details of the SUS 316L
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particles. Additionally, this research utilized three different-grade particles: #10, #20, and #30, with
nominal sizes of 10 um, 20 um, and 30 pum, respectively. These three particle types' morphology

and size distribution are visually represented in Fig. 6-1.

Table 6-1 Chemical composition of SUS 316L particles (wt.%)

Chemical Mo Cr Ni Mn Si C Fe
SUS 316L 2.08 17.25 12.56 0.70 0.84 0.017 Bal.
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Fig. 6-1 SEM microphotographs of three-grade SUS 316L particles and size distribution: (a) grade #10 particles;
(b) size distribution of grade #10 particles; (c) grade #20 particles; (d) size distribution of grade #10 particles;
(e) grade #30 particles; (f) size distribution of grade #30 particles.
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6.2.2 Experimental Instruments

a) Laser system

This study used a Ytterbium (Yb) fiber laser to melt SUS 316L particles. Renowned for its
high efficiency and reliability, the Yb fiber laser was chosen for its suitability for precision
manufacturing processes, thanks to its superior beam quality and stable output characteristics ideal
for laser marking. The lower energy consumption and reduced operating cost make it a cost-
effective solution. Detailed specifications of the Yb fiber laser system used in our experiments are
provided in Table 6-2, encompassing laser power, wavelength, and pulse duration, among other
parameters. With its advanced features and comprehensive specifications, the Yb fiber laser
enables precise control over the melting process of SUS 316L particles, facilitating the fabrication
of microscale structures with enhanced mechanical and physical properties.

Laser peak power refers to the maximum instantaneous power generated by a laser at the peak
moment of a laser pulse. The peak power largely determines the melting depth and effect on the
material. However, the peak power of the laser system is usually not directly displayed on the
system interface, so it needs to be calculated. The laser peak power at different frequencies can be
calculated using the laser system parameters listed in Table 6-2 and Formula 6-1. The calculation

results are listed in Table 6-3.

Py = Pany/(f * t) (6-1)

Table 6-2 Laser system parameters.

Laser type MD-F3200

Average power 30 W

Scanning speed 1 mm/s ~ 12000 mm/s

Wavelength 1090 nm

Frequency 60 KHz ~ 120 KHz

Pulse width 60 KHz 100 ns

80 KHz 90 ns
100 KHz 80 ns
120KHz 70 ns
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Table 6-3 The related peak power at different frequencies.

Maximum Average power (Puy) Maximum Laser Peak power (Ppx)
30 W(100%) 60 KHz 5000 W
30 W(100%) 80 KHz 4167 W
30 W(100%) 100 KHz 3750 W
30 W(100%) 120 KHz 35711 W

b) Metal power cladding system

The accuracy of the automatic powder-spreading equipment plays a crucial role in the SLM
process. The thickness of the powder layer is one of the key factors influencing the quality and
performance of SLM manufacturing. To precisely control the powder layer thickness during the
SLM process, we self-designed and constructed an automated powder spreading system, ensuring
its capability to meet specific research requirements. This section will provide an introduction to
this equipment.

This section first emphasizes the hardware components of the powder-spreading equipment
required during the SLM process. Specifically, the schematic diagram of the powder spreading
platform is shown in Fig. 6-2(a), which primarily includes three powder storage tanks, two micro-
motors moving along the Z-axis direction, a scraper, and the full flighted screw of the scraper. The
main frame of the platform was constructed using aluminum alloy, as illustrated in Fig. 6-2(b).
Plastic encapsulation was applied on the foundation of the aluminum alloy main frame to ensure
the platform's air-tightness during operation, as detailed in Fig. 6-2(c). Fig. 6-2(d) presents a
physical schematic of the powder spreading platform, clearly indicating the positions of each
component. Fig. 6-2(e) demonstrates the actual situation after placing SPCC workpieces and
powder in the working area.

The powder-spreading platform was meticulously designed and constructed to ensure
seamless coordination among its hardware components. The layout of three powder storage tanks,
coupled with the scraper and full-flight screw combination, guarantees a uniform powder layer
distribution. Moving along the Z-axis, two micro-motors enable precise positioning and motion
control through a sophisticated system. The robust aluminum alloy main frame ensures structural
strength and stability. Encapsulation with plastic maintains air-tightness and enhances corrosion
and wear resistance, meeting specific requirements of the laser powder bed fusion process. These

components' precision design and integrated structure support laser additive manufacturing,
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establishing a reliable foundation for subsequent research and experiments.

At the software-controlled level, this system primarily involves two key aspects: the scraper's
motion and the z-axis micro-stage's movement. The scraper moves along a linear trajectory, with
relatively lenient requirements for motion speed and stroke. Therefore, the control of multiple
scrapers is relatively simple, utilizing G-code scripts and the Universal Geode Sender software.

However, for the movement of the z-axis micro-stage, a more precise control is required to
ensure accurate powder layer thickness. This system employed the AMH-15 series stepper motors
provided by the Japan Central Precision Industry as the power source for the z-axis micro-stage.
Subsequently, this system utilized an Arduino circuit board and corresponding control code to
control these micro-stages precisely. The control circuit scheme is as follows: the pulse signal used
has a frequency of 2000 Hz, a duration of 400 microseconds for a single pulse, and a pause time
of 100 microseconds, operating at a voltage of 5V. Specific parameters are illustrated in the figure
below. The number of pulse signals generated has been experimentally validated to exhibit a basic
linear relationship with the corresponding motor's displacement, as shown in the data presented in
Fig. 6-3 below.

Z-axis e

micro-stage Scrapper

(d)
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Fig. 6-3 Relationship between pulse numbers and micro-stage moving distance.

This precise control scheme ensures highly controllable movement of the z-axis micro-stage
during the laser selective melting process, achieving accurate powder layer thickness control. Such
meticulous control mechanisms provide a reliable foundation for laser additive manufacturing,
ensuring precision and stability throughout the manufacturing process.

After the powder spreading process, the thickness of the obtained powder layer was initially
measured. During the powder spreading, a scraper was employed to spread the powder from left
to right for the first layer, covering the entire SPCC steel sheet and forming the first powder layer.
Subsequently, the second layer was applied using 250 pulse signals, not completely covering the
entire SPCC steel sheet to retain part of the first layer's thickness while preserving the second
layer's thickness, resulting in some excess powder accumulation, as shown in Fig. 6-4(a). The
process was repeated for the third layer, employing the same procedure as the previous step,
generating 3 layers of powder. The third layer's powder spreading involved 500 pulse signals. Next,
the fourth layer was applied with 1000 pulse signals. After the powder spreading, the SPCC steel
sheet and its powder layers are illustrated in Fig. 6-4. At this point, the SPCC steel sheet bore
multiple layers of powder generated by different pulse counts.

Subsequently, the obtained SPCC steel sheet and its powder layers underwent solidification
treatment using epoxy resin, followed by cutting according to the red solid line pattern in Fig. 6-
4(a). Fig. 6-4(b) depicts the resulting cross-section after cutting. Optical microscope observations
were then conducted on regions c, d, e, and f in Fig. 6-4(b), and the obtained results are presented
in Fig. 6-4(c), (d), (e), and ().

We can substantiate the outstanding precision of the self-built powder spreading equipment
through systematic measurement and analysis of the powder layer thickness obtained under
different pulse numbers. The results indicate that this equipment can achieve uniform bedding of
powder layers at the level of 50 um, and it can also exhibit minimal thickness variations at the

micrometer scale. This capability provides a reliable foundation for subsequent SLM operations.
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The stability demonstrated during the powder spreading process ensures the consistency of
material layers and provides a reliable process assurance for the subsequent stages of laser selective
melting.

After the construction and verification of the powder bedding system, SLM experiments were
immediately initiated, as illustrated in Fig. 6-5. In the experiments, the laser head was positioned
at the top of the SPCC surface, and the laser beam radiated from the laser head, reaching the surface
of the workpiece vertically. To maintain the purity of the experimental environment, the workpiece
was placed in a nitrogen-filled protective box, with a gas flow rate maintained at 2 L/min. Thirty
minutes before the start of the experiment, nitrogen was injected to purge the air inside the
protective box. Detailed steps and conditions of the experiment will be further elaborated in
subsequent chapters, providing a comprehensive presentation of our systematic investigation and

precise control of the SLM process.

7 100 pm
Fig. 6-4 Measurement of the powder layer thickness under different pulse numbers.
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Fig. 6-5 Schematic diagram of the laser melting process and the equipment.

6.3 Influence of Laser Average Power Density

The laser average power density is a crucial parameter in the laser selective melting process.
It is defined as the average laser power divided by the laser spot size. Power density indicates the
amount of laser power per unit area, which measures the concentration of laser energy in the target
area. It is typically used to evaluate the intensity of the laser and its interaction with the target
object. However, most of the parameters used in current laser selective melting experiments are
average power, not power density [161, 162]. Therefore, in this study, we first analyzed the impact

of average laser power density on SUS 316L particles.
6.3.1 Calculation of Laser Average Power Density

Despite being known for high directionality, laser beams also have a certain natural
divergence angle. This divergence angle is quite small, but as the propagation distance of the laser
increases, the effect of divergence becomes more noticeable, leading to an expanded spot area, as
shown in Fig. 6-6, which in turn affects the laser's average power density. The formula for

calculating the laser power density is as follows:

E
=3 (6-2)

where FE is the average power of the laser beam, and S is the laser spot area. Therefore, measuring

the laser spot size under different laser beam lengths is essential for calculating laser power density.
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Fig. 6-6 Schematic diagram of the laser beam divergence.

The energy distribution on the laser spot is not uniform; instead, it exhibits a Gaussian curve
characteristic, as shown in Fig. 6-7(a). Thus, in this study, the method for defining the size of the
laser spot differs from traditional methods such as pinhole or diffraction pattern measurements. A
more straightforward approach is used, which involves observing the interaction results between
the laser and the metal material used in the experiment. Fig. 6-7(b) illustrates the outcome of the
laser beam's interaction with the SPCC surface, and Fig. 6-7(c) depicts the three zones of this
interaction region: the innermost laser spot zone, the central fusion zone, and the outermost heat-
affected zone. Each region can be approximately considered as different shaped ellipses,
facilitating the subsequent calculation of the corresponding area's size.

The interaction results between the laser and SPCC shown in Fig. 6-7 show that the actual
melted region is larger than the actual laser spot size. Therefore, in this experiment, the melted
trace left by the laser and substrate interaction is defined as the size of the laser spot, that is, the
area within the fusion zone. Furthermore, to measure the size of the laser spot at different laser
beam lengths, as the laser spot size at the same position is independent of the emitted energy, the
experiment used a 20 W power to measure the size of the laser spot to obtain an accurate

measurement.

109



@) )

RIETI TS BBCE s 50um  [SPCC Fusion zone 0um
Fig. 6-7 Laser spot power distribution and real effect on SPCC surface: (a) Gaussian energy distribution of the
laser spot; (b) laser effect on the SPCC surface; (c) different zone definition of the laser spot.

Based on our preliminary experimental results, the working distance between the laser lens
and the SPCC surface is measured from 300 mm, because at this distance, the laser begins to cause
significant chemical reactions with the metal surface, rather than just heat accumulation. At this
point, the melting marks that appear on the SPCC surface are more likely caused by thermal effects,
as shown in Fig. 6-8(a). When the laser working distance is increased to 360 mm, effective laser
spot marks cannot be obtained on the SPCC surface, as shown in Fig. 6-8(h). Therefore, it can be
concluded that the effective working distance for this laser system for melting metal particles is
between 310 mm and 350 mm.

Figs. 6-8(b) to 6-8(g) display the melting marks left by the laser beam at distances between
300 mm and 350 mm. The red dashed box indicates the laser spot's effective area, which was
measured using ImagelJ software. Within this area, high-energy laser radiation caused the metal
plate to melt. This phenomenon is considered a fundamental energy requirement in the SLM
process. If the metal particles do not melt, the SLM process cannot proceed.

Fig. 6-8(b) shows the melting marks left on the SPCC surface when the laser working distance
1s 310 mm. At this point, the primary diameter of the laser spot is about 255 micrometers. As the
laser working distance increases, the laser spot diameter gradually decreases, and the melting
marks become more pronounced. When the working distance reaches 320 mm, the primary
diameter is approximately 220 um, as shown in Fig. 6-8(c). Additionally, a "pitting" shape appears
at the center of the laser radiation area, indicating that partial evaporation of the metal occurred in
this region.

When the laser working distance is increased to 325 mm, the diameter of the laser spot is
about 190 um, and the melting pit is deeper, with a cone-shaped melting hole appearing in the
center of the SPCC. This indicates that the increased laser power density significantly impacts the

metal. When the laser working distance is increased to 330 mm, the laser spot diameter increases
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again, as shown in Fig. 6-8(e). This suggests that the laser working distance exceeds the focal
length, but the laser energy density is still sufficient to melt and even evaporate the surface metal.
Fig. 6-8(f) shows the melting marks left on the SPCC surface when the laser working distance
reaches 340 mm, with the laser spot diameter being about 265 um. Finally, when the laser working
distance is increased to 350 mm, the results are shown in Fig. 6-8(g). At this point, the effective
length of the laser spot is about 300 um, and the melting marks on the SPCC surface are still quite

pronounced, while the central region's pitting phenomenon has disappeared.

(a) 300 mm (b) 310 mm 4447 W/mm’
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Fig. 6-8 Laser spot diameter at different laser working distances: (a)300 mm; (b)310 mm; (¢)320 mm; (d)325
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Fig. 6-9 Relationship between laser working distances and laser spot area: (a) laser spot size; (b) laser power
density.

The above analysis found that this laser system's efficient working distance that can melt the
SPCC surface ranged from 310 mm to 350 mm. If the laser working distance exceeds this range,
the SPCC surface only generates heat but does not melt. This means only in this range does the
laser power density have enough energy to melt the particles and fabricate the micro-protrusion
structures on the SPCC surface. Fig. 6-9 shows the variation tendency of the laser spot size and
the laser power density at different laser working distances. The laser spot area decreased first and
then increased with the increase of the laser working distance, while the laser power density had
the opposite tendency. The calculation result shows that this laser system's process window is
around between 380 W/mm? to 760 W/mm?,

6.3.2 Experimental Results and Discussion

Based on the previously calculated laser power density, we first investigated the interaction
between lasers and SUS 316L metal powders at different power density levels. By observing and

analyzing the experimental results of the laser's interaction with SUS 316L under varying average
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laser power densities, we identified several distinct phenomena that can be summarized as follows.
a) Out-of-situ formation phenomenon

The out-of-situ formation of the micro-protrusions phenomenon occurred in tests 1 and 2, and
the corresponding experimental parameters are listed in Table 6-4. It presented that the formed
micro-protrusions did not stay at the laser irradiation position but outside it, as shown in Fig. 6-
10(a) and Fig. 6-10(d). By analyzing the parameters of tests 1 and 2, it is found that the original
particle size, powder bedding thickness, and laser power density are the same, and their value is
10 um, 50 pm, and 444.7 W/mm?, respectively. The only different parameter is the laser irradiation
time, which is 1 s and 5 s, respectively.

Fig. 6-10 shows micrographs of the dislocated forming phenomenon taken by a SEM. Due to
the relatively low average laser power density, this significantly reduces the amount of melted
material. Consequently, in Figs. 6-10(a) and 6-10(d), it can be observed that no melting marks
appear on the SPCC surface, indicating that the structures formed under laser irradiation could not
achieve metallurgical bonding with the metal substrate. This insufficient melting causes the formed
structures to move to the periphery of the laser irradiation area under the laser force instead of
remaining within the laser-irradiated region. By observing the formed structures, we can see that
the original metal particles did not fully melt during manufacturing, regardless of whether the laser
exposure time was 1 s or 5 s. This suggests that the dislocated forming phenomenon is not related
to the laser exposure time. In Figs. 6-10(c) and 6-10(f), some partially melted SUS 316L particles
can be seen on the surface of the micro-protrusions. This further indicates that inadequate laser

average power density can lead to insufficient melting of the metal particles.

Table 6-4 Experimental parameters of test 1 and test 2.

Laser power Laser
Test Particle Powder bedding Laser working
density irradiation
number size (Lum) thickness (um) distance (mm)
(W/mm?) time (s)
1 10 50 310 444.7 1

2 10 50 310 4447 5
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Fig. 6-10 Out-of-situ formation phenomena: (a) test 1 at 100x magnification; (b) test 1 at 250x magnification;
(c) test 1 at 700x magnification; (d) test 2 at 30x; (e) test 2 at 250x; (f) test 2 at 1000x.

b) Generation of impurities substance
When the laser working distance is increased to 320 mm, the average laser power density

reaches 685.6 W/mm?. Other experimental parameters remained unchanged, as indicated in Table
6-5. From a macroscopic perspective, the experimental results show a layer of black material on
the surface of the unmelted powder, as depicted in Fig. 6-11(a). This black material does not form
in the areas directly irradiated by the laser but instead appears around the already-formed micro-
protrusions. Through SEM observation, this black material appears as a layer of opaque glass

covering the top of the powder layer, as shown in Figs. 6-11(b) and 6-11(c).

mm SPCC

®
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Fig. 6-11 SEM microphotographs of the dark substance: (a) 50x magnification; (b) 1000x magnification.
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Table 6-5 Experimental parameters of test 3

Laser power Laser
Test Particle Powder bedding Laser working
density irradiation
number size (um) thickness (um) distance (mm)
(W/mm?) time (s)
3 10 50 320 685.6 1

When the working distance of the laser is extended to 330 mm, the corresponding average
laser power density reaches its maximum value of 761.9 W/mm?. We experimented with different
coating layer thicknesses at this laser power density, with specific parameters provided in Table 6-
6. Fig. 6-12 shows that at this maximum average laser power density, the laser pierces the SPCC
surface within 1 second, creating a deep hole. This indicates that this level of laser power density
is sufficient to melt and even evaporate the metal. Based on this observation, the formation of dark
material is primarily related to excessively high laser power density. Under high power density,
SUS 316L metal particles are evaporated and deposited on top of the powder layer, forming dark
material. This dark material formation is mainly due to the evaporated metal particles oxidizing
with oxygen in the air under high-temperature conditions, resulting in an oxide layer. This oxide
layer typically appears black and resembles frosted glass under the SEM.

Therefore, material evaporation and oxidation caused by excessively high laser power density
are the main reasons for the presence of dark material around the laser irradiation area. This
phenomenon is significant in the SLM process, as it reveals the potential impact of high power
density on material structure and surface quality. Understanding this phenomenon is crucial for

ensuring the stability of the SLM process and the quality of the final product.

Table 6-6 Experimental parameters of tests 4, 5, 6

Laser power Laser
Test Particle Powder bedding Laser working
density irradiation
number size (Lm) thickness (um) distance (mm)
(W/mm?) time (s)

4 10 50 330 761.9 1

5 10 100 330 761.9 1

10 200 330 761.9 1
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Fig. 6-12 Micro-protrusion formation at the highest laser power density: (a) test 4 at 200x magnification; (b) test
5 at 200x magnification; (c) test 6 at 200x magnification.
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6.4 Influence of Laser Peak Power

The previous section mainly examined the effect of average laser power density on SUS 316L.
In pulsed lasers, the frequency of laser pulses is also a key factor affecting the SLM process. This
parameter can be directly viewed and adjusted on the laser equipment, so many researchers often
use laser frequency as a significant parameter in SLM studies. However, in this study, we consider
the core role of laser pulse frequency to be its impact on laser peak power. Laser peak power
represents the instantaneous power of the laser beam per unit area, reflecting the concentration of
energy, directly influencing the instant melting and evaporation of materials. Higher laser peak
power density usually leads to rapid melting and even evaporation, which is beneficial for precise
manufacturing and the formation of fine structures. However, excessive peak power density can
cause issues like ablation, spatter, and surface roughness. In this study, we delve into the effect of
laser peak power on the metal particle melting process and emphasize the importance of controlling
peak power density in the SLM process. Optimizing this parameter contributes to achieving high-
quality laser melting and a stable production process.

Table 6-3, section 6.2.2, shows that different pulse frequencies correspond to different laser
peak power in laser system parameters. Therefore, this section first investigates the influence of
laser pulse frequency on the metal additive manufacturing process. A laser with an average power
of 30 W, a frequency of 60 KHz, corresponding to a laser peak power of 5000 W, and a parameter
combination of 1 mm/s were used for additive manufacturing. The corresponding powder layer
thickness was 50 micrometers, and the nominal size of the particles was 10 pm. The obtained
results are shown in Fig. 6-13.

Fig. 6-13(a) and (b) show the SPCC substrate after the removal of un-melted SUS 316L
particles. The current melted particles forming exhibit a spherical or nearly spherical structure,

indicating that the melt-forming results of metal particles are not improved under this laser
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parameter combination. Spherical forming leads to weaker bonding between the metal substrate
and, during SEM observation after the removal of un-melted particles, may simultaneously remove
the formed spherical structures. This section temporarily does not discuss the formation of
spherical structures but focuses on the state of the metal substrate.

After irradiation with the laser parameter combination mentioned above, numerous small
holes form on the SPCC surface, and these holes interconnect to create an effect similar to cutting.
This phenomenon can be explained by the excessive focusing of laser energy and a too high peak
power density, resulting in intense melting and evaporation of the local area on the SPCC surface.
However, the presence of these cutting holes is likely to have a significant adverse effect on the
mechanical and physical properties of the metal substrate. This further emphasized the necessity
for precise control of laser parameters in laser additive manufacturing to achieve the desired metal
structure and maintain its integrity.

Subsequently, we adjusted the pulse frequency to 80 KHz while maintaining other laser power
parameters constant. At this point, the corresponding laser peak power is 4167 W. At this frequency,
the observed phenomenon on the SPCC surface was characterized by the appearance of small holes
no longer in a continuous state but rather as individual, independent single holes. Detailed

observations are shown in Fig. 6-14.

30 W, 60 KHz, 1 mm/s
SPCC It}

Laser scanning paths

Fig. 6-13 Holes phenomenon on the SPCC substrate shocked by 30 W, 60 KHz, 1 mm/s parameters.
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Fig. 6-14 Holes phenomenon on the SPCC substrate shocked by 30 W, 80 KHz, 1 mm/s parameters.

117



30 W, 1 mm/s
o PR aT

100 KHz,
PCC A8

Laser scanning paths

Fig. 6-15 Forming result on the SPCC substrate shocked by 30 W, 100 KHz, 1 mm/s parameters.
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Fig. 6-16 Forming result on the SPCC substrate shocked by 30 W, 120 KHz, 1 mm/s parameters.

When the laser frequency increases to 100 KHz, the corresponding research results are shown
in Fig. 6-15. In this scenario, the laser system achieves a peak power of 3750. Notably, under these
conditions, the SPCC surface no longer exhibits the hole but instead shows characteristics of
surface melting. This observation indicates that reducing the laser peak power density effectively
avoids perforation of the metal substrate. The selection of this laser peak power density has been
demonstrated to be relatively appropriate in subsequent experiments.

However, merely reducing the peak power density of the laser does not necessarily imply a
significant improvement in the protective effect on the SPCC substrate. When the laser frequency
increased to 120 KHz, the corresponding peak power reached 3571 W. This result is shown in Fig.
6-16. Under these conditions, as the laser’s peak power density decreases, the localized
accumulation of metal particles around the laser scanning path exhibits a thermal clustering
phenomenon. The occurrence of thermal clustering indicates lateral dispersion of laser energy in
the working area, suggesting a decrease in the laser’s effectiveness in the longitudinal direction.
However, excessively low energy may result in insufficient melting of the SPCC surface,
preventing the formation of a well-metallurgically bonded micro-protrusion on its surface, leading
to the unstable presence of the formed structure on the metal surface.

In summary, adjusting the laser's peak power requires a comprehensive consideration of its
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influencing factors to find the optimal balance point. This ensures that there is sufficient energy

during the metal additive manufacturing process to ensure complete melting while avoiding

excessively high energy that leads to lateral thermal clustering and reduced longitudinal

effectiveness. This approach enhances the stability of the manufactured structure on the metal

surface and improves the metallurgical bonding quality.

6.5 Conclusions

In this chapter, we conducted Selective Laser Melting (SLM) experiments with a low-power

laser using a self-built powder bed setup and analyzed the effects of key laser parameters on SUS

316L particles. Through experimental observations and analytical results, we reached the

following conclusions:

1\

The average laser power density significantly impacts the melting of metal particles. Low
power density can lead to insufficient melting of the metal particles, affecting the quality
of the SLM process.

Excessive average laser power density may cause the evaporation and oxidation of metal
particles, which not only introduces impurities on the surface of the powder bed but could
also lead to quality issues with the workpiece.

The pulse frequency of the laser affects the peak power density. Excessively high peak
power density may result in effects similar to cutting, which can compromise the continuity
and stability of the SLM process.

There are two methods to reduce the laser peak power density: lowering the average power
or increasing the laser frequency. However, merely lowering the average power could lead
to insufficient melting of the metal particles, so a balance must be struck between reducing

peak power and ensuring adequate melting.

These findings underscore the importance of controlling laser power density in the SLM

process. By optimizing laser parameters, sufficient melting of the metal particles prevents

excessive evaporation and oxidation, thereby improving the SLM process's stability and the final

product's quality.
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Chapter 7: Joint Mechanical Properties and Disassembly Process Evaluation
Based on SLM-Manufactured Biomimetic Micro-Protrusions

7.1 Introduction

Chapter 6 experimented with a low-power pulsed laser system and a self-built powder
bedding platform for SLM, but this approach did not yield the desired rose-thorn-shaped micro-
protrusions in my experiments. Consequently, to investigate the working conditions of rose thron
that fabricated by the SLM, we collaborated with the ORIX Rentec in Japan to produce the rose-
thorn biomimetic micro-protrusions, still using the SLM method and the same designed shape. The
resulting shapes and dimensions of the micro-protrusion are illustrated in Fig. 7-1. Building upon
this achievement, this chapter further investigates the joining and disassembly challenges between
surface-structured SPCC and epoxy resin-infused chopped CFRP, providing a comprehensive

analysis of joint performance and the disassembly process.

7.2 Experimental Procedures

In Chapter 7, the materials, joining method, and disassembly method remain consistent with

those described in Section 5.2, with detailed information available.

7.3 Joint Morphology Analysis Based on SLM-Manufactured Micro-Protrusions

Firstly, a macroscopic analysis of the joint morphology was performed. Fig. 7-2 presents the
results of the joint at different positions and stages under an optical microscope. Special attention
was paid to the joint's upper surface and left side. Fig. 7-2(b) shows the upper surface result before
resin curing, following the insertion of the tips of the micro-protrusions fabricated by SLM into
the chopped CFRP sheet. The presence of micro-protrusions’ tip can be observed, but no fracture
of the surrounding carbon fibers occurred. In Fig. 7-2(¢), the results after completion of the joining
and resin curing are shown without any damage occurring during this process. Fig. 7-2(d)
illustrates the morphology of the left side of the joint after completion of the joining but before
resin curing. Unlike the micro-protrusions manufactured using FDM methods, those prepared
using the SLM method demonstrated a good fit between the SPCC plate and the CFRP sheet during
the joining process. Finally, Fig. 7-2(e) shows the left-side morphology of the joint after resin
curing, indicating that the cured resin effectively filled the tiny gaps between the SPCC plate and
the CFRP sheet, forming a slight resin bulge externally.
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Fig. 7-1 The rose thorn biomimetic micro-protrusion fabricated by the ORIX Rentec Corporation.
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Fig. 7-2 Joint morphology based on SLM: (a) diagram of the joint positions; (b) joint top surface morphology
before epoxy resin curing; (c) joint surface morphology after epoxy resin curing; (d) joint left side view before

epoxy resin curing; (e) joint left side view after epoxy resin curing.

Fig. 7-3 illustrates the top surface morphology of the joint under SEM. In Fig. 7-3(a), the

penetration of the micro-protrusions into the CFRP is clearly shown, with the tip passing through
the gap between the carbon fibers. Notably, as the more micro-protrusion volume penetrates, the
carbon fibers are squeezed to the sides, resulting in a uniform arrangement surrounding the micro-
protrusion. However, throughout the process, there was no apparent breakage or damage to the

carbon fibers, which is markedly different from previous results illustrated in Section 5.3. Upon
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magnification of regions b and c on either side of the micro-protrusion, it can be observed that the
carbon fibers in these regions uniformly encircle the micro-protrusion without any signs of fracture.
This outcome is depicted in Fig. 7-3(b) and (c), respectively.

Fig. 7-4 illustrates the vertical sectional morphology of the joint, providing a clearer view of
the joining between the surface-structured SPCC and CFRP. Fig. 7-4(a) presents an image obtained
under an optical microscope, clearly showing the spatial relationship between the metal plate and
CFRP sheet within the joint. This spatial relationship remains consistent with the initial design
schematic of the joint, as shown in Fig. 3-5, indicating successful macroscopic joining. To further
investigate the joining effect between the surface-structured SPCC and CFRP, SEM observations
were conducted on four regions (c, d, e, f) in Fig. 7-4(b), representing different parts of the joint.
The specific results are shown in Fig. 7-4(c), (d), (e), and (f), respectively. In regions d and e, close
contact was observed between the micro-protrusion and carbon fibers. However, a certain amount
of resin was found at the base of the micro-protrusion’s outer and inner contours. Despite the

presence of resin in these areas, no defects were detected in any of the four regions.

- 100pm

Fig. 7-3 Joint morphology based on SLM: (a) top surface under SEM; (b) magniﬁtion of the region b in Fig.
7-3(a); (c) magnification of the region c in Fig. 7-3(a).
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Fig. 7-4 Joint Ve;tical séction microstructures based .(in. SLM::.(..a‘.) joint Véﬂiéal sem under the optical
microscope; (b) joint vertical section under SEM; (c) magnification of zone c in Fig. 7-4(b); (d) magnification
of zone d in Fig. 7-4(b); (e) magnification of zone e in Fig. 7-4(b); (f) magnification of zone f in Fig. 7-4(b).
The morphology results of a horizontal section of the joint are presented in Fig. 7-5. In Fig.
7-5(a), a small hole was observed over the left-up side; however, this hole is attributed to accidental
damage to the CFRP sheet during the sample grinding process and is unrelated to the joining
process. Three different areas were further selected for SEM observation. The results are shown in
Fig. 7-5(b), (c), and (d). In these areas, carbon fibers exhibit regular and orderly arrangements, and
no holes or defects were observed at the boundary between carbon fibers and SPCC. This indicates
that on the horizontal section of the joint, the joining effect between the micro-protrusion and

carbon fibers was good and consistent, with no apparent structural defects.
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Fig. 7-5 Middle horizontal section view of the joint based on SLM: (a) joint morphology under SEM; (b)
magnification of zone b in Fig. 7-5(a); (¢) magnification of zone ¢ in Fig. 7-5(a); (d) magnification of zone d in
Fig. 7-5(a).

7.4 Joint Mechanical Properties Analysis

According to the results shown in Fig. 7-6, the joint of CFRP-SPCC that surface structured
based on SLM manufacturing demonstrates satisfactory performance. Observation of the fracture
location reveals that the ultimate fracture occurs at the epoxy resin-infused chopped CFRP sheet,
indicating that the strength of the welded joint formed by this joining method exceeds that of the
epoxy resin-infused chopped CFRP sheet itself. Specifically, Fig. 7-6(a) provides a schematic
diagram of the fracture location, while Fig. 7-6(d) exhibits the surface morphology of the fracture
location, where the presence of the CFRP sheet and the micro-protrusions in the joint area was
observed. These results further validate the effectiveness of the micro-protrusions manufactured
using SLM on the metal surface, indicating its good strength and reliability to withstand certain
tensile loads, thereby directing the fracture of the joint to concentrate on epoxy resin-infused

chopped CFRP sheet rather than the joint itself.
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Fig. 7-6 Tensile test of the CFRP-SPCC joint based on SLM—n&éhufactured micro-protrusions: (a) diagram of the
break position; (b) sample before test; (c) sample after test; (d) fracture joint morphology of the metal side.

7.5 Disassembly Process Evaluation

In Chapter 5, the disassembly process of the joint based on FDM-manufactured micro-
protrusions has been assessed. In this section, the disassembly process of the joint based on SLM-
manufactured micro-protrusions will be evaluated. Through the analysis of the disassembly
performance of joints based on FDM and SLM-manufactured micro-protrusions, the impact of
these two manufacturing methods on the disassembly performance of joints can be evaluated,
providing reference and guidance for the design and manufacture of joints that are easier to
disassemble.

The disassembly process of the CFRP-metal joint based on SLM is illustrated in Fig. 7-7.
Employing the same disassembly method, the metal plate side was first fixed, followed by the
separation of the CFRP sheet from the left side of the joint in a tearing manner. In the initial stage,
the separation occurred at the edge of the metal plate and the CFRP sheet, which was attributed to
the failure of the cured resin, namely the failure of hydrogen bonding. With the increase in applied
force, this crack would further propagate inward along the SPCC surface. Until Step 3, as shown
in Fig. 7-7, the root of the micro-protrusions could gradually be observed, and with the force
applied, the complete separation of the SPCC and CFRP sheet was achieved following the contour

of the outer profile. Unlike the results in Section 5.5, this method completely separated the metal
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and CFRP sheet.
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Fig. 7-7 Disassembly steps of the CFRP-SPCC joint based on SLM-manufactured micro-protrusions.
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After the disassembly process finished, the disassembled components were been observed.
Firstly, the CFRP sheet side and no macroscopic damage was found. Subsequently, the focus was
on the areas where the micro-protrusions were embedded, and observations were conducted using
SEM. The observation results are shown in Fig. 7-8. Fig. 7-8(a) displays the surface morphology
of the CFRP sheet after disassembly. Due to the complete penetration of the CFRP plate by the
micro-protrusions during the joining process, small holes were left on the CFRP sheet surface.
These holes have irregular shapes but exhibit different sizes in the length and width directions,
with a length of approximately 1.4 mm and a width of approximately 0.4 mm. These regular
features are consistent with the elliptical cross-section of the micro-protrusions.

Fig. 7-8(b) shows the morphology of the underside of the CFRP sheet in contact with the
metal after disassembly. Due to the micro-protrusions' continuous expansion from the tip to the
base, the holes beneath the CFRP sheet also expand accordingly. However, the shape is uniform at
this point, appearing elliptical, with a major axis of approximately 2.7 mm and a minor axis of
approximately 1.4 mm. This design maintains nearly consistent dimensions at the micro-
protrusions' base, and no carbon fiber damage was observed around the holes. Since the CFRP
sheet surface has solidified, it presents a smooth surface under SEM.

Fig. 7-8(c) presents an enlarged view of the interior of the cavity beneath the CFRP sheet.
The small holes left by the disassembled micro-protrusions on the CFRP sheet did not cause any
damage. Although the hole walls are not entirely smooth, no significant defects were observed.
This lack of smoothness may be related to the surface rough of the micro-protrusions manufactured
by the SLM method.

On the macro scale, no damage was observed on the metal side after disassembly, including
the SPCC matrix and the micro-protrusions. However, SEM observations were still conducted on
the surface of the disassembled micro-protrusions. The results are shown in Fig. 7-9. The presence
of carbon fibers can be observed in regions b, ¢, and d of Fig. 7-9(a). This indicates that a small
amount of carbon fiber filaments remained on the micro-protrusion’s surface during disassembly.
This phenomenon depends on two factors. First, we used chopped CFRP, characterized by carbon
fiber filaments being exposed on the outermost surface. Therefore, during the joining process,
carbon fiber filaments inevitably come into contact with the surface of the micro-protrusions.
Secondly, the surface of the micro-protrusions may not be entirely smooth, which may lead to a

small amount of carbon fiber filaments remaining on the surface of the micro-protrusions during
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disassembly. However, this situation will not cause any damage to the performance of the carbon

fiber plate.

CFRP upper side

CFRP bottom side
(b) i o

SR T e 2] —_
Fig. 7-8 The disassembled CFRP morphology under SEM: (a) CFRP top side; (b) CFRP bottom side; (¢) fractural
morphology of the ¢ zone in Fig. 7-8(b).

100 pm

Fig. 7-9 The disassembled micro-protrusion morphology under SEM: (a) from top view; (b) magnification of
the zone b in Fig. 7-9(a); (c) magnification of the zone c in Fig. 7-9(a); (d) magnification of the zone d in Fig. 7-
9(a).
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7.6 Conclusions

This chapter focuses on the fabricated micro-protrusions on the SPCC surfaces through the
SLM technique and joining them with the epoxy resin-fused chopped CFRP sheet. A
comprehensive analysis and characterization of the joint performance and disassembly process
were conducted. Based on the research findings, the following key conclusions were drawn:

1. The rose thorn biomimetic micro-protrusion manufactured using the SLM method does not
cause any damage to the carbon fibers when joining with the CFRP sheet. Its fine tip can
first penetrate the gaps between carbon fibers and then gradually expand to achieve full
adhesion of the metal surface with the CFRP sheet. The entire process does not cause any
damage to the carbon fibers.

2. Tensile test results show that the fracture occurs in the epoxy resin fused chopped CFRP
substrate area, indicating that the rose thorn structure made using the SLM technique can
effectively enhance the joint's tensile strength.

3. The disassembly test demonstrates that the rose thorn biomimetic structure manufactured
by the SLM method can achieve complete separation between metal and CFRP sheets. No
apparent defects were found on the disassembled CFRP sheet.

4. The rose thorn biomimetic micro-protrusion created on metal surfaces using the SLM

technique facilitates easy disassembly joining between metal and CFRP.
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Chapter 8: Conclusions and Future Work

8.1 Summary

This study delved into the new concept of “easily disassemblable joining” between SPCC and
CFRP, focusing on creating high-strength joints and facilitating the disassembly and recycling of
end-of-life vehicles. Inspired by the structure and performances of rose thorns in nature, I
developed a biomimetic design. I utilized cutting-edge manufacturing techniques such as fused
deposition modeling (FDM) and selective laser melting (SLM) to investigate the joining and
disassembly performance of CFRP and metal interfaces. The key conclusions drawn from this
pioneering study are as follows:

1. Rose Thorn Biomimetic Structures Design

A geometrical model inspired by rose thorns was successfully established for the metal
surface structuring, leading to a novel design approach for joining metals with CFRP. The shape
and design of the biomimetic micro-protrusions, a key element in this study, played a critical role
in stress distribution and joint strength. Properly optimized shapes can reduce stress concentration
and enhance joint reliability.

2. Manufacturing Techniques: FDM and SLM

This study employed two manufacturing techniques, Fused Deposition Modeling (FDM) and
Selective Laser Melting (SLM), to fabricate the rose thorn biomimetic micro-protrusions on metal
surfaces for joining with CFRP. Both techniques, crucial in this research, were evaluated for their
effectiveness in creating robust and precise joining structures, leading to different insights.

3. Fused Deposition Modeling (FDM)

FDM is a widely used additive manufacturing method known for its flexibility and
accessibility. However, in this study, FDM exhibited limitations in manufacturing millimeter-scale
biomimetic micro-protrusions. The primary issues observed included lower accuracy at the tips of
the micro-protrusions, resulting in damage to CFRP during penetration. The layered "staircase"
effect caused significant resistance during joining, leading to incomplete adhesion with the SPCC
substrate. Additionally, tensile tests revealed fractures at the micro-protrusions, indicating that the
mechanical performance deficiencies associated with FDM manufacturing may negatively affect
joint strength. These findings highlight the necessity for more precise manufacturing techniques
to ensure high-quality joining when utilizing rose thorn biomimetic structures in SPCC-CFRP

joining processes.
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4. Selective Laser Melting (SLM)

SLM, a more advanced additive manufacturing technique, uses a laser to melt metal powder
to create precise and detailed structures. In this study, SLM demonstrated more significant success
in fabricating biomimetic micro-protrusions on metal surfaces. The SLM-manufactured micro-
protrusions exhibited lower surface roughness, reducing the risk of carbon fiber damage when
joining with CFRP. The enhanced precision and reduced surface defects resulted in stronger joints,
as confirmed by tensile tests showing fractures occurring within the CFRP substrate rather than
the joint interface. Additionally, the SLM process allowed for easier disassembly, demonstrating
the potential for achieving high-strength joints while facilitating end-of-life recycling and
reusability. These results suggest that SLM is a more suitable manufacturing technique for
producing biomimetic micro-protrusions, contributing to improved joint strength and disassembly
efficiency.

This research establishes a robust framework for achieving high-strength joints while
enabling easy disassembly between metal and CFRP. It presents opportunities for broader
applications in lightweight and environmentally conscious manufacturing. The implications for
future studies are significant, opening new pathways to sustainable design, improved recycling,

and efficient resource utilization.

8.2 Future Work
8.2.1 Optimize the Design Process of the Biomimetic Structure Shape

The current study primarily focused on the structural design of the rose thorn biomimetic
patterns without extensive consideration of the various environmental conditions in which the
joints might operate. Future work should include detailed studies on how different environmental
factors, such as temperature fluctuations, humidity, corrosive environments, and long-term
mechanical exposure, affect the performance and durability of the joints. This will provide a better
understanding of the practical applicability of biomimetic structures in real-world scenarios.
Additionally, future research should explore advanced computational techniques, such as finite
element analysis and machine learning algorithms, to optimize the shape and distribution of micro-
protrusions. This will ensure that stress concentrations are minimized and joint reliability is

maximized under various loading conditions.

8.2.2 Improve the FDM Manufacturing Process
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The parameters related to debinding and sintering during the FDM process significantly
impact the final product performance, affecting the joints' performance. Due to time constraints
and limitations in experimental equipment, this study did not systematically investigate these
factors. Therefore, further research on the debinding and sintering processes in FDM is necessary
to optimize manufacturing parameters and improve joint quality. Future studies should focus on a
detailed analysis of these parameters, including the effects of varying debinding and sintering
conditions on the mechanical properties of the printed parts. By systematically exploring these
aspects, enhancing the overall performance and reliability of joints formed using FDM-

manufactured components will be possible.
8.2.3 Broden the Appliable Materiales Range and Application Scenarios

The primary objective of this research has been to establish the concept of “easily
disassemblable joining” between metal and polymer materials. The current study focused on SPCC
as the metal and self-processed CFRP as the polymer to demonstrate this concept. Moving forward,
it should extend this easily disassemblable joining concept to a broader range of materials. Future
work needs to explore various metal substrates and commercially available CFRP materials to
validate and enhance the applicability of the disassembly joining technique. This will broaden the
scope of materials that can benefit from this joining method and provide valuable insights into
optimizing the process for different material combinations, ensuring its effectiveness and

versatility in diverse industrial applications.
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