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Abstract 
This dissertation presents a systematic investigation into the formation mechanisms of 

surface open pore structures in cold spray solid state additive manufacturing and their 

functional application in boiling heat transfer enhancement. The objective is to establish 

an integrated research framework that spans from structural formation mechanisms to 

engineering performance validation. In response to the limitations of conventional porous 

heat transfer surfaces in terms of structural controllability, fabrication cost, and scalability, 

this work proposes a design pathway based on deposition non-uniformity in cold spray 

processing to enable both formation and controllable construction of surface open pore 

architectures. 

Under identical cold spray processing conditions, a comparative study was conducted on 

Al, Cu, and Ti-6Al-4V (Ti64). The results demonstrate that only Ti64 spontaneously 

forms a honeycomb like surface open pore network during deposition. Cross sectional 

observations and three dimensional micro computed tomography reconstruction reveal 

that this structure originates from spatially selective bonding during the initial deposition 

stage. Owing to the high critical deposition velocity and intrinsic strength of Ti64, particle 

velocity dispersion leads to pronounced deposition non-uniformity. This non-uniformity 

is continuously inherited and amplified during multilayer accumulation, ultimately 

forming through thickness open channels and wall like skeletal structures. 

On this basis, pool boiling heat transfer was employed as a performance evaluation 

platform to systematically investigate the functional behavior of cold sprayed porous Ti64 

surfaces. Experimental results show that such surfaces significantly reduce nucleation 

superheat and enhance critical heat flux. The enhancement mechanism can be attributed 

to two primary effects. First, the cavity structures provide abundant and stable nucleation 

sites that promote early bubble generation. Second, the wall like skeleton acts as a 

geometric barrier to suppress lateral bubble coalescence, thereby delaying dry spot 

propagation and hydrodynamic instability. It was also observed that as coating thickness 

increases, the relatively low thermal conductivity of Ti64 introduces additional thermal 

resistance, partially diminishing the structural enhancement effect. This finding indicates 

a pronounced coupling between structural functionality and intrinsic thermophysical 

properties, highlighting the necessity of balancing pore structure enhancement and 
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conductive heat transfer pathways in optimized design. 

To further achieve structural designability and material transferability, a substrate pre-

treatment driven geometric regulation strategy was proposed. By pre-fabricating pore 

arrays and related structures on aluminum substrates, low deposition efficiency regions 

were intentionally introduced to guide the formation of controllable open pore networks 

during subsequent cold spray deposition. Through orthogonal experimental design and 

response surface analysis, the influences of pore diameter, pore spacing, and coating layer 

number on critical heat flux were systematically evaluated, establishing quantitative 

correlations among geometric parameters, structural morphology, and heat transfer 

performance. The results indicate that pore diameter and pore spacing are the dominant 

parameters, and appropriate matching can significantly enhance heat transfer 

performance while maintaining manufacturability. 

Overall, this dissertation systematically elucidates the formation mechanisms and 

functional enhancement principles of cold spray induced surface open pore structures and 

establishes the intrinsic relationship among deposition behavior, structural evolution, and 

heat transfer performance. The findings provide both theoretical foundations and practical 

engineering pathways for the design and scalable fabrication of efficient boiling heat 

transfer surfaces with multiscale architectures and material adaptability. 
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Chapter 1 Introduction 
With the rapid advancement of high–power-density electronic devices, advanced energy 

systems, and multiphase heat-transfer equipment, interfacial heat-transfer performance 

has gradually emerged as a critical factor limiting overall system performance and 

reliability. Among various heat-transfer enhancement strategies, regulating interfacial 

transport processes through surface structural design is widely regarded as a solution that 

combines strong physical effectiveness with engineering feasibility. A substantial body of 

research has demonstrated that surfaces featuring porous or multiscale structures can 

markedly promote bubble nucleation and detachment during boiling, while 

simultaneously suppressing lateral bubble coalescence in the transition boiling regime. 

As a result, such surfaces exhibit outstanding performance potential in applications 

involving boiling heat transfer, evaporative cooling, and multiphase flows. Consequently, 

the controllable and scalable fabrication of functional porous surfaces has become an 

important research topic in surface engineering and advanced manufacturing. 

Despite the well-recognized advantages of porous structures in enhancing interfacial 

transport, their practical fabrication remains challenging. On the one hand, conventional 

approaches such as chemical etching, sintering, or templating can generate porous 

features to some extent, yet precise control over pore size distribution, spatial uniformity, 

and structural stability is often difficult to achieve. On the other hand, additive 

manufacturing technologies based on melting–solidification mechanisms, such as 

selective laser melting or electron beam melting, offer a degree of geometric design 

freedom but are constrained by high thermal input, high cost, and limited processing area, 

which restrict their applicability to large-area functional surfaces. From a manufacturing 

science perspective, the development of a low-cost, scalable method that can naturally 

generate porous structures is t`herefore of great significance for the engineering 

deployment of porous functional surfaces. 

Cold spray, as a representative solid-state additive manufacturing technique, accelerates 

powder particles to supersonic velocities via a high-speed gas–solid flow and achieves 

deposition through particle impact onto a substrate under fully solid-state conditions. 
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Unlike conventional thermal spray or fusion-based additive manufacturing processes, 

particles in cold spray do not undergo melting; instead, deposition is governed primarily 

by severe plastic deformation induced by high-velocity impact and subsequent interfacial 

bonding. This solid-state nature endows cold spray with notable advantages in avoiding 

oxidation, phase transformation, and thermal damage, while also imparting distinct 

deposition kinetics. Notably, cold spray does not always result in uniform and continuous 

deposition under all conditions. Particularly during the initial deposition stage, whether 

particles can successfully adhere to the substrate depends strongly on local impact 

conditions and material properties. This coexistence of “successful” and “failed” 

deposition provides a potential physical basis for the formation of porous structures. 

In existing cold-spray studies, most efforts have focused on producing dense coatings 

through process optimization, whereas regions associated with deposition failure and 

their structural implications have received limited attention. However, for material 

systems with high strength and high critical deposition velocity, such as Ti-6Al-4V (Ti64) 

titanium alloy, cold spray inherently exhibits low initial deposition efficiency. During the 

early stages of deposition, only certain regions satisfy the critical conditions required for 

effective particle bonding, while particles impacting other regions rebound or fragment, 

preventing continuous deposition. This spatially selective deposition behavior is not a 

random defect but rather a material-governed characteristic dictated by intrinsic 

mechanical properties, resulting in the spontaneous formation of surface porosity with 

non-uniform length-scale distribution. 

Although cold spray technology has traditionally been employed for the fabrication of 

dense coatings and additively manufactured components, materials with relatively high 

critical deposition velocities, such as Ti-6Al-4V, often exhibit pronounced deposition 

inhomogeneity and low deposition efficiency during the initial stages of deposition. 

Conventional studies have generally regarded this phenomenon as a detrimental factor 

affecting deposition quality, while its potential value for the fabrication of functional 

structures has remained largely unexplored. The present study reveals that such 

deposition inhomogeneity, arising from selective particle bonding, can naturally generate 

surface-open porous structures during the cold spray process. Accordingly, this thesis 

addresses the following central scientific question: can the intrinsic inhomogeneous 
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deposition behavior in cold spray be understood, exploited, and further controlled to 

enable the fabrication and design of porous functional surfaces? 

Based on the above research background, this thesis aims to investigate whether the 

inherent non-uniform deposition behavior in the cold spray process can be transformed 

from a traditionally perceived “deposition defect” into a usable structure formation 

mechanism, and further applied to the design and fabrication of porous functional surfaces. 

Unlike existing studies that mainly focus on improving deposition efficiency and 

obtaining dense coatings, this work emphasizes the structural formation characteristics 

and potential engineering value associated with deposition failure regions. In particular, 

it seeks to establish the intrinsic relationship between cold spray deposition behavior, 

porous structure formation, and functional performance. 

To achieve these objectives, the thesis is organized around the following research tasks: 

(1) investigating the formation mechanism of porous structures during the cold spraying 

of Ti64, with particular emphasis on the relationship between particle deposition behavior, 

deposition efficiency, and pore formation; 

(2) using boiling heat transfer as a functional validation platform to systematically 

evaluate the heat transfer performance of cold-sprayed porous surfaces and analyze the 

corresponding enhancement mechanisms; 

(3) based on the understanding of the above mechanisms, exploring methods for the 

controllable fabrication of porous structures through substrate surface pretreatment, 

thereby extending the material-driven pore formation mechanism into a geometry-driven 

pore design strategy; and 

(4) establishing the relationship between cold spray deposition behavior, surface 

structural characteristics, and functional performance, in order to provide a theoretical 

basis for the design and engineering application of cold-sprayed porous functional 

surfaces. 

Following the clarification of these research objectives, the subsequent chapters are 

developed progressively around these themes, constructing a comprehensive research 
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framework from the perspectives of mechanism investigation, performance validation, 

and controllable fabrication. 

To answer this question, the thesis first investigates the formation mechanisms of porous 

structures during the cold spraying of Ti-6Al-4V, elucidating the relationships among 

particle deposition behavior, deposition efficiency, and pore formation. Subsequently, 

pool boiling heat transfer is employed as a functional validation platform to 

systematically evaluate the heat transfer performance of the resulting porous structures 

and to clarify the underlying enhancement mechanisms. Finally, based on the mechanistic 

understanding established in the preceding studies, substrate surface pretreatment is 

introduced to extend the pore formation mechanism from a material-driven process to a 

geometry-driven process, thereby enabling the controllable fabrication of porous 

structures. Through these investigations, this thesis aims to establish the relationships 

between cold spray deposition behavior, porous structure formation, and functional 

performance, providing a theoretical foundation for the design and manufacture of porous 

functional surfaces using cold spray technology. 

Based on this understanding, Chapter 2 of this thesis systematically investigates the 

formation mechanism of porous surfaces during the cold-spray deposition of Ti64. By 

analyzing initial deposition behavior, deposition efficiency, and coating microstructure, 

the intrinsic origins of porous surface formation in high-critical-velocity materials under 

cold-spray conditions are elucidated. The results indicate that the porous surface of Ti64 

originates from spatially non-uniform particle bonding during the initial deposition stage, 

rather than from post-processing or the accumulation of random defects. This finding 

provides important insight into the fundamental nature of porous structures formed by 

cold spray. 

Building upon this mechanistic understanding, Chapter 3 employs boiling heat transfer 

as an application platform to systematically evaluate the functional performance of cold-

sprayed Ti64 porous surfaces. Boiling heat transfer is highly sensitive to surface 

microstructure, particularly in terms of bubble nucleation, growth, detachment, and 

critical heat flux (CHF). Porous structures are capable of strongly modulating interfacial 

interactions during these processes. Experimental results demonstrate that cold-sprayed 

Ti64 porous surfaces enable bubble nucleation at relatively low wall superheat and, under 
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certain conditions, significantly enhance CHF. This performance enhancement is 

primarily attributed to an increased density of nucleation sites, enhanced capillary liquid 

replenishment, and suppression of lateral bubble coalescence introduced by the porous 

structure. Nevertheless, owing to the intrinsically low thermal conductivity of Ti64, the 

additional thermal resistance associated with increasing coating thickness becomes 

increasingly pronounced, ultimately limiting further heat-transfer enhancement. This 

observation highlights the importance of simultaneously considering structural 

functionality and intrinsic thermophysical properties in the design of porous surfaces. 

While the cold-spray process of Ti64 naturally reveals the mechanism of porous 

formation, the resulting porous structures still exhibit a degree of spatial randomness, and 

material selection is constrained by intrinsic deposition characteristics. To achieve 

controllable porous design and material transferability, Chapter 4 proposes a conceptual 

transition from “material-driven porosity” to “geometry-driven porosity” based on the 

preceding mechanistic insights. By pre-treating aluminum substrates to introduce 

artificial geometric defect regions on the surface, areas that are intentionally unfavorable 

for effective deposition are created. These predefined regions are functionally equivalent 

to the naturally occurring deposition-failure zones during the initial cold-spray deposition 

of Ti64, thereby enabling the replication and regulation of porous surface formation even 

in material systems with high deposition efficiency. Experimental results confirm the 

effectiveness of this strategy in aluminum-based systems, demonstrating that the 

mechanism of porous structure formation in cold spray possesses good generality and 

design flexibility. 

In summary, this thesis addresses the core scientific issues associated with the fabrication 

of porous surfaces by cold spray, systematically investigating formation mechanisms, 

structural characteristics, and functional performance in boiling heat transfer. By 

identifying selective deposition during the initial deposition stage as a key mechanism in 

Ti64 and extending this concept to a geometry-controlled design strategy, this work not 

only deepens the understanding of cold-spray deposition behavior but also provides new 

perspectives for the designable manufacturing of porous functional surfaces. In this study, 

boiling heat transfer serves as a highly sensitive and quantitatively assessable application 

platform to validate the functional effectiveness of porous structures, rather than as the 
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ultimate research objective. 

The organization of this thesis is as follows. Chapter 2 systematically reviews research 

progress related to porous structures produced by cold spray, with emphasis on deposition 

non-uniformity and pore-formation mechanisms. Chapter 3 focuses on the 

microstructural characteristics and boiling heat-transfer performance of cold-sprayed 

Ti64 porous surfaces. Chapter 4 extends the identified mechanisms to aluminum-based 

systems, achieving controllable porous construction through substrate pre-treatment. 

Finally, the main conclusions are summarized, and future prospects for cold-sprayed 

porous functional surfaces in engineering applications are discussed. 
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Chapter 2 Literature review 
2.1 Cold spray technology 
2.1.1 Metal additive manufacturing technology 

Additive manufacturing technology, also known as rapid prototyping technology, 

commonly known as 3D printing, since the development of the 1980s, the development 

is very rapid[1][2][3][4][5][6]. The technology is a process for manufacturing metal parts 

by stacking materials layer by layer, using digital technical files as a guide[7][8]. To be 

more specific, the technology is based on the principle of ‘discrete stacking’, where a 

three-dimensional model is first created on a computer using drafting software such as 

AutoCAD. The 3D model is then layered down to a 2D planar model using slicing 

software. Finally, additive manufacturing equipment is used to carry out point-by-point 

or layer-by-layer deposition to form the final three-dimensional solid parts[9][10][11]. 

Among the additive manufacturing technologies, metal additive manufacturing is the 

most promising technology with a wide range of applications. The technology can be used 

for prototyping in aerospace research. Boeing had used this technology to make F-15 

pylons[12]. Apart from this, it can also be used in defense business, automotive industry, 

biomedical and other fields[3][13][14][15]. Compared to traditional manufacturing 

methods (e.g. casting, welding), metal additive manufacturing offers the possibility of 

preparing workpieces with complex geometries[16][17][18][19]. Rapid prototyping, 

printing of large components, reduction of printing defects and enhancement of 

mechanical properties are the key factors driving the development of metal additive 

manufacturing technology. A variety of metal additive manufacturing technologies have 

been developed to meet the demand for high-resolution printing of complex structures.[20] 

Metal Additive Manufacturing technology in the narrow sense is mainly a process in 

which powdered raw materials or metal wires are completely melted by the energy input 

of laser or electron beams and transformed layer by layer into workpieces of arbitrary 

geometrical shapes. Common metal additive manufacturing technologies can be 

categorized in terms of the nature of the feedstock, the state of aggregation, and the 

bonding mechanism between the material layers[21]. The most used additive 
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manufacturing processes laser beam melting (LBM), electron beam melting (EBM), and 

laser metal deposition (LMD). The LBM process is also known as selective laser melting 

(SLM), direct metal laser sintering (DMLS), laser metal fusion (LMF), or industrial 3D 

printing[22][23][24]. The LMD process is also known as direct metal deposition (DMD), 

laser engineered net shaping (LENS), laser cladding, or laser deposition 

welding[25][26][27]. 

Broad additive manufacturing technologies include adhesive jet molding techniques that 

have emerged in recent years, cold spraying, stir friction welding, direct metal writing 

and related diode-based processes[28][29][30]. 

 

Figure. 1 Additive manufacturing(AM) in a broad sense (the inner parts show the AM 

processes in a narrow sense)[31]  

2.1.2 Overview of cold spray  

As an emerging additive manufacturing technology, cold aerodynamic spraying (Cold 

Spraying) has a wide range of applications in the field of materials processing. Cold 

spraying is a powder deposition method that uses the self-solidifying ability of solid 

powder particles to combine with each other, and the self-solidification of this powder 

can only be realized under the condition of high-speed impact[28][29][32]. 
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The concept of cold spraying corresponds to the concept of thermal spraying, where ‘cold’ 

or ‘hot’ is not defined in terms of an absolute temperature, but rather in relation to the 

melting point of the material[33]. In thermal spraying, the temperature of the flame stream 

generally exceeds the melting point of the material, and the powder particles are softened 

or melted in the flame stream and deposited in a molten or semi-molten state. In the cold 

spraying process, the temperature is much lower than the melting point of the material, 

and the raw material powder does not melt and is deposited in a completely solid state. It 

is the low temperature and non-melting properties that make cold spraying avoid the 

oxidation, phase change, diffusion and thermal stress problems commonly associated 

with thermal spraying, making it a unique prospect for industrial 

applications[34][35][36][37]. 

This technique was originally developed by Thurston in the early twentieth century[38]. 

Later researchers used blast or pressurised gas to accelerate metal powders to a maximum 

of 300m/s and then hit the substrate to form layers. By the 1950s, Rocheville[38][39] had 

made important innovations to the technique. In his design, a bi-directional particle-gas 

flow through a Delaware nozzle allowed the particles to achieve higher velocities and 

form a uniform coating on the substrate. In the 1980s, Alkhimov and others at the Institute 

of Theoretical and Applied Mechanics of the Russian Academy of Sciences found that 

when the velocity of metal particles exceeded a certain critical value, the effect of 

particles on the substrate changed from erosion to adhesion, and carried out in-depth 

research on it, and their findings contributed to the advancement of the modern cold 

spraying device and cold spraying technology. Since the introduction of Alkhimov's cold 

spraying equipment, a large number of patents and publications have appeared every year 

related to the cold spraying process and applications, and the research directions involved 

have expanded from fluid mechanics to solid mechanics, etc., which has ultimately led to 

the development of cold spraying as a manufacturing technology with a wide range of 

applications in the fields of aerospace, automotive, energy, medical, and oceanographic 

applications[40][41]. 

2.1.3 Principle and characteristics of cold spray 

Cold spray technology is a new solid-state coating preparation technology based on 

supersonic gas-solid two-phase flow and high-speed collision dynamics, Fig .2 is a 
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schematic diagram of the cold spray system. Compressed gas (nitrogen, helium, air or gas 

mixture, etc.) as an accelerating medium, driving metal particles in the solid state at very 

high-speed collision substrate, so that the particles undergo strong plastic deformation 

and deposition of the coating[42] [43].  

From a gas-dynamic perspective, the cold spray process can be described as a 

compressible supersonic gas flow coupled with particle acceleration. Rab et al.[44] 

developed a three-dimensional multicomponent CFD model for the cold spray process 

using nitrogen and air, in which the gas flow was considered as a steady-state supersonic 

turbulent flow with heat transfer. In their model, the selected CFD program solved the 

Navier–Stokes equations for compressible flow, and the governing equations included the 

continuity equation, momentum equation and total energy equation. 

The continuity equation for the gas phase can be expressed as: 
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+
∂
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where ρ is the density of the fluid, 𝑈𝑈𝑗𝑗 is the velocity component of the fluid and t is time. 

𝑥𝑥𝑖𝑖   denote the Cartesian spatial coordinates. 

For the compressible turbulent gas flow in cold spray, the momentum equation can be 

written as: 
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where 𝑝𝑝′  is the modified pressure, 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒  is the effective viscosity responsible for 

turbulence, and 𝑆𝑆𝑀𝑀 is the sum of body forces. 𝑈𝑈𝑖𝑖 and 𝑈𝑈𝑗𝑗 are the velocity components in 

the 𝑖𝑖 − and 𝑗𝑗 − directions, respectively. 𝑥𝑥𝑗𝑗   denote the Cartesian spatial coordinates. 

The total energy equation, expressed in terms of total enthalpy, is given as: 
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where htot is the total enthalpy, λ is the thermal conductivity, T is the temperature, μt is 

the turbulent viscosity, Prt is the turbulent Prandtl number, h is the static enthalpy, τij is 

the stress tensor and SE is the energy source term. 
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The total enthalpy is further defined as: 

ℎ𝑡𝑡𝑡𝑡𝑡𝑡 = ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +
1
2

(𝑈𝑈𝑖𝑖 × 𝑈𝑈𝑖𝑖) + 𝑘𝑘 (2.1.3.4) 

 

where hstat is the static enthalpy and k is the turbulent kinetic energy. 

The total temperature of the inlet gas can be described as: 

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +
𝑈𝑈2

2𝑐𝑐𝑝𝑝
(2.1.3.5) 

 

where Ttot is the total temperature, Tstat is the static temperature, U is the velocity and 

cp is the specific heat at constant pressure. 

Several dimensionless quantities are also relevant to the description of cold spray gas 

dynamics. Rab et al. listed the local Mach number and Reynolds number as important 

parameters in the cold spray CFD model. The Mach number describes the ratio between 

the local gas velocity and the local speed of sound, and is used to characterise whether 

the gas flow is subsonic, sonic or supersonic. This is particularly important in cold spray 

because particle acceleration is achieved by a supersonic jet generated through a 

converging–diverging De Laval nozzle. The Reynolds number describes the relative 

importance of inertial and viscous effects in the gas flow. In the context of gas–particle 

interaction, the particle Reynolds number is also commonly used to characterise the flow 

around an individual moving particle and is closely related to the drag behaviour. These 

dimensionless quantities help to describe the gas flow regime, particle acceleration 

environment and subsequent impact conditions during cold spray deposition. 

 

In the cold spraying process, the particle size of a certain case, only in a certain speed 

range to collide with the substrate to form an effective deposition (Fig.3), the lower limit 

of the speed is called the critical speed[43] [45] [46], the upper limit is called the erosion 

speed. When the particle velocity is below the critical velocity, the particle will rebound 

when it collides with the substrate. Conversely, when the particle velocity is higher than 

the erosion velocity, the particles will erode against the substrate and detach from it. 
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Therefore, the critical velocity is a very important parameter in the cold spraying process, 

and the factors affecting the critical velocity will be discussed later[47][48][49][50][51]. 

 

Figure. 2 Schematics of the main components of CS system[52]  

 

Figure. 3 Particle velocity over particle temperature with window of sprayability (WS) 

and the regime of particle impact conditions (PIC)[43]. 

Cold spraying technology is characterized by high particle velocity and low temperature, 

therefore, compared with traditional thermal spraying, cold spraying technology has the 

following advantages[52][53][54][55]: 

(1) The oxidation, phase change, decomposition and grain growth of the powder can 
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be effectively avoided or reduced, so that the chemical composition and microstructure 

of the coating can be consistent with the original powder; 

(2) Dense coating, low porosity, densities up to 98% or more, to ensure that the 

coating of good thermal and electrical conductivity;  

(3) Small thermal influence on the substrate;  

(4) The residual stress of the coating is relatively low, and for the compressive stress, 

reducing the limitations on the thickness of the coating;  

5) No pollution, and simple and safe operation.  

In view of the above advantages, cold spraying technology is now widely used in the 

preparation of protective coatings and functional coatings, and in the aerospace, 

automotive, shipbuilding, electrical engineering and instrumentation manufacturing 

industries. Fig.4 shows a typical comparison of the thickness of coatings prepared by 

traditional surface engineering techniques and cold spraying techniques [10], from which 

it can be seen that cold spraying has the advantage that the thickness of the coating is 

basically unlimited, and therefore cold spraying has also been applied to repair and 

additive manufacturing and other fields. 

 

Figure. 4 Cold spray in the surface engineering space. CS cold spray, PVD physical 

vapor deposition, CVD chemical vapor deposition[39]  
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2.1.4 Deposition behaviour and bonding mechanism during impact 
of cold spray 

Van Steenkiste et al. summarised the formation process of a cold sprayed deposited layer 

into four stages, as shown in Fig. 5:  

(1) deformation of the particles and the substrate after impact, forming the first deposited 

layer;  

(2) deformation and reorganisation between the particles as loading continues;  

(3) metallurgical bonding between the particles is achieved, with a reduction in the 

porosity of the deposited layer;  

(4) further densification of the coating.  

Overall, the formation and growth of the deposited layer in cold spraying can be divided 

into two steps, firstly, the combination of particles and substrate, and secondly, the 

combination between particles[56]. 
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Figure. 5 Stages of coating formation in the cold spray process[56]  

A number of researchers have made studies on the deposition behaviour of single particles 

in cold spraying by means of numerical simulations and experimental studies[57] [58][59] 

[60][61] [62] [63]. Fig. 6 show the classical numerical simulation results when Cu 

particles collide. It is not difficult to find that, in the cold spraying process, when the 

particles are accelerated to a higher speed and hit the substrate, they will show two typical 

characteristics: (1) the inhomogeneity of particle deformation. While the particle 

undergoes strong plastic deformation, the deformation is mainly concentrated at the 

‘particle/substrate’ interface, and the amount of plastic deformation near the interface is 

as high as 10, while the amount of strain in the upper part of the particle is lower than 0.5. 

In addition, the collision bonding time of the particles is very short, which is only 10-

50ns, and thus results in the plastic deformation rate as high as 10^9/percent in the vicinity 

of the cross-section. Kim[63] et al. found large strain bands at the interface of cold 

sprayed aluminium particles(Fig. 7); (2) the heat generated by the plastic deformation of 

the solid particles in a short period of time meets the condition of adiabatic pre-shear 

instability during the deformation time, and produces a rapid heating and cooling at the 

‘particle/substrate’ interface, with a heating rate of up to 1010K/s, and the cooling rate is 

also as high as 109K/s. Due to the coupling of extreme conditions such as high strain, high 

strain rate, adiabatic warming, and rapid cooling, amorphous regions are generated at the 

interface, and when the interface temperature is higher than the recrystallisation 

temperature corresponding to the degree of deformation of the material, the metal at the 

interface of the particles undergoes recrystallisation. Xiong et al[64]. found both 

recrystallisation and amorphisation at the interface of cold sprayed aluminium particles. 

For some low melting point metals or under extreme spraying conditions, the peak 

temperature at the particle interface can exceed the melting point of the material and 

melting and re-solidification can occur (Fig. 8.)[65]. 
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Figure. 6 Evolutions of equivalent plastic strain (PEEQ, left side) and temperature 

(TEMP , right side) of a 40μm Cu particle impacting upon a Cu substrate at the 

impacting velocity of 310m/s[57]  

 

Figure. 7 CS-ed Al particle on steel substrate: a) cross-sectional images after 180º  

rotation and milling; b) magnified image at the marked region in (a)[63]  
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Figure. 8 Melting in CS: a) Ti particle successfully deposited onto a previously 

deposited layer; b) local melting under higher magnification of the boxed areas in 

(a)[65]  

In order to obtain the desired coatings by using cold spraying, it is important for 

researchers to investigate the bonding mechanisms during cold spraying, i.e., how the 

particles bind to the substrate and how the coatings are formed. Although cold spraying 

has been studied for close to 30 years, the bonding mechanisms between solid particles 

and substrates or solid particles are not fully understood. Based on the observation of the 

coating microstructure by scanning electron microscopy and projection electron 

microscopy, as well as the assistance of other equipment, several reliable models have 

been proposed to explain the binding of particles during cold spraying. These explanatory 

models mainly include adiabatic shear instability[66] [67][68], oxide rupture[65], local 

melting[62] [69][70], diffusion[71], interfacial amorphization[72] and mechanical 

locking[73]. In addition, these mechanisms do not exist independently of each other, and 

one or more binding mechanisms may exist simultaneously during the deposition process, 

which act together to lead to the formation of the final coating. 

2.1.4.1 Adiabatic shear instability: 

Adiabatic shear instability is the main mechanism for the binding of solid particles during 

cold spraying[43] [66][65] [67][68] [71] [74]. The high strain rate adiabatic deformation 

occurring in the local interfacial region will inevitably cause warming, which is also 

important for the bonding of the particles to the substrate. Asssadi[67] et al. investigated 

the adiabatic shear instability during cold spraying by studying the deposition behaviour 

of copper particles impacting on copper substrates by means of finite element simulations. 
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This study showed that when the particle velocity was increased from 550 m/s to 580 m/s, 

the plastic deformation, temperature and flow stresses on the substrate and particle impact 

surfaces were altered, and these alterations indicated the occurrence of adiabatic shear 

instability. In addition, M Grujicic et al[68]. showed that the formation of jets is also due 

to adiabatic shear instability due to local plastic strain and softening effects, as shown in 

Fig. 9. 

 

Figure. 9 The time evolution of particle and the substrate shapes during impact of a 25-

μm Cu particle onto the Cu substrate at 550 m/s: a) 4.4 ns; b) 13.2 ns; c) 22.0 ns and d) 

30.8 ns[68]  

The results of the present study indicate that the occurrence of adiabatic shear instability 

in materials plays an important role in the binding of particles, and the main types of 

binding that may result from this are as follows: 

(1) Mechanical bonding. 

The material undergoes adiabatic shear instability and produces plastic flow under 

pressure, which contributes to intermixing and mechanical interlocking between the 

substrates and particles, resulting in mechanical bonding. Grujiciic et al. suggest that 

mechanical occlusion at the nano- and micrometre scales is the main mechanism, and that 

instability at the interface will give rise to the Kelvin-Helm-holtz phenomenon, that is, 

when two fluids are picked up and have different velocities, roll-ups and vortices are 

created[62][75][76]. 

(2) Metallurgical bonding 

Computer simulations have shown that the onset of adiabatic shear instability can lead to 

localised temperatures at the particle/substrate contact surface reaching the melting point, 
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resulting in metallurgical bonding at the interface. This bonding occurs mainly in low 

melting point materials, such as zinc, and is unlikely to occur in high melting point 

materials[62][77][78]. 

(3) Physical bonding 

The jet produced by adiabatic shear instability removes the oxide film from the surface 

of the particles and the substrate, creating a clean surface and forming a physical bond at 

higher pressures, i.e., Van der Waals forces, and is more favorable to bonding when both 

the particles and the substrate are capable of generating heat flow[68]. 

As mentioned earlier, under different material and process parameters, one or more of the 

above three bonding modes may be present in the coating, but one of them plays a 

dominant role. Also, the region where adiabatic shear instability occurs is limited to 

localised interfaces[79][80][81]. 

2.1.4.2 Stress wave induced material jet formation mechanism 

Adiabatic shear instability during particle bonding is mainly based on simulation results 

from finite element analysis, but this theory has not been sufficiently confirmed 

experimentally. It is extremely important to understand how the particles bond together 

during the cold spraying process as they impact the substrate at high speeds. By using a 

high-speed camera and simultaneous quasi-continuous laser imaging, Hassani[82] et al. 

have observed in detail the impact of individual particles at supersonic speeds and 

concluded that bonding between particles occurs through the formation of material jets 

induced by stress waves. This type of in situ observation provides higher spatial and 

temporal resolution to the micron and nanosecond level. As exemplified in Fig. 10, when 

particles impact below a certain threshold velocity, they bounce off the substrate; and 

once the velocity exceeds this threshold, adhesion with the substrate occurs and a jet of 

material is observed in the direction of shear deformation, as indicated by the white arrow 

in the figure. Furthermore, numerical simulations show that when the pressure at the 

impact surface reaches a critical value, jets are formed at the edge of the interface. 

Therefore, this material ejection triggered by high stress waves is regarded as a key 

mechanism for interparticle bonding. 
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Figure. 10 In-situ observation of the bonding moment in microparticle impact. Multi-

frame sequences with 5 ns exposure times showing 45-μmAl particle impacts on Al 

substrate at 605 m/s (top) and 805 m/s (bottom), respectively below and above critical 

velocity. Material jetting is indicated with white arrows[82]. 

2.1.4.3 Oxide layer break up mechanism 

When discussing the bonding process in cold spraying, there is a view that the bonding is 

mainly due to the break up of the oxide layer during the impact process (see Fig.11)[58] 

[83]. Normally, the surfaces of both the particles and the substrate are covered by a natural 

oxide film (as shown in Fig. 11-a). When the particles impact the substrate at supersonic 

speeds, a strong plastic deformation occurs at the point of impact, causing the brittle, hard 

oxide film to rupture (as illustrated in Fig. 11-b). This process exposes fresh metal 

surfaces, which are tightly bonded to each other under high pressure, facilitating effective 

metallurgical bonding (see Fig. 11-c). However, residual oxides at the interface between 

the particles may prevent complete bonding of the particles, especially in the central 

region of the interface (as illustrated in Fig. 11-d). By increasing the processing 

parameters, it is possible to obtain higher impact velocities for the cold sprayed particles, 

which triggers more intense plastic deformation and breaks up the oxide layer into finer 

fragments so that the metallurgical bonding can be further strengthened due to the 

increased contact area. For particles with thicker oxide films, the breakdown of the oxide 

layer requires more kinetic energy, which leads to higher critical velocities. Therefore, 

the selection of powders with low or no oxygen content as feedstock is particularly critical 

in the preparation of high-performance cold spray layers or deposits. 
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Figure. 11 Schematic diagram of particle impacting and bonding processes in cold 

spraying.[58]  

2.1.5 Influential factors for cold spray 

2.1.5.1 Nozzles 
The nozzle is a key component of the cold spray system and it affects cold spraying in 

two main ways. One is the intrinsic parameters of the nozzle, and the other is the nozzle's 

trajectory during the cold spraying process. 

The nozzle is generally composed of a converging interface and a dispersing interface 

(Fig. 12). The inherent parameters of the nozzle are mainly, respectively, including inlet 

diameter/area, throat diameter/area, outlet diameter/area, convergence length and 

divergence length. Researchers have found that the ratio of cross-sectional throat area to 

outlet area (expansion ratio) and divergence length are two important parameters for 

accelerating powder particles. Wenya Li et al. using stainless steel particles have found 

that the expansion ratio is affected by the gas conditions, and the particle size. Combining 

these influences, the optimum expansion ratio for cold sprayed stainless-steel particles is 

1-10[84]. 
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Figure. 12  Schematic dimensions of cold spray nozzle geometry[5] 

In addition, the nozzle outlet diameter determines the size of the spray point and thus the 

manufacturing accuracy. By using a nozzle with a large throat diameter and a large outlet 

diameter, the machining of large parts can be accomplished, and a high work efficiency 

can be ensured. In this case, a single spray pass can produce a spot area with a diameter 

of more than 10 mm. In contrast, if the structure of the while machine to be processed is 

more delicate, it is necessary to design nozzles with small outlet diameters. For example, 

Sova et al[85] designed a supersonic micro-nozzle with an exit diameter of about 1 mm, 

which produces a single-pass trajectory width of about 1 mm, as shown in Fig. 13. 

 

Figure. 13  a) A small supersonic nozzle , b) a copper deposit on aluminum substrate 

cold sprayed by it[85]  

In the process of cold spraying, there are several variable parameters of the nozzle that 

also affect the results of cold spraying. Three of these parameters are the most important， 

they are spraying distance, spraying angle and travelling speed. 

Spraying distance refers to the distance from the nozzle to the substrate. The effect of 

spraying distance on the quality of cold spraying is mainly achieved by influencing the 

velocity of particles hitting the substrate. Pattison et al [86] graphically demonstrated the 

effect of standoff distance on DE (Fig. 14). The standoff distance was divided into three 

characteristic zones:(1) smaller, where the DE increases with increasing standoff distance; 

(2) medium, where the DE remains stable; and (3) larger, where the DE begins to decrease 

with increasing distance. To obtain high DE, the isolation distance should be set in the 
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intermediate region[86] [87]. 

 

Figure. 14 Non-dimensional chart showing the effect of standoff distance on deposition 

efficiency. Note that Fd is the drag force, Mc is the centerline Mach number, Vg is the 

gas velocity, Vi is the particle impact velocity and Vp is the in-flight particle velocity[86]  

The spraying angle is the angle between the nozzle and the substrate, and the spraying 

angle of the nozzle with respect to the substrate surface can be varied between 90° and 

30°, as shown in Fig. 15[88].Yin et al.[89] found that the post attachment of the deposited 

layer increases with the increase of the spraying angle by means of finite element 

simulation plus experimental methods. However, the trend of porosity is opposite to the 

deposited thickness, i.e., the porosity decreases with the increase of the spraying angle. 
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Figure. 15 Setup of different spray angles in one spray run[88]  

 

Figure. 16 Cross-sectional OM micrographs of the Ti coating deposited on the Cu 

substrate at different spray angles[89]  

The last important parameter related to the nozzle is the transfer speed of the nozzle. 

Transfer speed affects the porosity, the deposited thickness, and the substrate temperature. 

In their study, Wong et al.[90] conducted cold spraying experiments of terylene powder 

using two different nozzle travelling speeds (150 mm/s and 5 mm/s). The results showed 

that the nozzle travelling speed and the porosity of the deposited body were positively 

correlated, with the porosity of the resulting components being 0.9% and 0.1%, 

respectively. The reason for such a significant difference is that the nozzle velocity 

decreases and the jet stays on the substrate for a longer period of time, which has a heating 

effect on the substrate and increases the deposition efficiency. A similar phenomenon has 

been reported by Choudhuri[91] and Tan et al.[92] in their respective studies. 

2.1.5.2 Gas 
Carrier gas is a medium used to feed cold spray powder into the active stream of the 

nozzle. The characteristics of the carrier gas and its conditions are critical to the particle 

movement and deposition process. Shuo et al.[93][94] used numerical simulations and 

experiments to investigate how the carrier gas temperature affects the particle acceleration 

and deposition during the cold spraying process. The results show that the temperature of 

the carrier gas significantly affects the supersonic flow and the particle acceleration 

induced by it.  Previous studies have shown that increasing the carrier gas temperature 

enhances the acceleration of particles within the supersonic flow, resulting in higher 
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particle impact velocities and improved deposition conditions during cold spray. N.W. 

Khun et al.[95][96] meticulously explored the anti-wear and anti-corrosion properties of 

cold-sprayed Ti64 coatings on industrial-grade Ti64 substrates using nitrogen (N2) and 

helium (He) as the carrying gases. When helium was used as the working gas, the Ti64 

coatings obtained exhibited a denser microstructure and lower porosity. As a result, the 

hardness of the Ti64 coatings deposited with helium exceeded that of the corresponding 

coatings deposited with nitrogen. In addition, the helium-deposited Ti64 coatings 

exhibited higher adhesion. 

2.1.5.3 Particle Condition 
The particle state affects cold spraying in two main ways, particle size and particle 

morphology. When all other spraying parameters are the same, the larger particle size, the 

more difficult to accelerate and therefore the lower the kinetic energy gained by the 

particle. However, larger particles are more likely to achieve higher temperatures and thus 

lower critical velocities. The effect of particle size on particle impact velocity and critical 

velocity is given in Fig. 17 [43]. Interestingly, there exists an optimum particle size range 

where the particle velocity is much higher than its critical velocity. Particles with 

optimum particle size range give high quality coatings[97]. 

 

Figure. 17 The relationship between particle impact velocity and critical velocity and 

particle size distribution in cold spray[43]  
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The particles used for cold spraying can be classified as spherical and irregular shaped 

powders[98] [99]. For the same process parameters, irregular powders have a higher drag 

coefficient, which results in poorer fluidity and unfavourable deposition. Bhattiprolu's 

experiments with spherical and irregular shaped particles showed that irregular particles 

produced deposited components with higher porosity and lower microhardness. 

2.1.5.4 Substrate condition 
The temperature of the substrate and the surface roughness of the substrate can have a 

significant effect on the deposition results. 

The deposition behavior of particles is different when the roughness of the metal surface 

is different, for example, a rougher surface has a larger contact area for high-speed 

particles to mechanically lock with. The effect of substrate surface roughness on the 

deposition behavior has been investigated using a combination of finite element 

simulation and experimental methods by S. Kumar et al.[100] It was shown that 

deposition is more likely to occur when the size of the substrate surface valleys is smaller 

than the particle size. In addition, a rougher surface increases the interfacial temperature 

during particle impact due to the higher friction provided, which increases the adhesion. 

The temperature of the substrate affects the critical velocity of the particles, which in turn 

affects the deposition. When the substrate possesses a higher temperature, it significantly 

reduces the critical velocity of the particles. The study by M. Fukumoto et al.[101] shows 

confirmation of the above. It is very clear that even when the particles are deposited at 

room temperature, the Cu particles are still well deposited on the substrate when the 

substrate has a higher temperature. 

2.2 Porous structures in additively manufactured 
materials 
2.2.1 Classification of porosity 

2.2.1.1 Microporosity 
In additively manufactured materials, microporosity, which typically refers to pores 

ranging from a few to several tens of micrometers in size, is almost universally present 

across different processing mechanisms and material systems[102][103]. Unlike 
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macroscopic lack-of-fusion defects or large voids caused by process instability, 

microporosity is not simply the direct result of a single mismatched process parameter. 

Instead, it arises from the coupled interactions among energy input mode, material flow 

behavior, and local densification kinetics. In recent years, related studies have gradually 

redefined microporosity, not merely as a “process defect,” but as a key structural feature 

that provides crucial insight into the formation and evolution mechanisms of 

microstructures in additive manufacturing[104][105][106]. 

 

Figure. 18  Microporosity in different additive manufacturing processes[107][108][109] 

In fusion-based additive manufacturing, particularly in selective laser melting 

(SLM/LPBF), numerous studies have revealed that the formation of microporosity is 

closely related to the transient geometry of the melt pool and its thermo-fluid boundary 

conditions. Avegnon et al.[108] investigated LPBF-processed 316 stainless steel and 

found that even within the conventionally accepted dense-build energy window, 

micropores could still exhibit distinct spatial periodicity. Through combined X-ray CT 

and flow field analysis, they attributed this phenomenon to weakened convective heat 

transfer caused by periodic obstruction of the protective gas flow by the recoater blade, 

which resulted in local heat accumulation, deeper melt pools, and subsequent keyhole-

type micropore formation. This finding suggests that microporosity does not always 

originate from deviations in main process parameters, but can instead arise from local 

instabilities induced by equipment–environment coupling. 

Building upon this, Aboulkhair et al.[107] systematically investigated the influence of 
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scan speed on pore formation mechanisms in AlSi10Mg alloys, providing a more refined 

understanding of microporosity evolution. Their results indicated that at lower scan 

speeds, metallurgical pores dominate, whereas at higher scan speeds, the proportion of 

keyhole-type pores increases significantly. Furthermore, they reported that surface 

irregularities such as balling under high-speed conditions can promote the entrapment of 

partially melted powder or gas in subsequent layers, thereby enhancing the probability of 

microporosity formation. Notably, the authors proposed that multiple scan or pre-scan 

strategies can improve surface smoothness and suppress keyhole pore formation without 

a significant loss in productivity, highlighting that microporosity is not entirely 

uncontrollable but highly sensitive to melt pool evolution pathways. 

Beyond fusion-based metal additive manufacturing, microporosity also plays a decisive 

structural role in powder-based preform–post-densification routes. Cramer et al.[103] 

studied binder jet–fabricated SiC preforms followed by reactive silicon infiltration, 

systematically analyzing pore evolution throughout the printing and post-treatment stages. 

The study revealed that the large number of interparticle micropores formed during the 

initial printing phase undergo substantial closure during infiltration, but the degree of 

closure is strongly governed by the competition between percolation pathways and 

reaction kinetics. Using combined X-ray CT and neutron Bragg-edge imaging, the authors 

further demonstrated that the spatial heterogeneity of micropores directly reflects the 

advancement behavior of the reaction front, suggesting that microporosity in such 

processes should not be regarded as a mere “residual defect,” but rather as a 

microstructural signature of process kinetics. 

Taken together, these studies indicate that although the formation mechanisms of 

microporosity differ among various additive manufacturing routes, they consistently 

exhibit strong process dependence and localization characteristics. In LPBF and other 

fusion-based processes, microporosity is primarily controlled by melt pool transient 

stability and thermo-fluid boundary conditions, whereas in printing–post-densification 

processes, it results from the competition among percolation, reaction, and densification 

kinetics. Therefore, microporosity should not be regarded as a simple processing defect, 

but rather as a naturally evolved microstructural feature arising under coupled material–

process conditions. This understanding provides a crucial conceptual framework for 
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subsequent discussions on microporosity formation mechanisms in solid-state additive 

manufacturing. 

2.2.1.1 Mesoporosity 
Mesopores typically refer to the important intermediate pore state between micropores 

and macropores. Compared with micropores, mesopores significantly reduce mass-

transfer resistance and enhance molecular diffusion rates; relative to macropores, they 

offer larger specific surface areas and more active interfacial sites. Consequently, 

mesoporous architectures play an irreplaceable role in various applications, including 

adsorption and separation, catalytic support, energy transport, dielectric regulation, and 

acoustic and thermal management[110][111]. 

In porous material design, mesopores rarely exist in isolation; rather, they typically 

coexist with micro- and macropores to form hierarchical porous structures. Within such 

frameworks, mesoporosity serves as a “transport–interface bridge,” connecting pores of 

different scales and facilitating efficient coupling between structural hierarchy and 

functional performance. 

 

Figure 19. Mesoroporosity in different additive manufacturing 

processes[110][111][112][113] 

In a representative study, Zhang et al.[114] systematically elucidated the mechanism of 

mesopore formation during solution-based additive manufacturing of porous polymers. 

The authors demonstrated that in ternary systems, the gradual evaporation of a volatile 

solvent drives the composition to cross the phase boundary, triggering spinodal 
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decomposition and ultimately generating a continuous, interconnected mesoporous 

network during solidification. The resulting mesopores, predominantly in the tens-of-

nanometers range, coexist with intrinsic micropores to form a multilevel pore system. 

Experimental results revealed that this mesoporous network markedly improves internal 

mass transport efficiency and suppresses the formation of dense surface skins, thereby 

directly enhancing adsorption and separation performance. 

In another representative work, Chen et al.[113] identified mesoporosity as the dominant 

structural feature within polyimide aerogels fabricated by direct writing. Their review 

showed that the sol–gel reaction followed by drying enables the construction of a 

nanostructured three-dimensional network primarily composed of mesopores, yielding an 

overall porosity exceeding 90%. These mesopores not only endow the material with 

ultralow density and thermal conductivity, but also exert a decisive influence on dielectric 

regulation. The study further revealed that the size and uniformity of mesopores directly 

affect polarization behavior and dielectric loss, serving as critical structural parameters 

for achieving low dielectric constants and high-frequency stability. 

In summary, mesoporous structures occupy a central bridging position in modern porous 

material systems. On one hand, their continuous nanoscale networks substantially 

enhance mass and heat transport as well as interfacial reaction efficiency; on the other 

hand, they serve as the key link that couples microscale structural properties with 

macroscale functional performance within hierarchical architectures. The cited studies 

clearly demonstrate that—whether in phase-separation-induced porous polymers or in 

aerogels and their additively manufactured counterparts—mesoporosity forms the 

structural foundation for achieving high-performance and multifunctional porous 

materials. 

2.2.1.1 Macroporosity 
Macroporosity, typically referring to pore structures ranging from several tens of 

micrometers to hundreds of micrometers, or even millimeter scale, represents the largest 

class within hierarchical porous systems. In engineering materials and metallic foams, the 

significance of macropores lies not in their contribution to specific surface area, but in 

their highly interconnected open-pore networks, which provide low-resistance pathways 

for the transport of fluids, gases, or biological tissues. Unlike micropores or mesopores, 
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where transport is dominated by diffusion, macroporous structures primarily govern 

permeation, convection, and bulk flow behaviors, exerting fundamental influence on 

permeability, capillary wicking, pressure drop, and macroscopic functional response. 

Jha et al.[115] systematically investigated the fabrication of high-porosity titanium foams 

using the space-holder method. In this process, titanium powder is mixed with removable 

NaCl particles, compacted, and subsequently subjected to thermal or dissolution 

treatment to remove the space holders, forming a highly interconnected macroporous 

network after sintering. The pore size and volume fraction are mainly controlled by the 

size and fraction of NaCl particles, typically yielding pores in the hundreds of 

micrometers range—representative of a classical macroporous architecture. Such 

structures exhibit excellent open-pore connectivity and high overall porosity, making 

them particularly suitable for biomedical implants and mass-transfer-related applications. 

However, the study also reported that insufficient diffusion between powder particles 

during sintering can lead to residual micropores within pore walls, degrading mechanical 

strength and fatigue reliability. Furthermore, since the pore geometry directly inherits the 

random morphology of the space-holder particles, control over pore shape and spatial 

distribution remains limited, restricting its applicability in load-bearing macroporous 

structures. 

Su et al.[116] proposed a metal injection molding (MIM) process without the use of space 

holders for fabricating Ti64 porous materials with tunable pore structures. This method 

utilizes non-spherical HDH Ti64 powders of varying particle sizes, combined with 

conventional injection molding, catalytic debinding–thermal debinding, and vacuum 

sintering processes. It directly forms the porous structure by exploiting the gaps retained 

between particles due to incomplete densification, without introducing an external 

sacrificial phase. Research indicates that powder particle size and sintering temperature 

are the two core parameters determining pore morphology: increasing the initial powder 

particle size or lowering the sintering temperature both help suppress the full growth of 

sintering necks, thereby achieving higher porosity and larger average pore size. 
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Figure 20. Macroporosity during Cold Spray Processes[117][118] 

As a solid-state additive manufacturing (AM) technique, cold spray (CS) has also been 

explored for the fabrication of porous metallic structures. Unlike fusion-based AM, where 

melting and solidification dominate, cold spray relies on severe plastic deformation 

during supersonic particle impact, leading to solid-state bonding. Pore formation in this 

process primarily results from geometric mismatch between particles, non-uniform local 

deposition efficiency, and constrained interfacial deformation. Traditionally, such pores 



33 
 

have been considered defects rather than functional features. Recent systematic analyses, 

however, have revealed that pore morphology and scale in cold-sprayed deposits are 

closely correlated with particle velocity, size distribution, spray path, and multilayer 

deposition evolution, with macropores often originating from non-uniform accumulation 

and topographic amplification during early deposition stages[119]. 

Building on this understanding, recent studies have begun to leverage inherent deposition 

non-uniformities to intentionally form functional macroporous structures. Notably, a 

2024 study published in Scripta Materialia demonstrated[118], for the first time, the 

feasibility of fabricating stable cellular architectures via cold spray. Using TiH powder as 

feedstock, the authors exploited in-situ dehydrogenation and phase-transformation-

induced mechanical contrast under ultra-high-velocity impacts to create an open cellular 

network composed of brick-like cells and interconnecting walls. The resulting structure 

exhibited clear macroporous characteristics, with cell sizes of ~400–2000 μm, wall 

thicknesses of 20–90 μm, and continuous pore channels extending several millimeters 

along the build direction. The study elucidated that these macropores originated from 

phase-dependent deformation heterogeneity at the impact interface, offering a new 

mechanistic pathway for constructing large-scale pore structures through cold spray. 

Despite this progress, research on macroporous formation via cold spray remains in an 

early exploratory stage and faces several limitations. First, the formation of large pores is 

strongly dependent on specific powder systems and impact-induced phase transitions, and 

no generalized process design framework currently exists. Second, macroporous features 

often arise during early or unstable deposition stages and tend to collapse or fill with 

increasing layer thickness, resulting in limited structural stability and scalability. Third, 

the cell walls typically contain residual micropores and microcracks, whose effects on 

mechanical reliability and service performance remain insufficiently characterized. 

Overall, existing work has primarily focused on phenomenological observation and 

mechanistic interpretation. Future research should aim to achieve controllable 

macroporous architecture design, scalable process optimization, and quantitative 

structure–property correlation, thereby enabling the functional utilization of 

macroporosity in cold-sprayed and other solid-state additive manufacturing processes. 
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2.2.2 Porosity formation in additive manufacturing 

2.2.2.1 Laser powder bed fusion (LPBF) 

 
Figure. 21 Fabrication of diverse porous structures using LPBF [120][121][122][123] 

Laser powder bed fusion (LPBF) is a representative fusion-based additive manufacturing 

technique, in which the fabrication process involves localized high energy density input, 

rapid melt pool formation, and subsequent rapid solidification. Fig. 21 displays several 

typical porous structures fabricated by LPBF. Extensive studies consistently report that 

porosity is a ubiquitous structural feature in LPBF components and is difficult to eliminate 

entirely even under optimized processing conditions. It is generally accepted that pores 

in LPBF primarily originate from melt pool instabilities and energy input mismatch, 

including lack-of-fusion defects under low energy density conditions and gas pores 

induced by keyhole instability and collapse at high energy densities. In addition, gas 

entrapment and volumetric shrinkage during solidification have also been identified as 

important contributors to pore formation. Accordingly, mainstream mitigation strategies 

have focused on optimizing the processing window in terms of energy density, adjusting 
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scanning strategies, and employing post-processing densification treatments. 

Gong et al.[124] systematically investigated the evolution of pore types as a function of 

energy density in LPBF-fabricated Ti64 alloys, revealing that pores formed under low 

energy density conditions are predominantly lack-of-fusion defects concentrated in melt 

track overlap regions, whereas near-spherical gas pores associated with keyhole collapse 

are more prevalent at high energy densities. King et al.[125] directly visualized periodic 

oscillation and collapse of the keyhole during LPBF using high-speed in situ imaging, 

providing compelling evidence that keyhole instability constitutes one of the primary 

physical origins of gas pore formation. For stainless steels and nickel-based superalloys, 

multiple studies employing X-ray micro-computed tomography (μCT) have further 

demonstrated pronounced spatial heterogeneity in pore distribution, with pores 

preferentially accumulating at interlayer boundaries and scan track intersections, 

reflecting the influence of local energy input fluctuations on pore formation[126][127]. 

It is widely recognized that porosity exerts a strongly detrimental effect on the fatigue 

performance of LPBF components. Even at relatively low overall porosity levels, isolated 

pores can act as crack initiation sites and significantly reduce fatigue life. By contrast, 

static tensile properties are generally less sensitive to porosity, rendering fatigue behavior 

the primary metric for assessing the structural severity of pores in LPBF-fabricated 

materials[128]. 
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2.2.2.2 Directed energy deposition (DED) 

 
Figure. 22 Fabrication of diverse porous structures using DED 

[129][130][131][132][133]  

Directed energy deposition (DED) is likewise a fusion-based additive manufacturing 

process, but is characterized by a larger melt pool, continuous material feeding, and more 

pronounced fluctuations in thermal input. Previous studies have shown that porosity in 

DED components is closely related to melt pool stability, consistency of powder (or wire) 

delivery, and interlayer metallurgical continuity. Fig. 22 shows some closed porous 

structures formed during the DED process. When material supply and energy input are 

mismatched, local underfilling or gas entrapment may occur within the melt pool, leading 

to pore formation upon solidification. As a result, porosity is generally regarded as a 

critical defect that must be carefully controlled in DED processes. 

Kamath et al.[134][135] investigated the matching relationship between powder feed rate 

and laser power in laser-based DED of stainless steels and nickel-based alloys, 

demonstrating that unstable powder delivery directly leads to the formation of irregular 

pores within the deposited layers. From a thermo-fluid dynamic perspective, DebRoy et 
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al.[130] analyzed gas escape behavior in the DED melt pool and identified melt pool flow 

instability as a key driver of gas pore formation. In studies on DED-fabricated titanium 

alloys, Kelly and Kampe observed that insufficient interlayer thermal input can introduce 

large-scale pores at interlayer interfaces, which are difficult to eliminate during 

subsequent deposition[136]. 

Overall, existing research indicates that porosity has a pronounced influence on the 

fatigue and fracture behavior of DED components, while its effect on static strength is 

comparatively limited. In recent years, auxiliary techniques such as interlayer rolling or 

hammer peening have been explored to reduce porosity levels and thereby improve 

fatigue performance[137][138]. 
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2.2.2.3 Porosity in cold spray 

 
Figure. 23 Fabrication of diverse porous structures using CS [139][140][141] 

In cold spray (CS) deposition, although materials remain entirely in the solid state, gas-

related porosity is frequently observed and constitutes one of the key microstructural 

features influencing coating densification and performance. Unlike gas pores in fusion-

based additive manufacturing, which arise directly from gas entrapment or solidification 

shrinkage, gas pores in cold spray are not associated with melting phenomena. Instead, 

they are more closely linked to high-velocity gas-driven conditions, particle impact 

dynamics, and interfacial sealing behavior. Consequently, gas porosity in cold spray 
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exhibits distinct formation pathways and evolutionary characteristics, and has attracted 

increasing research attention in recent years. 

Wenya Li et al.[142] systematically investigated gas entrapment behavior at particle–

particle and particle–substrate interfaces during cold spray deposition, demonstrating that 

even under high deposition efficiency conditions, a fraction of gas may be trapped at the 

interface during the impact event, leading to the formation of microscale gas pores within 

the deposited layer. This study emphasized that gas pore formation in cold spray does not 

rely on material melting, but instead originates from competition between instantaneous 

interfacial sealing and gas escape during high-velocity impact, particularly in regions 

where particle flattening is insufficient or interfacial conformity is incomplete. 

From a mechanistic perspective, Assadi et al.[67] highlighted the decisive role of critical 

velocity and particle plastic deformation in porosity formation. They proposed that when 

particle impact velocity is only slightly above the critical deposition velocity, adhesion 

can be achieved, yet interfacial plastic flow remains limited, preventing complete 

expulsion of entrapped gas and resulting in residual gas pores. This work provided an 

important explanation for the frequently observed phenomenon of “successful deposition 

with persistent porosity.” 

Champagne and co-workers[90] systematically compared cold spray deposition under 

different process gas conditions, such as helium and nitrogen, and demonstrated that both 

gas type and pressure level exert a significant influence on gas pore content. Their results 

showed that higher sound speed and stronger particle acceleration promote more 

extensive particle flattening and tighter interfacial contact, thereby reducing the 

likelihood of gas entrapment, whereas under lower kinetic energy conditions, gas pores 

are more readily retained at splat boundaries. This finding underscores the critical role of 

process gas selection in gas porosity control. 

Jenkins et al.[143] combined microstructural characterization with mechanical testing to 

investigate porosity in cold-sprayed aluminum and aluminum alloy coatings. They 

reported that gas pores are strongly correlated with splat boundaries and insufficiently 

deformed regions, and exhibit pronounced spatial non-uniformity. Their results further 
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indicated that gas porosity not only reduces the effective load-bearing area of the coating, 

but may also weaken inter-splat bonding, thereby adversely affecting mechanical 

performance. 

In another series of cold spray studies, Li et al.[144] demonstrated that increasing the 

fraction of fine particles in the powder feedstock helps to fill inter-particle gaps and 

reduce gas porosity. This work highlighted that gas pore formation is not governed solely 

by process gas conditions, but is also closely related to particle size distribution, 

geometric packing, and deposition efficiency, offering a powder engineering perspective 

for porosity control. 

In addition, Kumar et al.[145] employed three-dimensional characterization techniques 

to quantitatively analyze porosity in cold-sprayed coatings, revealing pronounced spatial 

heterogeneity in gas pore distribution. Pores were predominantly on the micrometer scale 

and preferentially located in regions formed during early deposition stages. Their study 

suggested that although repeated impacts from subsequent particles can partially compact 

existing pores, gas-related porosity formed at early stages is difficult to eliminate 

completely. 

Taken together, these studies indicate that gas porosity in cold spray is governed by a 

combination of factors, including process gas conditions, particle impact velocity, plastic 

deformation extent, interfacial conformity, and powder characteristics. Unlike the “gas 

entrapment–solidification locking” mechanism characteristic of fusion-based additive 

manufacturing, gas pores in cold spray are more appropriately understood as residual 

structural features arising from competition between impact dynamics and interfacial 

sealing. While such pores are typically regarded as undesirable microstructural features 

in load-bearing applications, their distribution and morphology may also influence 

interfacial behavior and performance in certain functional coating applications. 

2.2.2.4 Mixed and hybrid additive manufacturing (MHAM) 

Mixed and hybrid additive manufacturing (MHAM) generally refers to manufacturing 

strategies that integrate additive manufacturing with additional energy fields or 

mechanical shaping methods, with the primary objective of improving build quality and 
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suppressing internal defects such as porosity[146]. Existing studies indicate that MHAM 

does not seek to fundamentally alter the physical mechanisms governing material 

accumulation and pore formation. Instead, it introduces densification and reshaping 

mechanisms during or after deposition to suppress or repair pores that have already 

formed or are likely to form. Consequently, porosity related research in MHAM is 

predominantly concerned with how to treat pores rather than why pores form. 

In fusion based additive manufacturing, the introduction of auxiliary approaches such as 

interlayer rolling, hammer peening, laser shock peening, or ultrasonic vibration can 

induce localized plastic deformation and interlayer densification, thereby significantly 

reducing porosity and improving metallurgical continuity between layers. Previous 

studies have shown that these mechanical or energy assisted methods enable secondary 

regulation of pore structures without modifying the original deposition parameters. In 

laser powder bed fusion systems, laser remelting or surface mechanical treatments can 

effectively close surface and near surface pores, although their influence on deep internal 

pores remains limited, demonstrating pronounced spatial selectivity. Ultrasonic assisted 

additive manufacturing has also been explored for porosity control by enhancing material 

flow and gas escape within the melt pool or deposited layers, but its engineering 

robustness has yet to be fully established[147]. 

Overall, MHAM enhances fatigue and fracture performance by introducing external 

densification mechanisms, but this is achieved at the expense of increased system 

complexity and cost, and such approaches are therefore more often regarded as 

supplementary strategies for high performance components. More importantly, current 

additive manufacturing research is largely centered on the paradigm of bulk porosity 

suppression, while insufficient attention has been paid to the formation mechanisms and 

controllability of surface connected porous structures[148]. In this context, the present 

work focuses on solid state additive manufacturing, particularly cold spray deposition, to 

investigate the formation and regulation of surface connected pore structures and to 

explore their engineering potential beyond the conventional defect control perspective. 

 

Table. 1 Summary of Pore Material Preparation via different Additive Manufacturing 

Material AM method Pore Size/ Porosity/% Application Ref. 



42 
 

μm 

polycaprolactone 

(PCL) 

SLM 10-610 15.1 Biomedical [149] 

FeCrMnNi SLM 0-5um 0.20% 

Pipeline-

transportation, 

aerospace 

[127] 

316 steel  LMD 0-100um 7.25~15% 
Lightweight 

materials 

[150] 

Ti6Al4V 3D printing 750um 65% Biomedical [151] 

Ti alloys DED 0-300um 0.5-2.2% 
aerospace 

industry 

[152] 

316 STEEL SLM 
0-

100UM 
1.1-5% 

Pore 

Optimization 

[153] 

Ti6Al4V 
Laser Rapid 

Manufacturing 
434um 76% Biomedical 

[154] 

Inconel 718  SLM / 3.03-23.7% Gas turbine  [155] 

AlSi7Mg LAM 24.0um 4.22% 
Structural 

materials 

[156] 

W-TiC-Y2O3 LPBF 
88.6-

296.6um 

16.57-

26.92% 
Materials for 

Extreme 

[157] 
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Environment  

Fe-Ni alloy SLM 45.05um 49% Heat transfer [158] 

TiB2/Al  SLM / 0.22-2.21% 
Pore 

Optimization 

[159] 

Al-Si 4043 

wire arc 

additive 

manufacturing 

55-90um 0.95% 
Automotive，

aerospace 

[160] 

Al-Mg-Sc-Zr 

wire arc 

additive 

manufacturing 

17.38um 0.43% 

aerospace, 

shipbuilding, 

nuclear fields 

[161] 

Ti6Al4V LPBF / 0.05-7.83% Biomedical [162] 

Ti6Al4V Cold Spray >10um 1-34% 
Pore 

Optimization 

[163] 

Ti-based alloy Cold Spray / 0-60% 
Electrocatalytic 

Materials 

[164] 

Ta Thermal spray / 0.9-1.7% 
Pore 

Optimization 

[165] 

Ti Alloy Cold Spray 150um / Biomedical [141] 

Ti Alloy Cold Spray 0-350um 5% Biomedical [166] 
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Al Cold Spray / 1.1-7.8% 
Pore 

Optimization 

[167] 
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2.3 Boiling heat transfer 
2.3.1 Introduction of the boiling heat transfer 

Boiling is a physical phenomenon that has long been known and used in human activities 

and is closely related to people's daily lives. Occurs in the solid-liquid interface on the 

evaporation is called boiling, that is, in the liquid in the form of producing bubbles in the 

form of intense vapourization phenomenon. Boiling is widely used in traditional 

industrial fields such as petroleum, chemical, power, machinery, metallurgy and 

refrigeration because of its high heat transfer coefficient[168][169][170]. 

Since the second half of the last century, the fields of electronic information, aerospace, 

biomedicine and new energy have been developing rapidly, and heat and mass transfer at 

micro-nano scale, microgravity and ultra-high energy flow density has become a hot 

research field of heat transfer[171][172]. In the field of aerospace science, with the 

continuous improvement of the functions of launch vehicles, space shuttles, satellite 

spacecraft and space stations, the number of electronic devices in the limited space of the 

aircraft and the rapid increase in energy flow density, the urgent need for more efficient 

energy and mass transfer technology[173]. In the field of electronic information science, 

electrical and electronic integration of precision continues to improve, high integration 

circuit version of the heat flow density increases dramatically, how to solve the problem 

of ultra-high-power heating electronic device thermal barrier has become the forefront of 

engineering thermophysics subjects, whether to achieve high efficiency cooling is the key 

to the stable and effective operation of the electronic system[174]. In the field of 

biomedicine, the study of the fine structure of living organisms and the law of energy 

transfer in various types of new bio-biochips will contribute to the development of 

biological and medical engineering technology[175][176]. Due to the extensive demand 

for energy in various frontier fields, new types of energy such as fuel cells, photovoltaic 

cells and heat pumps have received widespread attention, in which the heat and mass 

transfer process will have a great impact on the effectiveness of the energy supply and the 

performance of the system. In the case of electronic devices, for example, reducing the 

size of individual chips, further improving chip integration and increasing the clock 

frequency is an inevitable trend in chip research and development[177]. In the past decade, 

although the increase in computer processing needs, CPU chip thermal design power 
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consumption gradually increased, the single CPU size is getting smaller and smaller, thus 

leading to a sharp increase in the heat flow density of electronic chips. Excessive chip 

heating power causes the chip temperature to rise rapidly, which poses a great challenge 

to the chip's work stability, reliability, and working life. Therefore, how to develop 

efficient electronic chip heat dissipation technology, chip operation control in a 

reasonable temperature range, to ensure that the CPU efficient and stable work will be the 

focus of future research in the field of thermal design of electronic devices, but also the 

research hot spots and difficulties[178][179]. Wide application space and demand for 

large space and microchannel boiling heat transfer applications to vigorously promote the 

research, and at the same time stimulate the majority of researchers to explore the boiling 

mechanism of great interest. In view of the boiling phenomenon in the smaller heat 

transfer temperature difference can achieve a very high density of heat flow and heat 

transfer coefficient, boiling heat transfer has become one of the most active branches of 

science in the field of international heat and mass transfer science[180][181]. 

Bi Jingliang et al[182][183] analysed the resistance of the main heat transfer methods in 

the heat dissipation process of electronic devices. It can be seen that the thermal resistance 

of boiling heat transfer is very small compared to traditional heat transfer methods such 

as natural convection of air or forced convection of single-phase fluids. And for the 

industry widely used in the nuclear state boiling can be achieved in high heat flow density, 

temperature stability (saturation temperature), the need for cooling fluid volume is small, 

and the operation of the device is simple, low-cost, no power components, do not need 

large and complex power equipment drive, is one of the effective ways to solve the 

problem of high heat flow density heat dissipation. 

In summary, boiling heat transfer has the following main advantages[184][185][186]:  

1. high heat flow density can be achieved with small temperature and pressure;  

2. simple structure, no power parts, do not need large power equipment drive;  

3. the temperature of the main fluid zone does not increase significantly during the boiling 

process;  

4. Compared with single-phase fluid cooling technology, the required cooling medium is 
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small. 

Boiling can occur under a variety of different conditions. For example, in pool boiling the 

fluid is stationary and its activity near the surface is induced by natural convection as well 

as mixing due to bubble growth and detachment[187][188]. In contrast, in forced 

convective boiling the fluid's motion is induced by external means as well as by natural 

convection and bubble-induced mixing. In subcooled boiling, the liquid temperature is 

below the saturation temperature, so bubbles formed at the surface can condense in the 

liquid. Conversely, in saturation boiling the temperature of the liquid is slightly above the 

saturation temperature, so bubbles formed on the surface are driven by buoyancy forces 

through the liquid and eventually escape from the free surface. Boiling phenomena can 

be categorised on the basis of the flow pattern of the fluid, the temperature of the fluid 

and the state of boiling[187][189][190][191]. 

1) According to the boiling heat transfer surface around the fluid is static or forced flow 

form, boiling can be divided into pool boiling or flow boiling. If the boiling occurs in a 

large space such as a kettle or pot, it is called pool boiling, also known as natural 

convection boiling.  

2) According to the boiling heat transfer surface around the fluid whether to reach the 

system pressure corresponding to the saturation temperature, boiling can be divided into 

saturated boiling or supercooled boiling. Liquid temperature reaches the corresponding 

saturation temperature is called saturated boiling, below the saturation temperature is 

called subcooled boiling. For saturated boiling, bubbles in the heat transfer surface, 

growth, detachment and even rise to the surface of the liquid, while for the subcooled 

boiling, its bubbles in the heat transfer surface is produced in the vicinity of the 

condensation disappeared, the phenomenon of boiling occurs only on the surface of the 

boiling, so subcooled boiling is also known as the surface of the boiling.  

3) According to the bubble state in the boiling process, boiling can be divided into nuclear 

state boiling, membrane state boiling and transition boiling. Bubbles in the boiling heat 

surface of tiny grooves, scratches, etc., periodic nucleation, growth, detachment, the 

phenomenon corresponds to the nuclear state of boiling. When the heat transfer surface 

is completely covered by the vapour film, the liquid evaporates through the vapour film, 
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which is called membrane boiling. 

2.3.2 Heat transfer curves 

Boiling heat transfer can be represented by the boiling curve Fig. 24, Nukiyama[192] 

was the first to measure the boiling curve of a large space cell in 1934 by controlling the 

heat flux density by electrically heating a platinum wire - the relationship between the 

heat flux density, q, and the degree of superheat, ΔT. 

 

Figure. 24 Effect of boiling heat transfer at different stages[187] 

Natural convection zone: wall superheat is low, the temperature of the liquid near the 

heated wall is heated up, gradually higher than the temperature of most of the other liquids, 

the temperature gradient so that the formation of natural convection between the hot and 

cold liquids, i.e., the AB section of the figure. 

Nuclear boiling zone: the BE section in the figure for the nuclear boiling zone, B point 

for the boiling start. Nucleate boiling can be further divided into three segments, BC, CD 

and DE. BC segment is near the boiling initiation point, in this zone, bubbles will nucleate 
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in the boiling heat transfer surface pits, slits or cracks on the core of the vapour, etc. In 

the CD zone, the density of the heat flow is relatively small, the degree of superheat is 

low, and the bubbles are generated to encourage the growth of the bubble until detachment. 

After a period of waiting, the next bubble cycle begins, so the CD zone is also called the 

isolated bubble zone. the DE zone has a higher superheat, the number of vapor cores 

increases significantly, the bubble nucleation and growth processes interfere with each 

other, and bubbles generated at adjacent vapor cores may even merge after detachment to 

form a column of vapor. 

Critical heat flow (CHF): when the temperature of the heating surface continues to rise, 

the surface more right bubbles merge to form a layer of gas film, thus blocking the 

efficient transfer of heat between the wall and the liquid mass, so that the surface heat 

transfer deterioration, the boiling curve began to decline. Since at this heat flow density, 

the surface temperature increases dramatically, which in practice can lead to equipment 

burnout. Therefore, this heat flow density is the maximum heat flow density for the safe 

operation of the equipment, which has significant warning significance in engineering 

applications. 

Transitional boiling zone: heat flow density exceeds the CHF after the EF section in the 

figure, with the increase of wall superheat, the heat flow density will be reduced, this 

process is called transitional boiling zone. 

Membrane boiling: that is, the FG section of the figure, the heat flow density of the further 

increase in the surface of the vapour film will be periodically released neatly, so that the 

vapour is regularly detached. At this time, the heat flow density and began to increase 

with the wall superheat increases. 

As can be seen from the figure, the intensity of heat transfer in the nuclear boiling zone 

is greater, and a better heat transfer effect can be achieved in the state of low wall 

superheat, so the heat dissipation of high heat flow density equipment in general industry 

is designed in this zone, the so-called enhanced heat transfer generally refers to the 

enhancement of the heat transfer in the nuclear boiling stage or to extend the existence of 

the time of the nuclear boiling. 
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In addition to CHF, there are two other important parameters for heat transfer in nuclear 

state boiling, which are critical heat transfer coefficient (HTC) and onset of boiling 

(ONB). The HTC is the ratio of heat flow density and wall superheat, which indicates 

the strength of the heat exchange capacity of the heat exchange surface, and the ONB is 

the point at which the boiling state starts to enter the nuclear boiling zone, i.e., the point 

corresponding to the surface when bubbles start to be generated. the lower the wall 

superheat corresponding to the ONB is, the easier it is for the surface to enter the 

nuclear boiling state by boiling, and the better the heat exchange performance of the 

surface, the more favourable it is for industrial applications. Therefore, what is 

generally referred to as enhanced nuclear state boiling heat transfer is mainly to increase 

the CHF and HTC of the heating surface and reduce the wall superheat required for 

ONB. 

Zuber[193] proposed a theory of hydraulic instability for CHF and applied it to derive 

the CHF formula (2.3.2 − 1) for a smooth surface approximated to infinity, which is 

110.8 W*cm^-2 at atmospheric pressure with water as the liquid mass.Lienhard et al., 

on the other hand, proposed a CHF expression (2.3.2 − 2) for a different constant of 

proportionality by modifying the Helmholtz wavelengths applied by Zuber, which is 

126.9 W·cm-2 for the CHF obtained in actual boiling experiments with water as the 

liquid mass. CHF expression (2.3.2 − 2), which is 126.9W·cm-2 at atmospheric pressure 

with water as the work material.Most of the CHFs in the smooth planes obtained in 

actual boiling experiments with water as the work material also lie in the 100-160W·cm-

2 interval. This heat flow density is far from meeting the heat dissipation requirements 

of high power density electronic devices (usually hundreds to thousands of W·cm-2). 

Therefore, the method to effectively strengthen the surface boiling heat transfer 

performance is very necessary in engineering applications. 

𝑞𝑞′′𝐶𝐶𝐶𝐶𝐶𝐶 = 0.131�𝜌𝜌𝑣𝑣ℎ𝑙𝑙𝑙𝑙[𝜎𝜎𝜎𝜎(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)]
1
4 (2.3.2 − 1) 

𝑞𝑞′′𝐶𝐶𝐶𝐶𝐶𝐶 = 0.149�𝜌𝜌𝑣𝑣ℎ𝑙𝑙𝑙𝑙[𝜎𝜎𝜎𝜎(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)]
1
4 (2.3.2 − 2) 

Where 𝜌𝜌𝑣𝑣 and 𝜌𝜌𝑙𝑙 are the density of the gas and liquid respectively (kg/m3), 𝜎𝜎 is the 

surface tension (N/m),g is the acceleration of gravity (m2/s), and ℎ𝑙𝑙𝑙𝑙 is the latent heat of 
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vaporisation of the work material. 

As the working principle of boiling heat transfer is to heat the surface to transfer heat to 

the liquid mass, the liquid mass absorbs a large amount of latent heat phase change (i.e., 

produce bubbles) so that the heat will be taken away. Therefore, the influencing factors 

of the performance of boiling heat transfer can be divided into three categories: the 

performance of heat transfer surface, the liquid mass and the applied vector field. 

2.3.4 Influence of heat transfer surface properties  

2.3.4.1 Material of the heat transfer surface 
The first is the influence of the material of the heat transfer surface. Typically, heat 

transfer surfaces of different materials have different thermal conductivity[194][195]. 

Compared with common organic compounds, such as polyethyleneimine (PEI), the 

thermal conductivity of metals and metal compounds will be more than one order of 

magnitude higher, and the high thermal conductivity is conducive to the transfer of heat 

from the surface, so that the surface can be boiled at a much lower degree of superheat, 

resulting in a better performance of boiling heat transfer. In addition, the wall surface of 

different materials has different adsorption force of the liquid medium, i.e., there is a 

difference in the wettability of the surface, so that the surface's ability to replenish the 

liquid during the boiling process is also different. The ability to replenish the liquid 

affects the dry state of the surface, which in turn affects the heat transfer performance. 

Secondly, it is the effect of the morphology of the heat transfer 

surface[196][197][198][199]. ince the surface boiling heat transfer performance mainly 

depends on the growth, growth and detachment of bubbles, and the performance 

morphology seriously affects the growth process of bubbles, so the surface morphology 

has a great influence on the boiling heat transfer performance. The irregular cracks, pits, 

bumps and other micro/nano-scale structures on the heat transfer surface not only affect 

the nucleation and growth process of bubbles, but also affect the number and 

distribution of wall vaporisation cores, thus directly affecting the surface boiling heat 

transfer performance[200][201]. 

2.3.4.2 Influence of the liquid medium. 
There are significant differences in the latent heat of vaporisation, thermal conductivity, 
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surface tension, etc. of different liquid substances[202][203]. Therefore, in the boiling 

process, the liquid mass phase change is the heat absorption capacity and heat transfer 

rate are also different. Surface tension mainly affects the bubble growth and detachment 

process, if the boiling liquid mass to add surfactant, the surface tension of the liquid 

mass will be significantly reduced, so that the energy required for bubble growth is 

reduced. Therefore, when the heating heat flow is certain, the heat transfer surface is 

easy to produce more bubbles, and the bubble detachment frequency will increase, thus 

strengthening the boiling heat transfer effect. In addition, the addition of nanoparticles 

with good thermal conductivity in the liquid mass is also a common and effective 

method to strengthen the boiling heat transfer[204][205]. 

2.3.4.3 Influence of applied vector fields. 
By applying electric field and magnetic field to the boiling heat exchange system, the 

flow state of the liquid medium and the growth and detachment process of the bubbles 

can be adjusted, so as to regulate the boiling heat exchange[206][207]. 

Since the external vector field requires additional equipment and power energy 

consumption, it is limited by the conditions and places of use in practice. Moreover, this 

method has higher requirements on the liquid medium, such as when the electric field 

enhances the heat transfer, it is necessary to make use of the difference in the conductive 

properties of the two substances that make up the phase interface to regulate the motion 

performance of the liquid medium or the bubbles. Therefore, the enhancement of 

boiling heat transfer effect through an applied vector field is not significant for 

industrial applications[208][209]. 

Based on the above mentioned factors affecting boiling heat transfer, the main focus of 

current researchers is to enhance boiling heat transfer by changing the liquid boiling 

mass and modifying the boiling surface. 

2.4 Summary for research gap 
In summary, substantial progress has been achieved over the past decade in exploiting 

porous structures for the enhancement of boiling heat transfer. Whether realized through 

sintered particles, electrochemical deposition, anodic oxidation, fusion-based additive 

manufacturing, or metallic foam architectures, a broad body of literature has consistently 
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demonstrated that porous surfaces can significantly improve critical heat flux (CHF) and 

heat transfer coefficient (HTC) by increasing nucleation site density, enhancing capillary-

driven liquid replenishment, and suppressing vapor film formation. Nevertheless, when 

viewed collectively, existing studies on porous heat-transfer surfaces still exhibit several 

structural limitations, most notably a misalignment between pore structure type, 

fabrication strategy, and engineering applicability. 

First, in terms of research focus, most existing studies predominantly concentrate on bulk 

porosity. In fusion-based additive manufacturing processes such as LPBF and DED, bulk 

pores are generally regarded as detrimental defects that degrade mechanical performance, 

and research efforts are therefore directed toward their elimination through process 

optimization or post-processing treatments. In solid-state or chemically derived porous 

surfaces, although porosity is intentionally introduced for heat-transfer enhancement, the 

investigated structures are still largely bulk pore networks within deposited layers or 

substrates, with evaluation metrics centered on porosity level, average pore size, or 

coating thickness. By contrast, surface-connected pore structures that directly interact 

with the external environment and actively participate in liquid supply and vapor removal 

remain insufficiently explored in a systematic manner. As a result, many reported 

enhancements in CHF or HTC rely on the averaged effect of an overall porous layer, 

rather than on precise control of the specific surface pore features that dominantly govern 

boiling heat-transfer processes. 

Second, from a fabrication perspective, the mainstream routes for producing porous heat-

transfer surfaces suffer from clear limitations in engineering applicability. For example, 

sintered particle coatings and electrochemical deposition can generate rich micro- and 

nanoscale porosity, but typically require high-temperature treatments, complex chemical 

environments, or multistep processing routes. These constraints limit fabrication scale, 

compromise structural uniformity, and often result in insufficient mechanical robustness, 

making such structures prone to collapse or performance degradation under high heat 

fluxes or prolonged boiling conditions. Anodic oxidation and chemical etching offer 

advantages in producing ordered micro- or nanostructures, yet their applicability is 

restricted to a narrow range of material systems, limiting their transferability to high-

strength alloys commonly used in engineering applications. Metallic foams and fully open 
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cellular structures provide excellent three-dimensional connectivity, but their relatively 

large pore sizes make it difficult to simultaneously optimize vapor evacuation and liquid 

replenishment, and under high heat fluxes they may even induce heat-transfer 

deterioration. 

Furthermore, fusion-based additive manufacturing exhibits intrinsic contradictions when 

applied to the fabrication of boiling heat-transfer surfaces. Although techniques such as 

LPBF offer exceptional geometric design freedom, their fundamental objectives are 

densification and structural integrity. As a result, porous structures are typically realized 

through predesigned geometries, with pore size and connectivity strictly constrained by 

process resolution and melt pool stability. Moreover, the inevitable melting–solidification 

cycles introduce residual stresses, surface oxidation, and variability in material properties, 

which may compromise interfacial reliability under high-frequency boiling conditions. 

Consequently, fusion-based additive manufacturing is more suitable for load-bearing or 

flow-channel-oriented structures, rather than for applications such as boiling heat transfer 

that are highly sensitive to surface microstructure and interfacial phenomena. 

Against this background, cold spray, as a solid-state additive manufacturing technique, 

offers a distinctive and largely underexplored pathway for the development of advanced 

porous heat-transfer surfaces. Because cold spray does not involve material melting or 

solidification, deposited layers retain intrinsic material characteristics while avoiding 

oxidation, phase transformation, and residual stress associated with high-temperature 

processing. This makes cold spray particularly attractive for heat-transfer applications 

requiring high interfacial stability and long-term reliability. More importantly, cold spray 

inherently features non-uniform initial deposition, deposition–erosion competition, and 

the cooperative evolution of multiscale pore structures, enabling the spontaneous 

formation of surface-connected pores and hierarchical porous networks without reliance 

on predesigned pore architectures. 

A limited number of recent studies have begun to demonstrate that, by tailoring particle 

impact dynamics, spray stability, and material system characteristics in cold spray, stable 

surface-connected pore structures can be induced on deposited layers. Unlike 

conventional bulk pores, these surface-connected pores can directly participate in liquid 
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replenishment, bubble growth, and vapor evacuation during boiling, offering higher 

functional efficiency and more direct contributions to heat transfer. However, compared 

with the extensive literature on cold-spray densification, mechanical performance, and 

bulk porosity control, systematic investigations into the formation mechanisms, 

evolutionary behavior, and heat-transfer enhancement roles of surface-connected pores 

remain scarce. Correspondingly, clear structure–process–performance relationships for 

such pores have yet to be established, and their underlying heat-transfer mechanisms 

remain insufficiently elucidated. 

Therefore, from the combined perspectives of research gaps and engineering demand, 

there is a compelling need to shift the research paradigm from “how to eliminate porosity” 

toward “how to exploit and control surface-connected porosity,” with solid-state additive 

manufacturing techniques such as cold spray serving as a central research focus. Such a 

shift not only addresses the long-standing underrepresentation of surface open pores in 

porous heat-transfer surface research, but also opens a promising avenue toward the 

development of heat-transfer surfaces that simultaneously offer structural controllability, 

process scalability, and practical engineering applicability. 
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Chapter 3 Formation mechanism and 
microstructural evolution of porous Ti64 
structures via cold spray 
This chapter first conducts a comparative deposition study of three representative metallic 

powders, namely Al, Cu, and Ti64, under identical cold spray processing parameters in 

order to establish the structural basis for material selection. The experimental results 

indicate that, under the same spraying conditions, both Al and Cu tend to form continuous 

and relatively dense deposits. Their surfaces are mainly characterized by rough 

morphologies produced by particle accumulation, while a stable interconnected open pore 

network structure does not form spontaneously. In contrast, the Ti64 deposit exhibits 

distinctly different surface morphological characteristics. A honeycomb like open pore 

structure is formed on the surface, with pore sizes reaching several hundred micrometers. 

This structure is accompanied by wall like skeletons growing along the deposition 

direction, thereby forming a highly interconnected three dimensional porous network. It 

is noteworthy that this structure is not obtained through template assistance or post 

processing regulation, but instead forms spontaneously during the deposition process, 

demonstrating a pronounced material dominated characteristic. 

Based on the above comparative results, and considering that the objective of this study 

is to enhance boiling heat transfer performance, Ti64 was selected as the core material 

system for the subsequent mechanistic investigation and functional verification. 

Compared with Al and Cu, Ti64 more readily forms surface open pore structures during 

the cold spray process. The fundamental reason lies in the coupling effect between the 

intrinsic material properties and the deposition dynamics of cold spray. Ti64 possesses a 

relatively high critical deposition velocity. Under identical gas process parameters, the 

actual flight velocities of particles exhibit a certain degree of dispersion. During the initial 

stage of deposition, some particles tend to rebound or fracture upon impact, which leads 

to the formation of spatially selective bonding regions in the early stage of deposition. As 

the number of deposited layers increases, the deposition non-uniformity formed during 

the initial stage is continuously inherited and progressively amplified throughout the 

multilayer deposition process. Regions with relatively high deposition efficiency 
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gradually evolve into load bearing skeleton structures, while regions with lower 

deposition efficiency progressively develop into interconnected open pore channels, 

eventually forming a stable honeycomb like surface open pore network. Therefore, the 

formation of the Ti64 surface open pore structure is not a random defect phenomenon. 

Instead, it represents an inevitable outcome jointly driven by the characteristics of high 

strength materials, the dispersion of particle velocities, and selective deposition behavior. 

This material dominated porous structure formation mechanism provides the foundation 

for the subsequent systematic clarification of the relationship between structural evolution 

and functional performance. 

Based on the above research background, the main objectives of this chapter are as 

follows. 

• To systematically compare the deposition behavior and surface morphological 

characteristics of Al, Cu, and Ti64 under identical cold spray processing conditions, 

thereby clarifying the differences in deposition structure evolution among different 

materials. 

• To focus on the analysis of the formation characteristics and spatial morphological 

features of the surface open pore honeycomb structure formed during the cold spray 

deposition of Ti64. 

• To elucidate the physical mechanism responsible for the formation of the Ti64 surface 

open pore structure from the perspective of the coupling between particle deposition 

dynamics and intrinsic material properties. 

• To provide the structural and mechanistic basis for the boiling heat transfer 

performance investigation and functional validation of this porous structure presented 

in the subsequent chapters.  



58 
 

 

3.1 Material and methodology 
3.1.1 Feedstock powder and cold spray process 

 

Figure. 25 1-a), 2-a), 3-a) Low magnification SEM characterization of the gas atomized 

Al, Cu and Ti64 amorphous powder for cold spray process. 1-b), 2-b), 3-b) High 

magnification SEM characterization of the gas atomized Al, Cu and Ti64 amorphous 

powder for cold spray process. 1-c), 2-c), 3-c) Particle size distribution of the Al, Cu 

and Ti64 powder. 

The starting material used in this study was aerosolised Al, Cu and Ti64 powder, which 

was purchased from Powder Range, U.S.A. Fig.25-1-a), 2-a), 3-a) shows the Al, Cu and 

Ti64 powder after atomisation as observed by scanning electron microscopy (SEM, Carl 

Zeiss ULTRA Plus, Germany). Most of the feedstock particles are highly spherical with 

smooth surfaces. Some microsatellite powder particles were attached to larger powders 

due to different condensation rates. The size distribution of the powder was obtained by 
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a laser diffraction particle analyzer (Mastersizer 2000, Malvern Instruments, UK), and is 

shown in Fig. 25-1-c), 2-c), 3-c).  

 

Figure. 26 In-house cold spray system in Trinity College Dublin[210] 

The Ti64 powder was deposited on an Al6082 substrate by means of an in-house cold 

spray machine in the STAM laboratory of Trinity College Dublin, shows in Fig. 26. The 

system consists of a CNC-controlled working platform, De-Laval nozzle, gas heater, 

powder feeder, high pressure gas cylinder and a computer control module. The De-Laval 

nozzle has a circular cross-section, a converging length of 30 mm, a diverging length of 

180 mm, an inlet diameter of 10 mm, a throat diameter of 2 mm, and an outlet diameter 

of 6 mm.  

With reference to the processing parameters reported in previous studies and considering 

the maximum capacity of the laboratory cold spray system, a porous surface was created 

on an aluminium substrate by using the parameter as follow: the Travelling Speed (TS): 

2000mm/min, the Powder Feeder Rate (PFR): 0.27g/s, and the number of layers: 4 layers.  

 

Table. 2 Cold Spray Parameters for Different Powders 
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No. Material Temperature Gas Pressure TS PFR 

1 Cu 250 °C N2 30 bar 1000 mm/min 0.27g/min 

2 Cu 300 °C N2 30 bar 1000 mm/min 0.27g/min 

3 Cu 350 °C N2 30 bar 1000 mm/min 0.27g/min 

4 Al 250 °C N2 30 bar 50 mm/min 0.27g/min 

5 Al 300 °C N2 30 bar 50 mm/min 0.27g/min 

6 Al 350 °C N2 30 bar 50 mm/min 0.27g/min 

7 Ti64 600 °C N2 30 bar 2000 mm/min 0.27g/min 

 

3.1.2 Microstructure characterization 

Scanning electron microscopy (SEM, Zeiss Ultra) was used to analyse the morphology 

of the pristine powders as well as the boiling heat exchanger surfaces prepared by cold 

spraying. 3D model reconstruction of the surface deposits was facilitated by a Nikon 

XTH225 ST X-ray CT (Computed Tomography) system.  

3.1.3 Mechanical properties 

The microhardness of Ti64 deposits produced by cold spraying was tested at room 

temperature using a Vickers hardness tester (ZHV30-M, ZwickRoell, UK), applying a 

load of 500g with a dwell time of 10 seconds. Indentation morphology was characterised 

via scanning electron microscopy. To ensure data accuracy, indentation tests were 
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conducted on randomly selected areas of the polished interface. 

3.1.4 Uncertainty analysis 

To ensure the reliability of the experimental results presented in this chapter, an 

uncertainty analysis was conducted for the primary measurements involved in the 

mechanical and microstructural characterization. The uncertainties mainly originate from 

the measurement accuracy of the testing instruments, specimen preparation, and 

experimental repeatability. 

For the nanoindentation measurements, multiple indentations were performed within each 

selected region to minimise the influence of local microstructural heterogeneity. The 

reported hardness values correspond to the arithmetic mean of all valid measurements, 

while the standard deviation was used to evaluate the repeatability of the results. 

Tensile properties were evaluated using three independently prepared specimens under 

identical testing conditions. The dimensions of each tensile specimen were measured 

prior to testing using calibrated measuring equipment, and all tests were performed using 

the same loading configuration and crosshead speed. The reported ultimate tensile 

strength, yield strength and elongation represent the average values of the repeated 

measurements, whereas the corresponding standard deviations are presented to quantify 

the experimental variability. 

For dimensional measurements, including coating thickness and specimen geometry, 

calibrated optical microscopy and image analysis software were employed. Instrument 

calibration was performed prior to testing according to the manufacturer's 

recommendations. The uncertainties associated with these measurements were 

considerably smaller than the observed differences between experimental groups and 

therefore do not influence the conclusions drawn in this chapter. 

Overall, the uncertainty associated with the primary measured quantities was minimised 

through equipment calibration, repeated measurements and consistent testing procedures, 

ensuring the reliability and reproducibility of the reported mechanical and microstructural 

characterisation results. 
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3.2 Microstructural and pore distribution 
characteristics 

 
Figure. 27 Deposition Behavior of Cold Spraying for Different Materials 

The Fig.27 presents a comparative analysis of the surface morphologies obtained for three 

different materials under identical cold spray processing conditions. Images 1 to images 

3 correspond to cold sprayed Al coatings, 4 to 5 to cold sprayed Cu coatings, and images 

7 to cold sprayed Ti64 coatings. From the macroscopic views in a series, it is evident that 

the three materials exhibit markedly different surface characteristics after deposition. 

Both cold sprayed Al and Cu form relatively smooth and continuous coating surfaces. At 

the macroscopic scale, no pronounced through pores or large-scale undulations are 

observed. The deposited layers appear as uniformly distributed, dense coatings covering 

the substrate, with surface textures dominated by fine particle accumulation that produces 

a homogeneous rough appearance while maintaining overall planarity. 

In contrast, the cold sprayed Ti64 coating displays a fundamentally different macroscopic 
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morphology. As shown in image 3-a, the surface is not continuous and flat but instead 

contains numerous open pore structures ranging from several hundred micrometers to 

millimeter scale. These pores are interconnected by wall like structures, forming a 

honeycomb like distribution. The large scale surface undulations result in pronounced 

spatial heterogeneity at the macroscopic level, clearly distinguishing the Ti64 coating 

from the comparatively flat Al and Cu coatings. 

Further examination of the high magnification SEM images in the b series enables 

detailed analysis of the microstructural features. Although both Al and Cu coatings exhibit 

typical cold spray particle accumulation characteristics, with surfaces composed of 

plastically deformed particles and particle interfaces, and containing localized micropores 

and roughness at the micron scale, the overall height variation remains limited. The 

surface topography is dominated by micrometer scale roughness variations. While small 

depressions exist between particles, no extensive interconnected cavity networks are 

formed, and the coatings remain predominantly dense. 

The Ti64 coating, however, exhibits a distinct dual scale structural characteristic. On one 

hand, its surface contains the typical microscale roughness resulting from plastically 

deformed cold spray particles. On the other hand, this microscale texture is superimposed 

on a macroscopic honeycomb like undulating structure at the hundred micrometer to 

millimeter scale. The SEM images clearly reveal deep cavity regions and elevated wall 

structures, with some pores showing a tendency toward through thickness connectivity. 

This composite architecture, characterized by large scale undulations combined with fine 

scale roughness, endows the Ti64 coating with both macroscopic structural modulation 

capability and microscopic rough interfacial features, forming a hierarchical structure. 

From the perspective of heat transfer mechanisms, such structural characteristics offer 

potential advantages for boiling heat transfer. The microscale rough surface increases the 

effective nucleation site density, facilitating bubble formation and stable growth at lower 

wall superheat. Meanwhile, the spatial separation created by the wall structures between 

pores can partially suppress rapid lateral bubble coalescence, thereby reducing the 

likelihood of large scale vapor blanket formation and delaying the onset of film boiling. 

Consequently, the hierarchical honeycomb porous structure observed in the Ti64 coating 

provides a synergistic enhancement effect in both bubble generation and bubble behavior 
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regulation. 

Given that the objective of this work is to systematically investigate the application 

potential of porous coatings for boiling heat transfer enhancement, the comparative 

results indicate that among the three materials, the Ti64 coating exhibits the most 

advantageous structural characteristics due to its honeycomb like multiscale architecture. 

Therefore, the present chapter and the subsequent chapter focus primarily on Ti64 

honeycomb porous coatings, with detailed investigation of their formation mechanisms, 

structural evolution, and boiling heat transfer performance under pool boiling conditions, 

in order to establish the intrinsic relationship between structure and performance. 
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3.2.1 Cell–wall porous structure formation during cold spray 

 

Figure. 28 a) Macroscopic and local magnification (30x) of the surface of the openings 

prepared by cold spray. b) Cross-section and top view of the cold sprayed one- and four-

layer deposited samples. c) The relationship between Ti64 particle size and particle 

velocity  

Fig. 28-a shows the macroscopic morphology of the porous surface layer fabricated by 

the cold spray process. Overall, the deposited surface is not continuous or fully dense but 

consists of numerous surface openings of various sizes that are randomly distributed. 

These openings show no periodic or regular arrangement, and both their size and spacing 

display significant statistical variation. This indicates that the porous structure was not 

formed through any pre-designed template or external regulation but rather evolved 

naturally through the complex coupling of multiple factors during the cold spray 

deposition process. Further morphological analysis reveals that these surface pores can 

be clearly divided into two basic structural units: cells, which correspond to recessed 

cavity regions, and walls, which are ridge-like structures formed by the continuous 

accumulation of particles. 

Quantitative analysis shows that the equivalent size of the cells ranges from 250 μm to 

700 μm, with an average value of about 430 μm, which falls within the typical meso-scale 

pore size range. In contrast, the walls exhibit stronger geometric anisotropy, with 

thicknesses between 50 μm and 260 μm, and extend vertically to depths of about 590 μm. 

This demonstrates that the walls are not confined to the surface but penetrate deep into 

the deposited layer, forming a three-dimensional cellular framework. As a result, the 

deposited surface presents a highly rough and interconnected open-cell morphology on 
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the macroscopic scale. 

Fig. 28-b compares the cross-sectional morphologies obtained after single-layer and four-

layer depositions to reveal the formation process and evolution of the cell–wall structure. 

When only a single layer of Ti64 is deposited, the particles do not achieve uniform or 

continuous coverage on the Al6082 substrate. Instead, effective bonding occurs only in 

certain local regions, while other areas show very low or even negligible deposition 

efficiency. This demonstrates that the deposition process at the initial stage is strongly 

non-uniform across the surface. 

In the regions where deposition occurs, Ti64 particles undergo localized plastic 

deformation upon high-velocity impact and bond with the substrate. In contrast, in areas 

where deposition fails, the relatively hard Ti64 particles retain their spherical morphology 

and rebound after impact without remaining on the surface. Meanwhile, the softer Al6082 

substrate undergoes significant plastic deformation during particle impact and rebound, 

leaving circular or near-circular craters whose diameters are comparable to the particle 

size. The random spatial distribution of these craters creates the initial surface irregularity 

that governs the subsequent deposition process. 

As the number of deposited layers increases, regions that achieved initial bonding exhibit 

higher deposition efficiency during subsequent spraying. On one hand, these areas already 

contain a roughened surface that provides favorable impact angles for further adhesion. 

On the other hand, the cratered regions, due to their recessed geometry and repeated 

erosion, remain low-efficiency areas where stable accumulation is difficult. As a result, 

particles preferentially accumulate on the initially deposited regions, causing these areas 

to thicken and grow upward, forming localized wall-like structures. 

At the same time, the surrounding regions with lower deposition efficiency gradually 

evolve into relatively recessed cell areas. When the number of layers reaches 

approximately four, this non-uniform growth pattern becomes increasingly pronounced, 

leading to the formation of a honeycomb-like structure where the cells are enclosed by 

the walls. It should be noted that this structure is not produced by post-deposition etching 

or delamination but rather forms spontaneously during deposition and becomes more 

evident as the layer number increases. 
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However, this honeycomb-like porous structure exists only within a limited deposition 

range. When the number of layers exceeds about four, the continued growth of the walls 

gradually fills the cell regions, smoothing the surface and eventually resulting in a dense, 

continuous deposit. This indicates that the honeycomb morphology is a transient structure, 

which originates from the non-uniformity of the early-stage deposition and can be 

maintained only within a certain number of layers. 

Although similar surface porous structures have been reported in earlier studies using 

pulsed cold spray or spray modulation techniques, their characteristic sizes are usually 

smaller and their stability is weaker, as they tend to collapse or be covered by subsequent 

layers. In contrast, the cell–wall honeycomb structure observed in this study exhibits 

larger feature sizes, higher stability, and a clearer evolutionary process. It therefore 

provides solid experimental evidence for the intrinsic relationship between the early-stage 

non-uniform deposition behavior in cold spray and the formation of porous surface 

architectures. 

To provide a quantitative estimation of particle in-flight velocity, the theoretical method 

reported by Champagne et al.[211] was adopted. In their study, the modelling of particle 

velocity in cold spray was carried out in two steps. First, the gas velocity and temperature 

in the nozzle were calculated using one-dimensional isentropic gas-dynamic principles. 

Second, the interaction between the gas and particles was introduced through a drag 

coefficient, and the particle velocity was iteratively calculated through the nozzle using 

the known gas velocity. 

The gas flow was first estimated using the relationship between nozzle area and Mach 

number: 
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(3.2.1.1) 

where 𝐴𝐴1 and 𝐴𝐴2 are the nozzle cross-sectional areas at two different positions along the 

nozzle axis, 𝑀𝑀1 and 𝑀𝑀2 are the corresponding Mach numbers at these two positions, and 

γ is the ratio of gas specific heat. In this one-dimensional calculation, the Mach number 

is iteratively increased from an initial subsonic value at the nozzle entrance to sonic 
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conditions at the throat and then to supersonic conditions in the diverging section. 

Therefore, the subscripts 1 and 2 indicate two successive calculation points along the 

nozzle, rather than fixed inlet and outlet positions.  

Once the local Mach number distribution was obtained from Eq. (3.2.1.1), the 

corresponding gas-flow properties along the nozzle were determined using one-

dimensional isentropic gas-dynamic relationships. According to Dykhuizen and Smith[4] 

and later studies on cold spray gas dynamics, the gas temperature decreases continuously 

during expansion through the converging–diverging nozzle and is related to the local 

Mach number by: 

𝑇𝑇0
𝑇𝑇𝑔𝑔

= 1 +
𝛾𝛾 − 1

2
𝑀𝑀2 (3.2.1.2) 

where 𝑇𝑇0 is the stagnation temperature, 𝑇𝑇𝑔𝑔 is the local gas temperature, and M is the local 

Mach number. Rearranging gives: 
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where 𝑃𝑃0 is the stagnation pressure and 𝑃𝑃𝑔𝑔 is the local gas pressure. 

The local gas velocity can then be calculated from the definition of Mach number: 

𝑉𝑉𝑔𝑔 = 𝑀𝑀𝑀𝑀 (3.2.1.5) 

where a is the local speed of sound. For an ideal gas, the speed of sound is given by: 

𝑎𝑎 = �𝛾𝛾𝛾𝛾𝑇𝑇𝑔𝑔 (3.2.1.6) 

Substituting the above expression into the Mach number definition yields: 

𝑉𝑉𝑔𝑔 = 𝑀𝑀�𝛾𝛾𝛾𝛾𝑇𝑇𝑔𝑔 (3.2.1.7) 

where R is the specific gas constant of the process gas. In addition, the local gas density 

was determined using the ideal-gas relationship: 
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𝜌𝜌𝑔𝑔 =
𝑃𝑃𝑔𝑔
𝑅𝑅𝑇𝑇𝑔𝑔

(3.2.1.8) 

Therefore, the Mach number distribution obtained from the area–Mach number 

relationship was converted into the corresponding distributions of gas temperature, gas 

velocity and gas density along the nozzle axis. 

These gas-flow properties were then introduced into the particle acceleration model. 

Since particle acceleration in cold spray is primarily governed by aerodynamic drag, the 

relative velocity between the gas and the particle provides the driving force for 

momentum transfer. Consequently, the local gas velocity 𝑉𝑉𝑔𝑔 and gas density 𝜌𝜌𝑔𝑔 obtained 

from the isentropic flow calculation serve as the input parameters for the drag-based 

particle momentum equation: 

𝑚𝑚
𝑑𝑑𝑉𝑉𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝐶𝐶𝐷𝐷
𝜋𝜋
8
𝜌𝜌𝑔𝑔𝑑𝑑2(𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑝𝑝)2 (3.2.1.9) 

where 𝑉𝑉𝑝𝑝 and 𝑉𝑉𝑔𝑔 are the particle and gas velocities, respectively, m is the particle mass, 𝜌𝜌𝔤𝔤 

is the gas density, d is the particle diameter, and 𝐶𝐶𝐷𝐷 is the drag coefficient. According to 

Champagne et al., this drag-based equation can be used to iteratively calculate the particle 

velocity through the nozzle when the gas velocity is known. 

In the present thesis, this method was used to estimate the velocity of Ti64 particles with 

different particle diameters. For each particle diameter, the same gas-flow calculation was 

first performed based on the nozzle geometry and operating conditions. The particle 

velocity was then iteratively calculated along the nozzle using the drag relationship above. 

Since particle diameter appears explicitly in the drag term and also affects particle inertia 

through the particle mass, particles with different diameters are accelerated to different 

velocities under the same gas-flow conditions. Smaller particles are generally accelerated 

more efficiently by the gas flow, whereas larger particles have greater inertia and therefore 

reach lower velocities. 

Therefore, the relationship between particle velocity and particle diameter was not treated 

as a single closed-form equation. Instead, following Champagne et al., the particle 

velocity was obtained by repeating the same iterative calculation for different Ti64 

particle diameters. This provides an approximate analytical estimation of the particle 

velocity distribution as a function of particle size. It should be noted that the calculated 
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values are theoretical estimations rather than direct experimental measurements, and the 

actual particle velocity may also be influenced by particle morphology, particle size 

distribution, injection position, boundary-layer effects, shock structures and gas–particle 

interaction. 

Based on the estimated relationship between Ti64 particle diameter and in-flight velocity, 

the fraction of particles whose calculated velocity exceeds the critical deposition velocity 

of Ti64 was further evaluated using the measured particle size distribution. According to 

Ref. [5], the critical deposition velocity of Ti64 is approximately 1000 m/s under typical 

cold spray conditions. As shown in Fig. 28(c), only approximately 9% of the Ti64 powder, 

in terms of volume fraction, is predicted to achieve a velocity higher than this critical 

threshold under the present spraying conditions [5]. This relatively low proportion of 

effectively depositable particles is consistent with the experimentally observed low 

deposition efficiency during the initial deposition stage. It also supports the proposed 

selective deposition mechanism, in which only a limited fraction of particles can 

successfully bond to the substrate, while the remaining particles either rebound, erode the 

surface, or contribute to the formation of non-uniform open porous structures. Therefore, 

although the particle velocity calculation is a theoretical estimation rather than a direct 

experimental measurement, it provides quantitative support for the interpretation that the 

low initial deposition efficiency of Ti64 is closely associated with its relatively high 

critical deposition velocity (approximately 1000 m/s) and the particle-size-dependent 

acceleration behaviour. 
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3.2.3 Micro-CT analysis of the internal architecture 
 

Figure. 29 Eight cross sections of the cellular structure from interface toward the top of 
the deposit 
 
To further elucidate the internal architecture and evolutionary characteristics of the 

honeycomb like porous structure formed within the cold sprayed deposit, representative 

samples were examined using micro computed tomography and three dimensional 

morphological reconstruction. Fig. 29 presents successive tomographic cross sections 

from the substrate surface to the top of the deposited layer, with a height interval of 0.15 

mm between adjacent images. By tracking these consecutive sections, the generation, 

evolution, and eventual stabilization of the porous structure can be directly visualized. 

As shown in Fig. 29-a, the cross section corresponds to the substrate surface, where no 

apparent deposition has occurred and the material remains a dense metallic base. Fig. 29-

b to Fig. 29-h illustrate the layer by layer evolution during deposition. In these images, 

the light gray regions represent successfully deposited Ti64 particles, whereas the black 

regions correspond to open pores where effective deposition did not occur. During the 

initial deposition stage shown in Fig. 29-b, Ti64 particles adhered only to localized areas 

of the substrate, while most regions remained uncovered or exhibited only sparse and 

random particle accumulation. This behavior highlights the pronounced spatial non-

uniformity during the early stage of cold spray deposition. Owing to variations in particle 

velocity, impact angle, and local substrate geometry, only a fraction of particles 
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underwent sufficient plastic deformation to bond with the substrate, whereas others 

rebounded upon impact and failed to form stable deposits. 

The yellow circled region in Fig. 29-b clearly indicates an unsuccessful deposition zone. 

In this region, the absence of effective bonding resulted in the formation of a cavity with 

dimensions comparable to the particle diameter. As the deposit thickness increased, these 

regions were not filled or covered by subsequent layers but instead remained open, 

indicating that deposition defects formed during the early stage were inherited throughout 

subsequent deposition and ultimately evolved into through thickness pores. 

From the evolution shown in Fig. 29-b to Fig. 29-h, the light gray deposited regions 

gradually increased and extended upward, demonstrating that previously deposited areas 

continuously captured incoming particles and grew outward. These regions served as the 

origins of the subsequent wall like structures. In contrast, the non-deposited regions 

maintained relatively fixed spatial positions and developed into vertically continuous 

pores extending from the substrate to the deposit surface. This observation suggests that 

once effective bonding fails to occur during the initial stage, subsequent particles are 

unable to accumulate in the same location due to unfavorable impact angles, geometric 

depressions, or local gas flow disturbances, resulting in persistently low deposition 

efficiency at those sites. 

In addition, the morphology of the wall structures exhibited pronounced evolution with 

increasing deposit thickness. The walls were relatively wide near the substrate and 

gradually narrowed toward the top, forming a characteristic tapered geometry. This 

phenomenon can be attributed to the conical effect in cold spray deposition. As local 

height differences increase, the distribution of particle impact angles becomes more 

dispersed, leading to reduced deposition efficiency at protruding regions while 

redeposition in recessed regions becomes increasingly difficult. Consequently, the wall 

cross sectional width decreases with height. 

This trend is clearly reflected in Fig. 29-b to Fig. 29-h, where the area fraction of the light 

gray regions progressively decreases, indicating increasingly non uniform growth with 

additional deposition layers. In particular, Fig. 29-b to Fig. 29-h show that the wall tops 

approach partial closure, while the non deposited regions evolve into slender through 
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pores. These observations demonstrate that the honeycomb structure formed during cold 

spray deposition is not a static geometry but a dynamically evolving system driven by 

early stage deposition non-uniformity. 

Longitudinal tracking of the pores further reveals that the black regions maintain nearly 

identical positions across different height sections, indicating continuous three 

dimensional connectivity. Once a region fails to form a dense deposit at the initial stage, 

it remains open along the deposition direction and ultimately penetrates the entire 

thickness. This feature is further confirmed by three dimensional reconstruction, which 

shows continuous pore channels interwoven with adjacent wall structures to form a 

network like honeycomb morphology. 

From a macroscopic perspective, the resulting dense cellular hybrid structure exhibits 

potential functional advantages. The dense wall regions provide mechanical support and 

bonding strength, while the open cell channels enable subsequent functionalization such 

as infiltration, surface modification, or fluid transport for heat transfer. However, the 

formation process remains largely stochastic, with limited control over pore size, position, 

and connectivity. 

Overall, the tomographic results in Fig. 29 clearly reveal the formation mechanism of the 

honeycomb like porous structure during cold spray deposition. Early stage non uniform 

deposition determines the spatial distribution of pores, while increasing deposition layers 

amplify this effect, ultimately producing a multiscale honeycomb structure composed of 

cells and walls. With further process optimization and multiscale characterization, such 

structures show promise for applications in heat exchange, filtration, sensing, and 

lightweight structural components, providing new insights into the controllable 

fabrication of porous materials via solid state additive manufacturing. 
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3.3 Analysis of single-particle velocity dispersion and 
Its mechanism 

 
 

Figure. 30 Schematically illustrates the typical single particle responses of Ti 6Al 4V 

particles impacting an Al6082 substrate at different impact velocities during the cold 

spray process.  

As shown in Fig. 30, the yellow circles represent Ti64 particles and the gray rectangles 

denote the Al6082 substrate. The three sub-figures illustrate particle–substrate 
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interactions occurring at low (below critical), medium (near critical), and high (above 

critical) impact velocities. These regimes do not correspond to different spraying 

conditions. Instead, they arise naturally within a single cold spray process due to the 

statistical dispersion of particle velocities generated by gas–solid two-phase flow 

dynamics. 

Although macroscopic spray parameters such as gas pressure, temperature, and nozzle 

geometry remain constant, the exit velocity of individual particles is not unique but 

follows a broad distribution. Variations in particle size, morphology, density, and surface 

condition lead to different acceleration responses under the same gas flow. In addition, 

strong radial and axial gradients exist within the de Laval nozzle, resulting in higher 

velocities in the core region and lower velocities near the nozzle wall. Differences in 

particle inertia further prevent some particles from fully following gas acceleration. 

Consequently, particles reach the substrate with velocities spanning from below the 

critical velocity to well above it, giving rise to the three interaction regimes illustrated in 

the figure. 

When the particle velocity is below the critical velocity, the kinetic energy of Ti64 

particles is insufficient to trigger significant interfacial plastic deformation. The contact 

time is extremely short, and the normal and shear stresses generated at the interface are 

inadequate to rupture the surface oxide or nitride layer or to induce substantial plastic 

flow in the Al6082 substrate. Most of the impact energy is therefore dissipated through 

elastic recovery and limited local plastic deformation, preventing the formation of 

intimate metal–metal contact. As a result, particles rebound from the surface. This regime 

reduces deposition efficiency and contributes to initial deposition non-uniformity. 

As the impact velocity approaches and slightly exceeds the critical velocity, the particle–

substrate system enters the effective deposition window. Both the Ti64 particle and the 

Al6082 substrate undergo high strain-rate plastic deformation in the interfacial region. 

The relatively softer substrate experiences localized plastic flow, which promotes 

interfacial conformity and mechanical interlocking. Simultaneously, severe plastic 

deformation of the particle leads to fracture or delamination of the brittle surface oxide 

or nitride layer, exposing fresh metallic surfaces. Intimate metal–metal contact is 
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therefore established within an extremely short timescale, resulting in stable solid-state 

bonding. This velocity range represents the optimal deposition regime in cold spray. 

When the impact velocity significantly exceeds the optimal deposition range, the 

interaction transitions from deformation-dominated bonding to damage-dominated 

behavior. Ti64 exhibits limited plastic deformability at room temperature and is prone to 

strain localization under ultra-high strain-rate loading. Moreover, the use of nitrogen as 

the propellant gas may lead to surface nitrogen enrichment or the presence of a TiN-rich 

brittle shell on the particle surface. Under the extreme stress gradients generated during 

high-velocity impact, this brittle surface layer readily cracks, and the cracks can rapidly 

propagate into the particle interior. The particle consequently undergoes fragmentation or 

pulverization, as illustrated in the figure. Although such impacts may generate high local 

contact pressures, the fragmented material cannot form a continuous and stable bonding 

interface and may instead produce debris, cause secondary erosion, and degrade coating 

integrity. 

Overall, the three behaviors shown in Fig. 30 represent the natural manifestation of 

particle velocity dispersion relative to the critical velocity during cold spray deposition. 

Rebounding particles below the critical velocity, effectively bonded particles near the 

critical velocity, and fragmented particles above the optimal velocity range coexist within 

a single spraying process. Their relative proportions collectively determine deposition 

efficiency, coating density, and microstructural non-uniformity, indicating the existence 

of a distinct and relatively narrow optimal deposition velocity window for the 

Ti64/Al6082 system. 
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3.4 Mechanical properties 
3.4.1 Nanoindentation characterization of regional mechanical 
properties 

 

Figure. 31 a) Nanoindentation SEM Images and Hardness Distribution Maps, b) Average 

hardness values across different regions 

Fig. 31-a presents the scanning electron microscopy images of nanoindentation arrays 

and the corresponding hardness contour maps obtained from nanoindentation testing 

performed on a cold sprayed Ti 6Al 4V porous coating at three representative locations. 

These locations correspond to the coating deposition region, the coating substrate bonding 

region, and the substrate region unaffected by spraying, representing typical areas that 

experienced different mechanical loading histories and microstructural evolution during 

the cold spray process. By arranging regular indentation arrays within each region and 

spatially mapping the measured hardness values, the distribution characteristics and 

degree of mechanical non-uniformity at different locations can be directly visualized. 

The statistical results shown in Fig. 31-b indicate pronounced differences in the average 

nanoindentation hardness among the three regions. The coating deposition region exhibits 

the highest average hardness of 2.72 GPa, followed by the coating substrate bonding 

region with an average hardness of 1.89 GPa, while the substrate region shows the lowest 

average hardness of 1.70 GPa. These results demonstrate that the cold spray deposition 

process not only introduces significant mechanical strengthening within the coating itself 

but also induces a measurable mechanical response in the substrate material adjacent to 

the bonding interface. 
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To evaluate the repeatability of the experimental results, each sample shown in Fig. 32-b 

was tested six times under the same experimental conditions. The data presented in Fig. 

32-b are expressed as the mean values of the six repeated measurements, and the error 

bars represent the corresponding standard deviation. The observed scatter mainly arises 

from the inherent spatial non-uniformity of the cold-sprayed porous surfaces, as well as 

minor variations during sample preparation and measurement. Despite these variations, 

the repeated measurements show consistent trends, indicating that the experimental 

results are repeatable and that the conclusions drawn from Fig. 32-b are reliable. 

Further examination of the hardness contour maps on the right side of Fig. 31-a reveals 

evident nanoscale mechanical heterogeneity in both the coating deposition region and the 

coating substrate bonding region. This heterogeneity is manifested by continuous color 

variations and localized high and low hardness zones, indicating that even within the same 

region, different microdomains experienced distinct degrees of plastic deformation and 

microstructural modification. In contrast, the substrate region exhibits a highly uniform 

hardness distribution, with minimal color variation in the contour map, suggesting that its 

mechanical properties largely retain the intrinsic characteristics of the original material. 

For the coating deposition region, the observed hardness heterogeneity primarily arises 

from two factors. First, the porous cold sprayed deposit inherently contains structural 

defects such as particle boundaries, partially closed micropores, and localized 

microcracks. In the vicinity of these defects, the effective load bearing area is reduced 

and stress concentration is intensified, facilitating localized plastic deformation during 

indentation and resulting in relatively lower measured hardness. These low hardness 

regions typically appear as scattered low value zones in the contour maps and correspond 

well with pores or interfacial features observed in the SEM images. 

Second, the original Ti 6Al 4V powder particles undergo extreme plastic deformation 

during high velocity cold spray impact. Upon collision with the substrate or previously 

deposited layers, the particles experience very high strain, strain rate, and transient 

temperature rise, leading to the formation of pronounced heterogeneous microstructures 

within the particles. Variations in deformation degree and dynamic recovery behavior 

both among different particles and within individual particles introduce microscale 

hardness fluctuations. As a result, localized hardness variations can also occur in regions 
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distant from visible porosity. 

In comparison, the coating substrate bonding region exhibits the most pronounced 

hardness non-uniformity among the three regions. This region corresponds to the initial 

stage of cold spray deposition, where particles first undergo high velocity impact and 

interaction with the substrate. During this process, Ti 6Al 4V particles experience severe 

plastic deformation and mechanical interlocking with the substrate surface, forming a 

stable bonding interface. Simultaneously, the high velocity impacts introduce significant 

work hardening in the near surface region of the substrate, resulting in hardness values 

markedly higher than those of the unaffected substrate. However, due to spatial variations 

in particle impact energy, the degree of work hardening differs substantially at the 

microscale, leading to a highly complex and dispersed hardness distribution within the 

bonding region. 

As the depth below the substrate surface increases, the plastic deformation and work 

hardening effects induced by particle impact gradually diminish. Upon entering the 

substrate region, the material is essentially unaffected by direct high velocity particle 

impact, and its microstructure and mechanical properties remain characteristic of the 

original Al 6082 substrate. Consequently, the substrate region exhibits not only the lowest 

average hardness but also the most uniform hardness distribution, with negligible spatial 

variation. 

In summary, the nanoindentation results presented in Fig. 31 clearly reveal the spatial 

gradient and heterogeneity of mechanical properties within the cold sprayed Ti 6Al 4V 

porous coating system. Both the deposition region and the bonding region exhibit 

pronounced nanoscale hardness fluctuations due to intense and non uniform plastic 

deformation, whereas the substrate region largely preserves a uniform mechanical 

response. This through thickness evolution of mechanical properties provides important 

experimental evidence for understanding the formation mechanisms and service 

performance of cold sprayed porous structures. 
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3.4.2 Tension test 

 

Figure. 32 SEM image of Ti64 coating fracture surface 

The tensile fracture surface of the cold sprayed Ti64 coating exhibits pronounced particle 

scale heterogeneity. The fracture surface is globally rough and undulated, consisting of 

clearly discernible platelet like units assembled together, rather than the uniform dimple 

morphology typically observed in dense wrought materials. This particle block dominated 

fracture morphology indicates that failure is not governed by continuous plastic 

deformation of a homogeneous matrix, but is jointly controlled by the deposited particle 

structure and interfacial characteristics. Such behavior represents a typical heterogeneous 

fracture mode of cold sprayed deposits. 

As shown in Fig. 32-a, a distinct flat fracture platform is observed, whose fracture normal 

is nearly parallel to the tensile loading direction. This platform is clearly circled in the 

image and exhibits local step like markings and tear ridges. The geometric orientation of 

this flat region indicates that crack propagation in this area occurred approximately 

perpendicular to the loading axis, producing a fracture plane parallel to the applied tensile 

direction. These features are not associated with particle pull out pits, but instead 

correspond to characteristic quasi cleavage facets. The presence of such a well developed 

fracture platform suggests that crack propagation locally transitioned from interfacial 

separation to rapid transgranular propagation within the particle interior. Therefore, 

tensile failure was not dominated by a single interfacial debonding mechanism, but 

involved a clear transition from interfacial failure to brittle fracture inside the particles, 

reflecting a distinctly brittle dominated failure mode in the later stage of crack growth. 



81 
 

Dark voids and smooth edged depressions are still present on other regions of the fracture 

surface, exhibiting morphologies consistent with particle pull out features. These features 

provide direct evidence of particle particle interfacial debonding and confirm that 

deposition interfaces remain preferred crack initiation sites. Moreover, as shown in Fig. 

32-b, a large cavity corresponding to coating substrate separation can be observed. The 

exposed substrate surface inside the cavity appears relatively smooth and exhibits limited 

plastic deformation traces, indicating weak metallurgical bonding at the coating substrate 

interface. This feature further confirms that the coating substrate interface acts as a 

structural weak zone under tensile loading. 

The tensile test results indicate that the bonding strength of the coating is only 10.19 MPa, 

which is significantly lower than the intrinsic tensile strength of dense wrought Ti64. This 

low macroscopic strength directly reflects limited interfacial bonding capability and is 

consistent with the extensive interfacial debonding features observed on the fracture 

surface, particularly the coating substrate separation shown in Fig. 32-b. However, unlike 

a purely interfacial separation fracture, the presence of large quasi cleavage facets in Fig. 

32-a demonstrates that cracks penetrated the particle interior during the later stages of 

crack propagation. 

In addition, as shown in Fig. 32-b localized pore clusters and incompletely filled cavities 

are observed on the fracture surface. These regions represent structural weak zones 

formed during deposition and act as sites of significant stress concentration under tensile 

loading, thereby serving as preferential crack initiation locations. Cracks initially nucleate 

at interfaces adjacent to pores and propagate along interfacial paths. Once the crack length 

and stress intensity reach critical values, the crack path deflects into the particle interior. 

Under conditions of severe work hardening and limited plastic deformation capacity, 

quasi cleavage dominated rapid crack propagation is triggered, leading to the formation 

of large scale flat fracture platforms such as that shown in Fig. 32-b. 

Although the overall fracture behavior is quasi brittle in nature, fine shear steps and 

layered flow traces can still be identified on portions of the particle surfaces, indicating 

that the particles experienced intense plastic deformation during deposition. However, the 

high dislocation density and pronounced work hardening induced by this pre deformation 

substantially reduce the capacity for plastic energy dissipation during subsequent tensile 
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loading, resulting in low macroscopic ductility. Previous studies have shown that cold 

sprayed Ti64 deposits often exhibit high microhardness but limited elongation, with 

fracture controlled by the combined action of interfacial failure and transgranular brittle 

fracture, which is consistent with the behavior observed in the present study. 

The formation of weak interfacial bonding is closely related to the processing 

environment. When nitrogen is used as the propellant gas, nitrogen rich or oxide enriched 

layers may form on the surface of Ti64 particles during flight, reducing effective plastic 

flow and limiting the formation of true metallurgical contact at the interface. Furthermore, 

the extremely short timescale of cold spray deposition restricts interfacial diffusion and 

recrystallization processes, causing the deposition interface, including the coating 

substrate interface observed in Fig. 32-b, to act as a crack initiation source. Meanwhile, 

severe work hardening and potential metastable microstructures within the particle 

interior provide favorable conditions for subsequent quasi cleavage propagation. 

In summary, the fracture surface reflects a characteristic tensile failure mode of as 

deposited cold sprayed Ti64 coatings. Cracks initiate at pores and weakly bonded 

interfaces, including the coating substrate interface, propagate along interfacial paths, and 

subsequently deflect into the particle interior under stress concentration and limited 

plastic reserve, where rapid quasi cleavage dominated propagation occurs, forming flat 

fracture platforms parallel to the loading direction as shown in Fig. 21-a. Only limited 

shear deformation takes place within the particles, ultimately resulting in a quasi brittle 

fracture governed by the coupled effects of interfacial failure and transgranular brittle 

fracture. This mechanism provides a consistent explanation for the observed combination 

of low bonding strength (10.19 MPa) and severely limited ductility at the macroscopic 

scale. 

 

3.4 Summary 
This chapter systematically investigates the formation mechanism, evolutionary behavior, 

and structure property relationships of honeycomb like porous Ti 6Al 4V structures 

fabricated by cold spray deposition. The main conclusions are summarized as follows. 

(1) Even under constant macroscopic spraying parameters, the deposition process exhibits 

pronounced spatial non-uniformity. This non-uniformity originates from the interaction 



83 
 

between gas solid two-phase flow characteristics and the high strain rate plastic response 

of particles. It represents the intrinsic physical basis for porous structure formation rather 

than being caused by process fluctuations. 

(2) The cold sprayed deposit exhibits a typical open honeycomb morphology composed 

of cellular pores on the order of several hundred micrometers and wall like skeletons 

growing along the deposition direction, forming a highly interconnected three 

dimensional porous network. This structure is not generated through templating or post 

processing but evolves spontaneously during the deposition process. 

(3) Cross sectional analysis and micro computed tomography three dimensional 

reconstruction demonstrate that effective bonding occurs only in localized regions during 

the initial deposition stage. Undeposited regions are continuously inherited and amplified 

during subsequent deposition, ultimately evolving into open channels penetrating the 

entire deposit thickness, reflecting a pronounced inheritance effect of the initial 

deposition state. The wall structures gradually taper from the substrate toward the top of 

the deposit, exhibiting a conical geometry, which indicates that the honeycomb 

architecture represents a thickness limited and dynamically evolving non steady state 

system. 

(4) Single particle dynamic analysis reveals that particle velocity dispersion is the key 

factor governing deposition non-uniformity. Under identical process conditions, particle 

rebound, effective deposition, and high velocity particle damage coexist. The combined 

effect of these behaviors determines deposition efficiency and pore formation pathways, 

constituting the fundamental kinetic mechanism underlying porous structure evolution. 

(5) Mechanical property evaluation shows that the hardness of both the deposition region 

and the bonding region is significantly higher than that of the substrate, while pronounced 

nanoscale heterogeneity exists within the system. During tensile fracture, cracks 

preferentially initiate at pores and weak interfaces and propagate in a quasi brittle mode 

dominated by quasi cleavage, indicating that the pore structure plays a governing role in 

the macroscopic mechanical response. 

In summary, this chapter establishes the intrinsic relationship among deposition non-

uniformity, pore structure evolution, and mechanical response, providing systematic 

experimental evidence and theoretical support for mechanistic understanding and 

controllable design of porous structures in cold spray solid state additive manufacturing. 
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Chapter 4 Study on boiling heat transfer 
performance of porous Ti64 surfaces 
produced by cold spray 
In the previous chapter, the formation mechanism and microstructural evolution of the 

surface open pore structure in cold sprayed Ti64 were systematically elucidated. Building 

upon this foundation, the present chapter further considers this structure as a functional 

surface system and introduces pool boiling heat transfer as the platform for performance 

evaluation. If the previous chapter primarily addressed the question of how the structure 

forms, the present chapter focuses on whether the structure is effective and how it 

functions. By establishing a stable and reproducible pool boiling experimental system, 

this chapter aims to construct the relationship between structural characteristics and 

functional performance of the cold sprayed porous structure, and to provide experimental 

evidence for its potential engineering applications. 

Boiling heat transfer is an interfacial heat transfer process that is highly sensitive to 

surface microstructures. Its enhancement mechanisms are closely related to bubble 

nucleation, growth, departure, and the evolution of the critical heat flux, abbreviated as 

CHF. Previous studies have shown that surface pore structures and roughness features can 

significantly reduce the nucleation superheat, increase the density of nucleation sites, and 

delay surface dryout and heat transfer instability through regulation of gas liquid 

interfacial behavior. However, variations in pore size, connectivity, and the thermal 

conductivity of the material can strongly influence the actual heat transfer performance. 

Therefore, it is necessary to systematically verify the heat transfer response of the cold 

sprayed Ti64 surface open pore structure under realistic boiling conditions. 

To achieve these objectives, a standardized pool boiling experimental apparatus was first 

constructed. Under saturated boiling conditions, the boiling curves, heat transfer 

coefficients, and critical heat flux of the cold sprayed Ti64 surfaces were measured and 

compared with those of a smooth substrate surface. Subsequently, three dimensional 

surface morphology reconstruction, surface roughness characterization, and wettability 

measurements were performed to analyze the structural origins of the observed heat 

transfer enhancement. In addition, high speed imaging techniques were employed to 
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conduct in situ observation of bubble behavior under different heat flux conditions. This 

approach enables the identification of the roles played by the pore structure in stabilizing 

bubble nucleation, suppressing lateral bubble coalescence, and promoting the formation 

of liquid replenishment pathways. 

Overall, this chapter systematically evaluates the functional performance of the cold 

sprayed Ti64 surface open pore structure in pool boiling heat transfer through an 

integrated research framework that combines experimental verification, structural 

characterization, bubble dynamics analysis, and heat transfer mechanism discussion. The 

results provide both experimental foundations and mechanistic insights for subsequent 

structural optimization and for the extension of this approach to other material systems. 

Based on the above research background, the main objectives of this chapter are as 

follows. 

• To establish a stable and reliable pool boiling experimental platform for the systematic 

evaluation of the boiling heat transfer performance of the cold sprayed Ti64 surface 

open pore structure. 

• To assess the heat transfer enhancement effect of the porous structure by comparing 

boiling curves, heat transfer coefficients, and critical heat flux with those of a smooth 

substrate surface. 

• To establish correlations between surface structural characteristics and heat transfer 

performance through three dimensional morphology reconstruction, surface 

roughness characterization, and wettability measurements. 

• To analyze bubble nucleation, growth, and departure behavior using high speed 

imaging techniques, and to elucidate the role of the porous structure in regulating 

bubble dynamics. 
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4.1 Experimental setup and testing methods 
4.1.1 Raw material and cold spray process 

The experimental material employed in this section is also Ti64 powder, consistent with 

the material used in Section 2.1. The cold spraying equipment utilized in the experiments 

is likewise identical. 

With reference to the processing parameters reported in previous studies and considering 

the maximum capacity of the laboratory cold spray system, a porous surface was created 

on an aluminium substrate by adjusting three main parameters: TS, PFR and the number 

of layers. The specific experimental parameters are listed in Table 3. 

Table. 3 Experimental parameters in cold spray process. 

No. Label TS 

(mm/min) 

PFR 

(g/s) 

Number 

of 

Layers 

1 2000-

27-4 

2000 0.27 4 

2 2000-

27-8 

2000 0.27 8 

3 2800-

51-2 

2800 0.51 2 

4 2800-

51-3 

2800 0.51 3 
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5 2800-

51-4 

2800 0.51 4 

 

4.1.2 Microstructure characterization 

Scanning electron microscopy (SEM, Zeiss Ultra) was used to analyse the morphology 

of the boiling heat exchanger surfaces prepared by cold spraying. 3D model 

reconstruction of the surface deposits was facilitated by a Nikon XTH225 ST X-ray CT 

(Computed Tomography) system and the surface roughness was measured using a 

Filmetrics Profilm3D optical profilometer. The working fluid interaction with the test 

surfaces was characterized with a Theta Flow Optical Tensiometer (Biolin Scientific).  

4.1.3 Pool boiling test facility and experimental procedures 
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Figure. 33 a) Cross-sectional schematic of the pool boiling apparatus and 

b) Enlarged view of the heater assembly 

Fig. 33-a shows a cross-sectional schematic of the pool boiling apparatus. It consists of 

boiling chamber, filled with ethanol as the working fluid, with a high-temperature-

resistant PEEK mounting fixed at the bottom using M4 screws. The chamber is a 
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cylindrical container with an inner diameter of 5 cm and a height of 12 cm. A gas outlet 

at the top connects the chamber to the water-cooled re-flux condenser. During testing, the 

evaporated working fluid escapes through this outlet into the condenser, where it gets 

liquefied and returned to the chamber, thereby minimizing liquid loss during the boiling 

experiments. It also maintains the atmospheric pressure throughout the test duration. Two 

cartridge heaters (120W each) were inserted horizontally at the base of the boiling 

chamber to heat up and maintain the bulk liquid at its saturation temperature. Power to 

these heaters was controlled through a PID controller. A T-type sheathed thermocouple 

inserted from the top of the chamber was used to monitor the bulk liquid temperature 

adjacent to the boiling surface during boiling. This thermocouple signal was fed to the 

PID controller to automatically regulate the bulk liquid heating, maintaining its constant 

temperature. Four transparent glass windows (2.5 cm × 3 cm) were attached on opposite 

sides of the chamber near to its base to provide optical access of the boiling phenomenon. 

The boiling dynamics were captured using videographic camera system, which included 

high speed camera (HotShot: HS1700CC), zoom lens (SIGMA 105 mm F2.8 DG DN 

Macro), and a diffused white light source. Two light sources were employed during 

recording to facilitate more light into the boiling chamber, enabling better quality of the 

recorded images. 

Fig. 33-b presents an enlarged schematic of the heating section. It comprised of assembly 

of the boiling substrate, copper block, and heater. The boiling surface, with dimensions 

of 1.5 × 1.5 cm², prepared with test coatings as required was mounted on the copper block 

of the same cross-sectional dimension. High thermal conductive paste was applied 

between the copper block and the boiling substrate to minimize thermal contact resistance. 

At the bottom of the block, square ceramic heater (500W) was fixed using high-

temperature thermal pad. A T-type sheathed (0.5 mm dia.) thermocouple was inserted 1 

mm beneath the boiling surface at the depth of 7.5 mm to approximately measure the 

surface temperature. To measure the heat flux through the heating section, three T-type 

sheathed (1 mm dia.) thermocouples were inserted into three equally spaced (15 mm) 

holes along the heated bar length. The holes were drilled at the depth of 7.5 mm i.e., till 

the central axis of the block. To reduce heat losses from the heating section, the copper 

block and the heater was insulated on all sides using insulating pads contained in the 3D 

printed box. This entire heating section was clamped to the base PEEK mounting that 
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securely held this assembly. The sufficient clamping pressure was ensured to minimize 

overall thermal contact resistance. The base mounting was designed in such a way that 

the boiling substrate would slightly protrude above the top surface of the mounting. In 

addition, shoulder cut was provided in the base mounting around the boiling substrate 

area to fill the leakproof silicon epoxy, ensuring test fluid does not leak during testing.      

4.1.4 Pool boiling test procedures 

The pool boiling experiments were performed on bare and cold-sprayed surfaces with 

ethanol as the working fluid under atmospheric pressure. For each test, the fluid was 

poured into the boiling chamber and degassed for one hour by turning on the bulk heater 

and ceramic heater. During this time, the test fluid was maintained at its saturation 

temperature (78°C) and rigorous boiling was allowed on the surface. Subsequently, the 

ceramic heater was turned off so that bubble nucleation ceases on the boiling surface. 

Now, the heater power to the ceramic heater was increased gradually in finite steps and 

for each heater power, temperatures from all the thermocouples and bubble dynamics 

were recorded at 5 samples/s and 4000 fps respectively. Sufficient time was allowed to 

ensure steady-state conditions, before data recording commenced. The test was 

terminated at the heat power when a transition to film boiling was observed, indicating 

the occurrence of boiling crisis, i.e., CHF, identified through the rapid and monotonous 

rise in the surface temperature. In this study, all measurements were repeated three times 

for each sample to ensure reproducibility of the results. 
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4.2 Surface characteristic analysis 
4.2.1 Surface properties 

 

Figure. 34 Images of the surface morphology of boiling samples fabricated via cold 

spraying for this study. Photographs of the boiling samples (a,b,c,d,e,f). Scanning 

Bare

2800-51-4

2800-51-3

2000-27-4

a) a-2)a-1)

100μm500μm

2000-27-8

100μm500μm

b) b-2)b-1)

2800-51-2

c) c-2)c-1)

100μm500μm

100μm500μm

d) d-2)d-1)

100μm500μm

100μm500μm

e) e-2)e-1)

f) f-2)f-1)
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electron microscopy (SEM) images of the sample surfaces (a-1,b-1,c-1,d-1,e-1,f-1). 

Magnified view of the region highlighted by yellow dashed lines in panel (a-2,b-2,c-2,d-

2,e-2,f-2). 

Figures from 34-a to 34-f shows macro-photographs of the boiling surface prepared by 

cold spraying and the bare boiling surface. Additionally, scanning electron microscope 

images are provided to illustrate the effect of different spraying parameters on the pore 

characteristics of the coatings (Figures from 34-a-1 to 34-f-1 and from 34-a-2 to 34-f-2). 

As a reference, the bare surface (Figures 34-f-1 and 34-f-2) is almost flat with only a few 

minor scratches, which were produced during the machining process. In contrast, the 

boiling surfaces prepared by cold spraying showed a pronounced 200 μm – 500 μm wide 

cavity type structure, in which the size and distribution of the pits were significantly 

influenced by the fabrication parameters. Comparing Sample 2000-27-4 and Sample 

2800-51-4, it is clear that decreasing the powder feed rate leads to a significant increase 

in the number of cavities on the surface. This suggests that a higher powder feed rate 

results in more titanium powder being deposited, with less cavities being formed on the 

coating surface. Comparing Samples 2800-51-2, 2800-51-3, and 2800-51-4 indicates that 

as the number of layers deposited increases, the cavities on the surface of the samples 

become progressively larger (see Table 4). Such a pattern can also be found by comparing 

Samples 2000-27-4 and 2000-27-8. The phenomenon of increasing cavity size with the 

number of deposited layers is suspected to be due to the formation of thicker coatings by 

multilayer deposition, which makes the lip regions of the cavities protrude more from the 

surface. 

Table. 4 Measured properties of the samples. 

Sample 2000-27-
4 

2000-27-
8 

2800-51-
2 

2800-51-
3 

2800-51-
4 Bare 

Thickness 
(mm) 1.59 2.50 0.55 0.61 1.38 - 

Roughness 
(μm) 41.3 30.0 45.7 62.44 36.9 0.18 
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From the point of view of boiling heat transfer, this textured surface coating prepared by 

cold spraying is very beneficial. Firstly, the strong mechanical bonding of the coating and 

the substrate ensures the longevity and low thermal contact resistance of this boiling 

surface. Secondly, the small cavity-shaped surface features are ideal locations for 

nucleation of vapour bubbles, and the more nucleation centres the better. Furthermore, 

bubbles which nucleate in neighbouring cavities have a separating medium between them, 

which should mitigate lateral bubble coalescence. 

4.2.2 Roughness 

 
 

Figure. 35 White Light Interferometry images of tested boiling surfaces 
 

Fig. 35 also shows the roughness (Ra) of the prepared porous surfaces with different cold 

a) 2000-27-4 b) 2000-27-8

c) 2800-51-2 d) 2800-51-3

e) 2800-51-4 f) Bare

Average cavity 
size (μm) 312 577 207 388 1117 - 
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spraying parameters. The roughness of the cold sprayed surfaces is generally two orders 

of magnitude higher than that of the bare surface, which is 0.18 μm, and reaches up to 

62.44 μm (2800-51-3). This result is corroborated by the white light interferometer (WHI) 

3D morphology in Fig. 35 : the bare surface is generally smooth with small scratches with 

a maximum undulation range of 0–2.5 μm. Conversely, the peaks and valleys of the 

surface prepared by cold spraying can reach hundreds of micrometres, showing wave-like 

undulation surface morphology. 

Specifically, as shown in Fig. 35, the number of layers has a significant effect on the 

surface morphology. For example, comparing Sample 2000-27-8 (Ra = 30.0 μm) with 8 

layers and Sample 2800-51-2 (Ra = 45.7 μm) with only 2 layers, it can be seen that the 

latter sample has more peaks and valleys on the surface, resulting in a higher roughness. 

Similarly, Sample 2800-51-3 (multi-layer spraying) reaches a maximum Ra value of 

62.44 μm, which indicates that the localised build-up is more pronounced during the 

multi-layer spraying process, ultimately leading to a significant increase in the difference 

in surface height distribution. 

Overall, the cold spraying process generates a large number of irregular bumpy structures 

on the substrate surface, which significantly increases the surface roughness and the 

effective heat transfer area; in contrast, the bare surface is relatively smooth. Combining 

the roughness data in Table.4 with the 3D morphology in Fig. 35, the effect of the cold 

spraying preparation process on the surface topography can be more intuitively 

understood. 

In addition to the increase in surface roughness, the cold spraying process also produces 

a complex surface morphology consisting of partially bonded particles, open pores and 

cavity-like surface features. Although the average roughness parameter provides a useful 

quantitative description of the overall surface profile, it does not fully capture the 

influence of these microstructural features on boiling heat transfer behaviour. The cavity-

like structures formed during deposition may serve as stable vapour entrapment sites and 

provide a high density of potential nucleation sites during boiling. Furthermore, the 

irregular peaks, valleys and porous regions generated by the deposition process increase 

the actual liquid–solid contact area beyond that represented by the roughness value alone. 

These structural features may also affect bubble dynamics during boiling. The presence 



96 
 

of cavities and porous regions can influence bubble growth, coalescence and departure 

behaviour, while the interconnected pore network may facilitate liquid replenishment 

through capillary-driven transport. Such liquid transport pathways can promote rewetting 

of the heated surface following bubble departure and help maintain a larger number of 

active nucleation sites. Therefore, although the substantially increased roughness is an 

important characteristic of the cold sprayed surfaces, the enhanced boiling performance 

observed in this study is more likely to result from the combined effects of increased 

roughness, enlarged effective surface area, cavity-assisted nucleation and improved liquid 

transport within the porous structure. 

4.2.3 Tomographic reconstruction 

 

Figure. 36 a) Micro-CT reconstruction of the coating for Sample 2800-51-4.  

b) Localized magnification showing internal voids 

Figure 36-a shows the 3D reconstructed Micro-CT image of the Ti64 coating (Sample 

2800-51-4), while Fig. 36-b provides a locally magnified view. The 3D reconstruction 

reveals a coating layer with a distinctly undulating structure and an uneven surface. 

However, the interior of the coating is nearly solid. This observation is further clarified 

in the magnified view, where the semi-transparent areas represent the coating, and the 

coloured regions indicate internal voids within the coating. These pores are isolated and 

enclosed. Additionally, the scan results indicate that the internal porosity is only 0.18%. 

Thus, a third benefit of the coating is the increased wetted area of the exposed surface, 

with near solid metallic layer between the aluminium substrate and exposed boiling 

surface. However, the thickness of the solid underlayer of deposited material will offer 
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some additional conduction resistance to the heat transfer and will depend on the layer 

thickness. The thicknesses of the coatings are listed in Table 4. 

 

4.2.4 Wettability 

 
 

Figure. 37 Snapshot of FC-72 droplet impinging on the surface of Sample 2800-51-4 
 

To evaluate the liquid spreading behaviour on the cold sprayed porous surface, Fig. 37 

shows a sequence of images capturing an FC-72 droplet falling from a height of 5.4 mm 

and impinging on Sample 2800-51-4. The time interval between successive images is 2 

ms. 

As shown in Fig. 37, the droplet spreads rapidly upon contacting the surface and 

subsequently penetrates into the porous structure. This behaviour indicates strong liquid 

affinity and efficient liquid transport on the cold sprayed porous surface. The rapid 

spreading process increases the contact area between the liquid and the surface, while the 

interconnected pores facilitate liquid redistribution through capillary-driven flow. 

Such spreading and liquid transport characteristics are beneficial for boiling heat transfer. 

During boiling, the departure of vapor bubbles creates temporarily dry regions on the 

heating surface. Rapid liquid spreading and replenishment can accelerate the rewetting of 

these regions, thereby maintaining effective liquid-solid contact and promoting 

continuous heat transfer. Furthermore, the granular morphology and interconnected pore 

structure observed on the cold sprayed surface are expected to enhance capillary-assisted 

liquid transport, which further contributes to the improved boiling performance discussed 

in the following sections. 
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Therefore, Fig. 37 is presented as qualitative evidence of the liquid spreading and 

replenishment capability of the porous cold sprayed surface, which is considered one of 

the mechanisms contributing to boiling heat transfer enhancement. 

4.3 Pool boiling heat transfer 
For each sample, the boiling curve under saturation conditions were generated by 

incrementally increasing the heat flux, giving sufficient time at each setting to ensure that 

steady-state conditions were reached before recording data. Tests were considered 

complete if a transition to film boiling occurred, indicating the occurrence of the boiling 

crisis (CHF), or if a maximum superheat of ~100 K was reached. At least three repetitions 

were performed for each sample to verify the repeatability of the measurements.  

4.3.1 Validation of experimental apparatus 

 

Figure. 38 Boiling curves of the bare sample in saturated FC-72 compared 

with published data and the Zuber correlation 

Before testing the coated samples, the repeatability of the boiling apparatus was tested 

with the bare sample. Fig. 38 shows a comparison of the boiling curve of the bare sample 

of this study together with FC-72 boiling curves at saturation available in the literature. 

In addition, the measured CHF (indicated with arrows) was compared with the Zuber 

correlation for finite size heaters. From Fig. 38 we can assume that the measurement and 
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testing procedures are adequate and can be used to characterise the coated samples. The 

slight differences between the curves (in terms of superheat and CHF) are partially a result 

of the different substrates tested and partially due to the inherent scatter in boiling heat 

transfer experimentation. For future reference, it is noted that boiling incipience, as 

indicated by the clear change in slope of the boiling curve, occurred at a heat flux of  

𝑞𝑞′′~50 kW/m2 and wall superheat of ΔTsat~20K. This is attributed to the transition from 

a single-phase buoyant natural convection heat transfer regime to the nucleate boiling 

regime subsequent to activation of nucleation sites on surface. 

To further evaluate the reliability of the boiling measurements, an uncertainty analysis 

was carried out for both the directly measured quantities and the derived thermal 

parameters. The primary measured quantities include temperature, electrical power, 

thermocouple locations and geometric dimensions of the copper heating block. All T-type 

thermocouples used in this study were calibrated prior to testing, with a measurement 

accuracy of ±0.3 K. The electrical power supplied to the heaters was determined from 

the measured voltage and current using calibrated instruments. 

Unlike the primary quantities, the heat flux was not measured directly but calculated from 

the temperature gradient inside the copper heating block using Fourier's law of heat 

conduction. The temperature gradient was obtained through linear regression of the 

temperatures measured by the three embedded thermocouples positioned along the 

heating direction. Consequently, the uncertainty in the calculated heat flux arises from the 

combined uncertainties associated with thermocouple accuracy, thermocouple 

positioning, copper thermal conductivity and the linear fitting procedure. 

The heat transfer coefficient was subsequently calculated from the measured heat flux 

and the wall superheat. Therefore, its uncertainty represents the propagation of the 

uncertainties associated with both heat flux and surface temperature measurements. 

Uncertainty propagation was evaluated using the standard root-sum-square method, 

assuming the individual measurement uncertainties were statistically independent. 

To assess the repeatability of the boiling experiments, each surface was first subjected to 

an initial conditioning test to eliminate residual gas trapped inside the porous structures 

and to stabilise the surface condition. Subsequently, three independent boiling 
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experiments were performed under identical operating conditions. The average values are 

reported throughout this thesis, while the error bars correspond to one standard deviation 

of the repeated measurements. 

Based on the uncertainty propagation analysis, the overall uncertainty of the calculated 

heat flux was estimated to be approximately 3.8%, which is comparable to the uncertainty 

levels commonly reported in pool boiling experiments. The relatively small uncertainty, 

together with the good repeatability obtained from repeated measurements, demonstrates 

that the experimental apparatus and data reduction procedure provide reliable 

measurements for evaluating the boiling heat transfer performance of the investigated 

surfaces. 
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4.3.2. Pool boiling heat transfer performance 

 

Figure. 39 a) Boiling curves of all tested surfaces. (b) Effective boiling heat 

transfer coefficient versus heat flux. (c) Boiling curves adjusted for coating 
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thickness. The CHF is indicated with arrow. 

 

The boiling curves and the associated boiling heat transfer coefficients for each tested 

surface are plotted in Fig. 39. It can be observed from Fig. 39-a that the CHF of the tested 

cold spray samples with fewer layers (Samples 2800-51-2 and 2800-51-3, with 2 and 3 

layers respectively) increased by about 60% compared to the bare surface, and the boiling 

heat transfer coefficients increased by an impressive factor of about 3X at lower heat 

fluxes, reducing to a factor of about 2X at higher heat fluxes. For the sample with a higher 

number of layers (Sample 2800-51-4, with 4 layers), the CHF moderately increases by 

only 13% and the heat transfer coefficients at higher heat fluxes are comparable to the 

bare surface, although there is still significant enhancement at the lower heat flux range 

(<100 kW/m²). Similar enhancement of the heat transfer at lower heat fluxes with like 

deterioration is observed for the thickest samples (Samples 2000-27-4 and 2000-27-8), 

though these did not experience a sharp CHF, and were able to sustain steady-type boiling 

up to the selected cut-off superheat of ~ 100K.  

It should be reiterated that the wall temperature (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) considered here in the calculation 

of the superheat is relative to the top surface of the aluminium insert (beneath the coating). 

The titanium alloy has a relatively low thermal conductivity (~10 W/m K) and the coating 

thicknesses of the samples range between 0.5 and 2.5 mm (Table 4). As a result, the 

thermal resistance of the intermediate cold sprayed layer between the aluminium inserts 

and the exposed surfaces becomes non-negligible as the thickness of the coating increases, 

and this is captured in the calculated heat transfer coefficients plotted in Fig. 39-b, which 

as mentioned, are more appropriately regarded as effective heat transfer coefficients 

referenced to the top of the aluminium insert. From an application point of view, this 

effective heat transfer coefficient is of practical significance as it relates to the overall 

effectiveness of cooling, with the aluminium surface being considered as the heat source. 

When the thermal resistance of the interlayer is significant, the temperature drop between 

the aluminium wall and the boiling interface increases with higher heat flux. This results 

in a larger difference between the apparent and actual superheat. This is depicted in Fig. 

39-c, where a simple adjustment has been made to gain a first approximation of the 

boiling surface temperature by including the appropriate conduction resistance across the 
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intermediate cold spray layers, 

𝑇𝑇𝑤𝑤,𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − q" �
𝑆𝑆𝑇𝑇𝑇𝑇
𝑘𝑘𝑇𝑇𝑇𝑇

� (7) 

where 𝑇𝑇𝑤𝑤,𝑇𝑇𝑇𝑇 is the approximated temperature of the exposed boiling surface, 𝑆𝑆𝑇𝑇𝑇𝑇 is the 

thickness of the deposited layer (Table. 4), and 𝑘𝑘𝑇𝑇𝑇𝑇  is the thermal conductivity of the 

titanium alloy. As Fig. 39-c shows, this simple approximation of the exposed surface 

superheat collapses most boiling curve data up to ~150 kW/m2, indicating that the 

differences observed in Fig. 39-a are due to the layer thickness, not necessarily the boiling 

dynamics. For higher heat fluxes, which corresponds to higher vapour production rates, 

the surface morphology is influential, and as discussed earlier is related to the number of 

deposited layers. Further detail about the surface morphology will be reported below, 

noting that it is not possible here to isolate individual influences, though each topology 

and roughness as well as wettability are well known to influence the boiling heat transfer. 
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4.4 Bubble behavior during the boiling process 

 

38.7 kW/m2 96.3 kW/m2 192.2 kW/m2 228.2 kW/m2

34.5 kW/m2 92.2 kW/m2 164.2 kW/m2

36.6 kW/m2 112.0 kW/m2 271.9 kW/m2 295.0 kW/m2

40.1 kW/m2 107.7 kW/m2 271.9 kW/m2 293.1 kW/m2

48.1 kW/m2 97.5 kW/m2 218.3 kW/m2

35.6 kW/m2 98.9 kW/m2 166.3 kW/m2 183.1 kW/m2

a-1) a-2) a-3) a-4)

b-1) b-2) b-4)

c-1) c-2) c-3) c-4)

d-1) d-2) d-3) d-4)

e-1) e-2) e-4)

f-1) f-2) f-3) f-4)

2000-27-4

5mm

2000-27-8

2800-51-2

2800-51-3

2800-51-4

Bare
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Figure. 40 Behaviour of bubbles on the boiling surfaces at different heat fluxes 

In order to gain a qualitative understanding of the mechanism of enhanced boiling heat 

transfer, the dynamic behaviour of bubbles during boiling were recorded and visualised 

in this study by a high-speed camera. The results given in Fig. 40 show that the boiling 

phenomenon for each surface show some similarities. Movies are available in the 

Supplementary Material. In particular, with increasing heat flux the boiling dynamics 

sequentially reach boiling incipience and subsequently go through an isolated bubble 

stage, a vapour column stage, and finally a mushroom-shaped vapour cloud is formed on 

the heated surface when CHF is approached.  

Figures 40-a-1, 40-b-1, 40-c-1, 40-d-1, 40-e-1, and 40-f-1 illustrate that subsequent to 

incipience, boiling occurs in the isolated bubble boiling regimes for each test surface. 

According to the different behaviours of the bubbles, they can be divided into three stages: 

bubble nucleation, bubble growth and bubble detachment. When the small cavity-type 

features on the heat transfer surface satisfy the minimum radius required for bubble 

nucleation, bubbles are generated at these nucleation sites. As heating continues, the 

bubbles grow until their buoyancy is sufficient to overcome the surface adhesion and they 

detach from the surface. In the isolated bubble regime, the generated bubbles do not 

significantly interfere with each other and detach from the surface independently. As the 

heat load increases, so does the vapour production rate. This is accommodated by a 

substantial increase both the bubble frequency and the number of active nucleation sites 

on the heat transfer surface. Indeed, the bubble frequency and nucleation site density 

increase to a point that successive and neighbouring bubbles interact with each other, 

merging and coalescing to form vapour blocks and vapour columns, as shown in Figures 

40-a-2, 40-b-2, 40-c-2, 40-d-2, 40-e-2 and 40-f-2 and Figures 40-a-3, 40-c-3, 40-d-3, and 

40-f-3. Escalating the heat flux further continues to increase the vapour production rate 

to the point that vapour clusters and columns in the proximity of the surface merge to 

form a mushroom-shaped vapour cloud (Figures 40-a-4, 40-b-4, 40-c-4, 40-d-4, 40-e-4, 

and 40-f-4). Here the vapour production rate is so high that the heat transfer surface 

struggles to rewet and vapour contact impedes effective heat transfer. For all sample 

surfaces barring Sample 2000-27-4 and 2000-27-8 , the CHF is eventually reached where 
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rewetting is impeded to the point that the wall temperature rises sharply. As mentioned, 

Samples 2000-27-4 and 2000-27-8 manage to sustain steady yet deteriorated boiling type 

behaviour without a clear CHF, though to unsafe superheat levels for the present test 

facility. 

By comparing the dynamic behaviour of bubbles on the different test surfaces at different 

heat fluxes, the following key observations are of note. First it is first clear from Fig. 40-

a and Fig. 40-c that the cold sprayed surfaces reach boiling incipience almost immediately, 

compared with the bare surface that experiences a buoyant natural convection stage up to 

an incipience heat flux of ~50 kW/m2. This is unsurprising considering the clear 

differences in surface microstructures pictured in Fig. 34 and Fig. 35, with the textured 

surfaces being more granular with a wider range of potential nucleation sites. 

Corresponding to the boiling test results, the higher the roughness, the higher the CHF. 

Notably, cold sprayed Samples 2800-51-2 and 2800-27-3 have the highest roughness as 

well as the highest CHF enhancements, of ~60%. Additionally, as Fig. 35-c indicates, 

these surfaces with the highest roughness have the highest level of boiling heat transfer 

enhancement at higher (>150 kW/m2) heat fluxes. Secondly, at lower heat flux levels, 

isolated bubbles are mainly generated on the surface. For the baseline bare surface, the 

nucleation site density is notably lower than the textured surfaces (Fig. 35) and further 

analysis of the video footage determined that the bubbles were smaller and the detachment 

frequency lower. In contrast, on the cold sprayed surfaces, the nucleation site densities 

are visibly higher (Figures 40-a-1, 40-b-1, 40-c-1, 40-d-1, 40-e-1, and 40-f-1) and 

analysis of the video footage determine that the bubbles grow and detach more rapidly. 

Owing to the higher density of rapidly detaching bubbles, likely in combination with the 

additional overall heat transfer surface area, the heat transfer coefficient is substantially 

higher than the baseline surface (Fig. 35-b). Only the thickest Sample 2000-27-8, with 

the high conductive thermal resistance, performs worse than the baseline bare surface.  

At moderate heat fluxes, the isolated bubbles gradually merge and coalesce to form 

vapour clusters, followed by further merging into vapour columns. As can be seen from 

Fig. 40, continuous vapour clusters and vapour columns have already been formed on the 

bare surface at q" ~ 100 kW/m2, whereas a large number of isolated bubbles are still 

present on the enhanced surfaces at similar heat flux levels. In other words, the bubbles 
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on the bare surface are more likely to merge into vapour columns and clusters, whereas 

this is not the case for the cold sprayed porous surface. It is hypothesized that this is a key 

mechanism that explains both the higher intensity of boiling heat transfer and increased 

CHF.  

When the bubbles on the surface merge into vapour columns and clusters at the surface, 

local hotspots tend to appear on the surface owing to exposure to vapour. Indeed, once 

these hotspots extend over the entirety of the surface it leads to the rapid emergence of 

CHF. Considering the thinnest Sample 2800-51-2 , the enhanced cold sprayed surface 

topology is that of numerous dispersed cavities, of approximate width of 200 μm – 500 

μm and 300 μm depth (Fig. 34 and Fig. 35). Bubbles which form within these cavities are 

likely to be inhibited from spreading laterally and coalescing with neighbouring bubbles. 

This likely mitigates the emergence of vapour clusters at the surface and sustains both 

high boiling heat transfer intensity and delays the onset of CHF. 

4.5 Comparison with other additive enhancement 
techniques 
4.6 Summary 
The main motivation for the present research is to develop industrially scalable 

manufacturing techniques for boiling heat transfer enhancement. To this end, this present 

study successfully demonstrated the potential of cold spray technology to enhance boiling 

heat transfer of a highly wetting fluid (FC-72) on aluminium substrates by creating 

textured Ti64 surfaces. The experiments revealed that significant improvements in both 

boiling heat transfer intensity and Critical Heat Flux (CHF) are achievable, though 

depended on the manufacturing process parameters of the cold spray deposition of the 

surface coatings. 

The main findings of the study are as follows: 

1. The unique cold spray process developed can create granular type surfaces with 

dispersed cavity-type indents. Compared with the baseline bare surface, these textured 

surfaces show two order of magnitude higher roughness and highly wetting properties 

with the working fluid.  
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2. Measurements have determined that, compared with the baseline flat surface, a two-to-

three-fold enhancement in the overall heat transfer coefficient is attainable with certain 

cold sprayed coatings. Importantly, this level of heat transfer enhancement occurred in 

tandem with ~60% increase in CHF.  

3. For all textured surfaces, boiling incipience occurred at the lowest heat flux setting, 

whereas boiling did not initiate on the baseline bare surface until approximately 50 kW/m2.  

4. Coating thickness plays a crucial role. The results suggest that maintaining a small 

coating thickness (and thus, a small conductive resistance of the coating) is crucial for 

optimal performance. The highest heat transfer enhancement was observed at a thickness 

of approximately 0.5–0.6 mm in the present study. Furthermore, increasing the number 

of deposited layers during the cold spray deposition process tended to influence the 

surface morphology. These can lead to deterioration of the overall boiling heat transfer 

performance.  

5. The key mechanism for increasing boiling heat transfer intensity and CHF is related to 

the formation of bubbles in a large number of cavity-type structures on the surface of the 

cold spray. First, cavities with rough surfaces make it easier for bubbles to form there. 

Secondly, these cavities are likely to act as physical barriers between neighbouring 

bubbles, preventing lateral bubble coalescence.  

Overall, this work has demonstrated a new manufacturing technique to produce unique 

surfaces with the capacity to enhance boiling heat transfer. Importantly, the surfaces are 

mechanically robust, and the manufacturing technique is industrially scalable. Future 

work will focus on realizing coatings with the same technique using materials such 

aluminium, stainless steel, and copper. The material used must have higher thermal 

conductivity than titanium to minimize the additional thermal resistance of the coating 

while maintaining good fluid compatibility and durability over multiple boiling cycles.  
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Chapter 5 Investigation of controlled 
patterned cold spray coating preparation 
and heat transfer performance based on 
surface pretreatment 
Previous investigations have demonstrated that Ti64 can spontaneously form a surface 

open pore structure with honeycomb like characteristics during the cold spray deposition 

process. This phenomenon originates from the dispersion of particle velocities and the 

resulting selective bonding behavior. Pool boiling experiments further confirmed that 

such structures can significantly reduce the bubble nucleation superheat and increase the 

critical heat flux, thereby exhibiting considerable potential for the enhancement of boiling 

heat transfer. However, Ti64 itself possesses relatively low thermal conductivity, which 

may limit the overall heat conduction capability under high heat flux conditions. 

Therefore, after clarifying the formation mechanism of the porous surface structure in 

Ti64, it becomes necessary to extend this structural formation principle to metallic 

systems with superior thermal conductivity. Such an extension would enable the 

combination of the advantages of porous structures with the favorable thermal transport 

properties of high conductivity materials. 

Based on the mechanism of selective deposition and deposition non-uniformity proposed 

in Chapter 3, this chapter introduces a geometrical regulation strategy based on substrate 

surface pretreatment. By machining specific geometric patterns on the aluminum 

substrate prior to cold spray deposition, local regions with reduced deposition efficiency 

can be intentionally created during the spraying process. This approach induces a spatially 

controlled non uniform distribution of the deposited structure, thereby enabling the 

controllable formation of surface open pore structures. Because aluminum possesses 

significantly higher thermal conductivity, this method is expected to maintain the 

advantages of porous structures in enhancing boiling heat transfer while simultaneously 

improving the overall heat transfer capability. In addition, it enhances the controllability 

and reproducibility of structural design. 

On this basis, a hole array structure is selected as the primary research object in this 

chapter. The influence of geometric parameters and process parameters on boiling heat 
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transfer performance is systematically analyzed. Particular attention is given to the effects 

of hole diameter, hole spacing, and coating layer number on the critical heat flux. Through 

orthogonal experimental design and response surface analysis, the contributions of these 

parameters to the critical heat flux are quantitatively evaluated. A correlation model is 

then established to describe the relationship among geometric parameters, structural 

morphology, and heat transfer performance. In combination with surface morphology 

characterization, three dimensional structural reconstruction, and bubble dynamics 

observation, the synergistic enhancement mechanism of the periodic hole array is further 

clarified. This mechanism includes the stabilization of bubble nucleation, the promotion 

of liquid replenishment pathways, and the suppression of lateral bubble coalescence. 

Based on the above research background, the main objectives of this chapter are as 

follows. 

• This chapter proposes a geometrical regulation strategy based on substrate pretreatment 

to enable the controllable construction of surface open pore structures produced by cold 

spray. 

• The influence of different geometric pretreatment patterns, including hole arrays and 

line arrays, on the spatial distribution of deposition efficiency is systematically examined. 

• Particular attention is given to the effects of hole array geometric parameters, including 

hole diameter and hole spacing, together with coating layer number, on boiling heat 

transfer performance. 

• By employing orthogonal experimental design and response surface analysis, a 

quantitative correlation model between geometric parameters, structural morphology, and 

critical heat flux is established. 

• Bubble dynamics observation combined with structural characterization is conducted to 

elucidate the synergistic mechanism by which periodic hole arrays enhance boiling heat 

transfer. 
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5.1 Material and methodology 
5.1.1 Feedstock powder and cold spray process 

 

Figure. 41 a) SEM characterization of the gas atomized pure Al amorphous powder for 

cold spray process. b) Particle size distribution of the pure Al powder 

Gas-atomized pure aluminum powder, purchased from Powder Range Inc. (USA), was 

used as the starting material in this study. Fig. 41-a shows the scanning electron 

microscopy (SEM, Carl Zeiss ULTRA Plus, Germany) image of the powder. The particles 

exhibit an approximately spherical morphology with smooth surfaces, while small 

satellite particles are observed adhering to larger ones due to differences in solidification 

rates. 

The particle size distribution was determined using a laser diffraction particle size 

analyzer (Mastersizer 2000, Malvern Instruments, UK), as shown in Fig. 41-b. The 

powders display a size range of 15–80 μm, with median values of D10 = 17.82 μm, D50 

= 39.91 μm, and D90 = 63.25 μm. 

Prior to cold spraying, four distinct pretreatment patterns were designed and fabricated 

on the substrate surface, including an array of holes, parallel straight line arrays, curved 

line arrays, and concentric circular ring arrays. Based on preliminary surface morphology, 

the hole array structure demonstrated potential advantages in heat transfer performance. 

Therefore, the systematic investigation in this study primarily focused on the hole array 

pretreated samples to further explore the relationship between their surface structural 

features and heat transfer performance. 

In the pre-treatment stage of the array-hole pattern, two key parameters were controlled: 
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hole diameter (0.5 mm, 1.0 mm, and 1.5 mm) and pitch (0.5 mm, 1.0 mm, and 1.5 mm). 

The coating thickness was subsequently adjusted by varying the number of cold spray 

deposition passes, corresponding to two conditions: single-layer and double-layer 

coatings. 

To evaluate the relative influence of the three aforementioned factors on boiling heat 

transfer performance, an orthogonal experimental design was conducted using Minitab 

software. The parameters were systematically combined and arranged, with the critical 

heat flux (CHF) selected as the key evaluation metric to analyze the significance and 

influence trends of each factor. The detailed experimental parameter settings are 

summarized in Table 5. 

Table. 5 Orthogonal design matrix for Diameter (D), Pitch (P), and Number of Layers 

No. Sample name Pitch Diameter 

Number of 

layers 

1 P0.5-D0.5-1 0.5 0.5 1 

2 P0.5-D0.5-2 0.5 0.5 2 

3 P0.5-D1.0-1 0.5 1.0 1 

4 P0.5-D1.0-2 0.5 1.0 2 

5 P0.5-D1.5-1 0.5 1.5 1 

6 P0.5-D1.5-2 0.5 1.5 2 

7 P1.0-D0.5-1 1.0 0.5 1 

8 P1.0-D0.5-2 1.0 0.5 2 

9 P1.0-D1.0-1 1.0 1.0 1 

10 P1.0-D1.0-2 1.0 1.0 2 

11 P1.0-D1.5-1 1.0 1.5 1 
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12 P1.0-D1.5-2 1.0 1.5 2 

13 P1.5-D0.5-1 1.5 0.5 1 

14 P1.5-D0.5-2 1.5 0.5 2 

15 P1.5-D1.0-1 1.5 1.0 1 

16 P1.5-D1.0-2 1.5 1.0 2 

17 P1.5-D1.5-1 1.5 1.5 1 

18 P1.5-D1.5-2 1.5 1.5 2 

19 Bare surface with holes 1.0 1.0 0 

20 Bare surface without holes 0.0 0.0 0 

5.1.2 Microstructure characterization  

The morphology of the feedstock powder and the cold-sprayed boiling surfaces was 

examined using scanning electron microscopy (SEM, Zeiss Ultra). The three-dimensional 

structural features of the deposited coatings were reconstructed with an X-ray computed 

tomography system (Nikon XTH225 ST). Surface roughness was measured using a 3D 

laser scanning confocal microscope (VK-X1000, Keyence). During boiling experiments, 

bubble dynamics were recorded by a high-speed camera (HotShot). 
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5.2 Comparison of surface-pretreated coatings with 
different patterns and their heat transfer performance 
5.2.1 Surface pretreatment methods and coating construction for 
different patterns 

 

Figure. 42 Surface and cross-sectional morphologies of coatings deposited by cold 

spray on substrates with different pretreated surface patterns 

A clear comparison between pre-spray and post-spray morphologies reveals that all four 

types of surface patterns were successfully retained after cold spraying (shows in Fig. 42), 

demonstrating the excellent geometric fidelity of the process. The high-velocity solid-

state deposition did not completely flatten or obscure the pre-machined features. Instead, 

powder particles spread and accumulated following the existing surface contours rather 

than fully reshaping them, thereby preserving the original surface architecture. 

For Pattern 1, the hole-array remains clearly discernible after spraying, with minimal 

change in spacing and diameter. Slight particle accumulation is observed around the hole 

edges. Cross-sectional observations indicate that a thin deposited layer forms at the hole 

bottom, suggesting partial penetration and adhesion of cold-sprayed particles under high 

impact velocity, while the interior of the holes still retains visible voids. In contrast, 

Patterns 2–4 (linear, curved, and concentric ring arrays) also preserve their morphological 
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outlines, though the grooves were partially filled during deposition. Their boundaries 

remain well defined, implying strong geometric stability of these linear-type structures 

under cold spray conditions. 

Cross-sectional analysis further highlights distinct deposition characteristics among the 

four patterns. The hole array, featuring enclosed sidewalls, alters the local gas flow and 

particle trajectories, forming turbulence zones near the hole openings and thus reducing 

local deposition efficiency[117]. Conversely, the linear and curved patterns possess 

smoother geometries that facilitate particle sliding and accumulation along the surface, 

resulting in thicker deposits. These differences indicate that when particles encounter 

confined geometries, their kinetic energy transfer and bonding behavior are locally 

constrained, leading to heterogeneous deposition distributions. 

Overall, this combined surface pretreatment and cold spray strategy provides a promising 

route for fabricating functional coatings with complex surface morphologies. By selecting 

different pretreatment geometries, surface structural features can be tailored without 

modifying spraying parameters, demonstrating superior pattern replication and process 

flexibility.  

5.2.2 Comparison of boiling heat transfer performance for 
patterned coatings 

 
Figure. 43 Boiling curves (left) and heat transfer coefficient (right). CHF location is indicated with an 
arrow 

Fig. 43 illustrates the boiling curves and the corresponding heat transfer coefficient 

variations as a function of heat flux for all tested surfaces. All cold-sprayed coatings 

exhibit pronounced boiling enhancement in the low heat flux region, where the surfaces 



116 
 

rapidly transition into the nucleate boiling regime with steeply rising curves. This 

indicates efficient activation of vapor nuclei, enabling frequent bubble nucleation and 

departure at relatively low superheat. 

As the heat flux increases, performance differences among the samples become more 

evident. Patterned coatings such as the Parallel Straight Lines and Parallel Curves 

maintain high boiling efficiency over the medium to high heat flux range, achieving 

critical heat flux (CHF) values above 300 kW/m². CHF is the upper limit point at where 

heat transfer is no longer possible to the aggressive formation of vapor in the solid-liquid 

interface. The pore array coating shows the most significant improvement, with a CHF 

exceeding 400 kW/m², corresponding to an enhancement of up to 181% compared with 

the uncoated surface. In general, all of the cold sprayed features perform better at moving 

a heat flow from solid into a liquid against a flat surface, confirming a considerable 

developmental potential.  

The heat transfer coefficient results further confirm that most cold-sprayed surfaces 

deliver substantial enhancement at low to moderate heat fluxes, reaching peak values well 

above those of the bare substrate. This improvement is mainly attributed to the rough 

multiscale surface structures, which provide a high density of active nucleation sites and 

promote bubble departure. At higher heat fluxes, however, some coatings exhibit a 

reduction in heat transfer coefficient, suggesting that coating geometry and thermal 

transport limitations begin to constrain performance. Overall, the boiling enhancement 

strongly depends on coating thickness, surface morphology, and vapor generation 

behavior. 

Notably, the hole-arrayed Pattern 1 maintains pronounced surface roughness after 

spraying, which is advantageous for constructing efficient boiling heat-transfer interfaces. 

Therefore, subsequent research focusing on optimizing spraying parameters and 

evaluating the heat-transfer performance of hole-patterned substrates is both rational and 

of practical significance. 
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5.3 Preparation of porous array coatings and 
enhancement of heat transfer performance 
5.3.1 Surface characteristic analysis 

5.3.1.1 Surface morphology 
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Figure.44 a) Macrophotograph of the boiling surface, b) SEM image of the boiling 

surface at 30× magnification, c) SEM image of the boiling surface at 60× magnification 
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Fig. 44 presents the macroscopic photographs (group a), SEM images at 30× 

magnification (group b), and SEM images at 60× magnification (group c) of the boiling 

surfaces fabricated with different pitch (P), hole diameter (D), and coating thickness 

(number of deposition layers). For reference, the bottom panel shows the morphologies 

of the bare substrates with drilled holes (Bare with holes) and without drilled holes (Bare 

without holes). The bare surface without holes appears generally smooth, with only minor 

machining scratches. The drilled substrate exhibits a regular array of circular holes with 

uniform diameter and spacing, relatively smooth inner walls, and slight burrs remaining 

at the hole edges due to machining. 

Similar to the reference substrates, the cold-sprayed samples exhibit well-defined 

periodic hole-array structures, however, with multi-scale rough features emerging around 

the hole periphery and the surrounding surface. In the macroscopic images (group a), the 

hole arrays appear well arranged under all processing conditions, although clear 

morphological differences are visible at the hole edges. The 30× SEM images (group b) 

reveal that the surface of the hole walls and surrounding surfaces are fully covered by 

deposited particles, forming dense and irregular rough structures. The particle size and 

stacking morphology vary with both the number of spray passes and the hole diameter. 

At higher magnification (group c), the hole inner walls are shown to be not completely 

smooth, but rather accompanied by slight wavy or granular undulations, which provide 

additional potential nucleation sites for stable bubble formation. 

Specifically, when the hole spacing is small (e.g., P = 0.5 mm), the deposition zones 

between adjacent holes are narrow, leading to more concentrated particle stacking with 

stronger interaction between neighboring regions. In contrast, at larger hole spacing (e.g., 

P = 1.5 mm), the inter-hole deposition areas are wider and exhibit more uniform 

morphologies. With increasing hole diameter (e.g., D = 1.5 mm), the surface of the holes 

become relatively smoother. Increasing the number of deposition passes further enhances 

particle accumulation on the hole walls and surfaces, resulting in more pronounced 

surface undulations and a three-dimensional hole edge profile. 

From a boiling heat transfer perspective, the combination of the regular hole-array 

structures and the rough multi-scale surface features created by cold spraying not only 



120 
 

provide abundant nucleation sites at the hole edges and inner walls, thereby increasing 

nucleation site density, but it also likely to suppress lateral coalescence of adjacent 

bubbles through the crest-like solid regions between holes. These effects collectively 

delay the triggering of CHF and significantly enhance boiling heat transfer performance. 

5.2.1.2 Tomographic reconstruction 

 

Figure. 45 a) 25 cross-sectional photographs from the substrate to the top of the coating, 

b) three-dimensional morphology reconstruction photographs and local enlargement 

images 

Fig. 45-a shows representative micro-CT slice images (sample No.10 )obtained by 

sequential scanning from the substrate to the coating, with a slice interval of 0.04 mm. 

The results indicate that the pre-machined holes in the substrate remained open and 

continuous after cold spray deposition, without being filled or blocked, suggesting that 

the deposition process formed stable boundary morphologies around the hole regions. 

Owing to the characteristic conical effect inherent in the cold spraying process[212], the 

deposited material gradually tapers from bottom to top as the deposition height increases. 

This manifests in the hole morphology as a progressive enlargement of hole diameter 

from the base upwards. Fig. 45-b presents the three-dimensional micro-CT reconstruction 

of the cold-sprayed hole-array surface, with a magnified view highlighting the structural 

features of the hole walls. The reconstructed morphology reveals a distinct wavy surface 

topography, with irregular hole edges accompanied by ripple-like rough features. 
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The internal structure of the coating appears dense, with an overall porosity of only 0.02%. 

The hole walls can therefore be regarded as fully solid, except for a few isolated closed 

holes. These enclosed holes have volumes primarily in the range of 0.5 × 10³ – 1.5 × 10³ 

μm³ (indicated by colored regions) and do not form interconnected channels. Therefore, 

the developed structure not only provides a large effective surface area and abundant 

nucleation sites on/around the hole openings and walls but also ensures a dense internal 

layer that reduces thermal resistance. As a result, the fabricated surfaces are expected to 

exhibit superior boiling heat transfer performance. 
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4.2.1.3 Roughness and specific surface area 

 

Figure. 46 White Light Interferometry images of tested boiling surfaces 

Fig. 46 presents the three-dimensional surface profiles and corresponding height 

distribution maps of samples characterized by white light interferometry (WLI) under 

different processing parameters. All cold-sprayed coatings exhibit the characteristic 
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periodic hole-array structures, with the surface height variations closely matching the hole 

contours. The overall morphology reveals valley-like features centered at the hole 

openings, while the inter-hole regions are elevated, forming pronounced peak-like 

roughness. Notably, the maximum surface roughness varies significantly among the 

different parameter combinations. 

Compared with the reference substrates, the roughness of cold-sprayed surfaces increases 

by one to two orders of magnitude. The bare surface without drilling appears nearly flat, 

with height variations less than 20 μm and only minor random undulations. In contrast, 

the drilled but unsprayed substrate displays clear deep valleys at the hole locations, while 

the hole walls and inter-hole regions remain relatively smooth. For the cold-sprayed 

samples, however, densely deposited micron-sized particles cover the hole walls, hole 

edges, and inter-hole regions, leading to an overall elevation in surface height distribution. 

Sharp protrusions also emerge locally, with maximum peak heights exceeding 2000 μm. 

The corresponding roughness values for all samples are summarized in Table 2. 

Regarding the effect of spraying parameters on surface morphology, increasing the 

number of deposition passes did not substantially increase the overall coating thickness 

(Table 2). This is attributed to the fact that the first deposition layer forms an uneven 

surface with sloped regions. During subsequent spraying, incident particles are more 

likely to rebound from these slopes rather than adhere, thereby reducing deposition 

efficiency and limiting further thickness growth. Larger hole diameters yield smoother 

transitions at hole edges and broader particle accumulation zones, while smaller hole 

diameters lead to more concentrated deposition along the hole walls, resulting in steeper 

peak-to-valley transitions. Moreover, when the hole spacing is small, the accumulation 

zones between adjacent holes become congested, causing significant mutual interference 

and a more complex overall morphology. 

In addition, this study calculated the actual area ratio of the cold-sprayed hole-array 

structures, defined as the ratio of the total surface area of the hole-array structure to its 

projected area on the substrate. This parameter was used to quantify the extent to which 

the hole-array structure increases the overall surface area. The results show that the cold-

sprayed coatings significantly increase the actual area ratio, indicating that they can 

provide a larger effective heat transfer area during boiling, which is expected to further 
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enhance boiling performance. The quantitative roughness parameters of each sample are 

listed in Table 6. 

Table. 6 Surface roughness, coating thickness, and specific surface area of the tested 

samples 

No. 

Sample 

name Roughness/μm Thickness/ mm Actual area ratio 

1 P0.5-D0.5-1 243.56  0.36  2.73  

2 P0.5-D0.5-2 216.47  0.44  3.02  

3 P0.5-D1.0-1 382.57  1.83  3.09  

4 P0.5-D1.0-2 515.49  2.05  4.25  

5 P0.5-D1.5-1 536.59  0.24  2.48  

6 P0.5-D1.5-2 516.42  0.50  2.68  

7 P1.0-D0.5-1 151.96  0.45  2.49  

8 P1.0-D0.5-2 186.20  0.58  1.82  

9 P1.0-D1.0-1 366.52  1.26  2.61  

10 P1.0-D1.0-2 321.11  1.47  2.73  

11 P1.0-D1.5-1 474.77  0.12  2.35  

12 P1.0-D1.5-2 490.96  0.49  2.24  

13 P1.5-D0.5-1 119.05  0.55  2.00  

14 P1.5-D0.5-2 154.00  0.66  2.14  

15 P1.5-D1.0-1 164.25  1.22  1.21  
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16 P1.5-D1.0-2 370.48  1.37  1.95  

17 P1.5-D1.5-1 498.59  0.47  1.93  

18 P1.5-D1.5-2 493.05  0.92  2.54  

19 
Bare surface 

with holes 0.93  
0.00 

1.69  

20 
Bare surface 

without holes 0.02  
0.00 

1.00 

Overall, the cold-sprayed surfaces preserved the periodic geometric architecture while 

introducing multi-scale rough features, which markedly increased the effective 

surface/contact area and the number of potential nucleation sites, thereby laying the 

foundation for enhanced boiling heat transfer performance. 

5.3.2 Analysis of boiling heat transfer performance  

 

Figure. 47 Pool boiling curves obtained for representative samples 

Fig. 47 compares the boiling curves for four representative samples including two coated 

samples, one bare sample without holes and one bare sample with holes. The complete 

set of boiling curves is provided in the Supplementary Material. The representative coated 

samples are chosen such that one sample exhibits best overall performance while other 

show least overall enhancement among the coated samples. Comparing the performance 

of smooth samples 19 and 20, it is evident that the drilled holes alone significantly 
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improve boiling heat transfer coefficients throughout the nucleate boiling regime coupled 

with slight improvement in CHF. The cold-sprayed samples consistently deliver superior 

boiling performance across the entire heat flux range compared to bare sample without 

holes (No.20). However, the least performing coated sample (No.11) does show 

reasonable degradation in terms of heat transfer coefficient at high heat flux levels (>150 

kW/m2), although with slight delay in CHF. The coated sample (No. 3) demonstrates best 

overall performance compared to all tested surfaces. It shows dramatic improvement in 

the boiling heat transfer coefficients, compared to smooth surfaces, that is consistently 

high across the heat flux range. Synergistically, it also demonstrates remarkable 181% 

and 170% enhancement in CHF respectively compared to smooth surfaces without holes 

and with holes.   At low heat fluxes, bubble nucleation on the cold-sprayed surfaces occurs 

earlier compared to that of smooth surfaces, which can be attributed to the increased 

density of possible nucleation sites provided by the multi-scale roughness generated 

during cold spraying. Table 3 summarizes CHF values obtained for all samples along with 

their enhancement relative to the smooth surface w/o holes. As seen from the table, all 

cold-sprayed surfaces outperformed the untreated smooth surface (No. 20, CHF = 233.78 

kW/m²) in terms of CHF, with enhancement ranging from 109.73% to 181.05%. Among 

them, sample No. 03 (P0.5–D1.0–1) exhibited the highest CHF of 423.27 kW/m², 

corresponding to the most pronounced performance improvement. In contrast, sample No. 

11 (P1.0–D1.5–1) yielded the lowest CHF of 256.55 kW/m², with an enhancement of 

109.73%. It is noteworthy that the smooth sample with holes (No. 19) achieved only ~7% 

CHF enhancement confirming the dramatic and standalone effect of multiscale coating 

formed on pre-drilled surfaces via cold spray technique on CHF improvement.  

In summary, the hole-array coatings produced by cold spray markedly enhanced pool 

boiling performance, characterized by earlier onset of nucleate boiling, and higher heat 

transfer coefficients and CHF., demonstrating their clear advantage for boiling heat 

transfer enhancement. 
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5.3.3 Bubble behavior during the boiling process 

 

Figure. 48 Bubble behaviour during boiling at different heat flux levels 

To gain a more intuitive understanding of the effect of surface morphology on bubble 

dynamics and boiling heat transfer performance, photographic images of boiling process, 

recorded via high speed imaging system, are shown in Fig. 48 for three representative 

samples at different heat flux conditions. These samples include cold-sprayed surface (No. 

03), drilled but uncoated reference surface (No. 19), and untreated smooth aluminum 

substrate (No. 20). For each sample, typical bubble behaviors are observed at low, 

medium, and high heat flux up to CHF. The overall boiling evolution seems similar across 

all surfaces, with the dynamics transitioning sequentially through onset of nucleate 

boiling (ONB), isolated bubble regime, vapor column formation, and finally mushroom-

shaped vapor cloud generation near CHF. The corresponding videos are provided in the 

Supplementary Material. 

For the cold-sprayed sample (No. 03)which exhibited the highest CHF in the present study, 

extensive bubble nucleation, growth, and departure activities are observed at a heat flux 

as low as 7.45 kW/m², indicating a significantly advanced onset of nucleate boiling 

(ONB). With increasing heat flux, the frequency of bubble generation intensifies, and 

large, isolated vapor bubbles begin to form and detach from individual holes. Each hole 

effectively serves as a distinct macroscopic (primary) nucleation site, promoting stable 

and sustained vapor generation.  
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As the heat flux increased further, the frequency of bubble departure rises to the extent 

that vertical coalescence of successive bubbles at a given hole leads to the formation of 

vapor column at each primary nucleation site. The crest-like deposited regions around the 

holes acts as structural barriers, impeding horizontal coalescence between neighbouring 

primary bubbles. A slightly elevated nucleation activity on the deposited surface is also 

noted, characterized by the departure of small, isolated bubbles that fail to merge with the 

vapor columns. 

Upon approaching CHF, consistent with Zuber’s hydrodynamic instability theory, when 

the superficial vapor velocity within the vapor columns approaches that of the 

counterflowing liquid columns, it triggers hydrodynamic instability, resulting in CHF at 

423.27 kW/m². At this stage, a characteristic mushroom-shaped vapor cloud emerges due 

to intensified interactions among vapor columns, marking the onset of CHF and the 

associated loss of surface rewetting capability. 

In case of pre-treated smooth surface (No. 19), following major differences in boiling 

dynamics are observed relative to the pretreated and coated surface (No. 03). At low heat 

flux levels, bubble coverage area on the surface is less and it gradually expands on the 

surface with increasing heat flux. Additionally, it is observed that the secondary vapor 

generation via microscopic bubbles formation around hole regions was less pronounced. 

Importantly, unlike surface no 03, this surface shows frequent lateral coalescences 

between adjacent large bubbles, mainly due to the absence of effective structural barriers 

around the holes (primary nucleation sites). Lateral vapor spreading causes local hot spots, 

which eventually grow irreversibly and triggers early onset of CHF. As a result, this 

surface exhibits significantly lower boiling heat transfer intensity and CHF.   

The untreated smooth surface (No. 20) shows weakest boiling activity at low heat flux. 

Sporadic bubbles are observed at 3.19 kW/m², and even at 15.96 kW/m2, only small 

portion of the surface exhibits continuous vapor generation process. At this stage, small 

isolated bubbles are observed leaving the surface with relatively low departure frequency 

compared to that of other samples. Consequently, whole surface shows intensified vapor 

generation and its transport to bulk liquid, showing increasing bubbles interaction in 

lateral and vertical directions with increasing heat flux. This is followed by formation of 

large unstable vapor agglomerations, which eventually grow irreversibly, triggering CHF 
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at 233.78 kW/m². At this stage, severe vapor blanketing covers entire surface, resulting 

in significant deterioration of heat transfer performance. 

Overall, the results demonstrate that the pre-treated cold spray coated surfaces facilitate 

earlier bubble nucleation, faster bubble departure, and effective suppression of lateral 

vapor spreading., thereby simultaneously enhancing heat transfer intensity and CHF. This 

further highlight the strong potential of cold sprayed coatings on pre-treated surfaces in 

regulating bubble dynamics, enhancing boiling performance, and delaying critical heat 

flux conditions.  

 

5.3.4 Influence of parameters 

 

Figure. 49 Standardized Pareto chart and response surface analysis of the effects of hole 

diameter (D), Pitch (P), and coating layer number on CHF 

Fig. 49 illustrates the standardized Pareto chart of the main factors and their interaction 

terms with CHF (critical heat flux) as the response variable. The red dashed line denotes 

the significance threshold of 2.776, corresponding to a significance level of α = 0.05, 

which was used to determine whether a factor exerts a statistically significant effect. 

Factors with standardized effects exceeding this threshold are regarded as significant and 

should be emphasized in process optimization, whereas those below the threshold 

contribute only marginally and may be simplified. 

From the figure, it can be observed that the main factors Diameter and Pitch exhibit 

standardized effects of approximately 4.7 and 4.2, both substantially higher than the 

reference line, indicating that these two geometric parameters play dominant roles in 

influencing CHF. In contrast, the factor Layer shows a standardized effect far below 2.776 
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and nearly approaches zero, suggesting that its contribution to CHF is negligible under 

the present processing conditions. Whether a single or double deposition layer was 

applied, the minor changes in surface morphology were insufficient to cause noticeable 

differences in boiling performance. Therefore, this parameter should not be treated as a 

key variable in subsequent designs or practical applications. 

Specifically, Diameter exerts the strongest effect, underscoring the critical role of hole 

size in regulating bubble nucleation, departure, and liquid rewetting. An appropriate hole 

size provides a sufficiently large vapor–liquid interface and bubble growth space, thereby 

enhancing evaporation and delaying the onset of dryout. The effect of Pitch is also 

significant. As shown in Fig. 48, the combined influence of Diameter and Pitch on CHF 

is visualized using a three-dimensional response surface. The surface exhibits pronounced 

nonlinearity, indicating that CHF does not vary monotonically with either parameter alone, 

but is instead governed by their coupled interactions. 

It can be further observed that when Diameter and Pitch are simultaneously set to 

intermediate levels (D = 1.0 mm, P = 0.5 mm), CHF reaches a maximum value exceeding 

500 kW/m², corresponding to excellent boiling performance. This result is consistent with 

the Pareto analysis, which identified Diameter and Pitch as the significant factors. A 

moderate hole diameter provides sufficiently large cavities for vapor core formation and 

departure, while avoiding the disadvantages of undersized holes that hinder rewetting or 

oversized holes that weaken capillary supply. Meanwhile, an appropriate hole spacing 

helps maintain capillary-fed liquid supply channels within the hole array and prevents 

vapor coalescence or flow blockage caused by bubble interference. 

In summary, CHF enhancement is primarily controlled by the geometric hole parameters, 

and optimizing the combination of hole diameter and hole spacing represents the most 

effective pathway to improving boiling performance. In contrast, deposition layer number 

can be simplified, provided that the basic coating quality is ensured. 

5.4 Comparison with other additive enhancement 
techniques 
Table. 7 summarizes several recent studies that employed additive manufacturing 

techniques to enhance boiling heat transfer performance, and compares their results with 

those obtained in the present work. It can be observed that, although various AM methods 
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have achieved notable improvements in CHF, the hole-array aluminum coatings 

fabricated by cold spraying in this study delivered a far more pronounced enhancement, 

with the maximum CHF increase reaching 183%, significantly exceeding previously 

reported values. 

It is also noteworthy that, compared with other AM processes, cold spraying not only 

offers high deposition efficiency but is also readily adaptable to a wide range of 

geometries, from flat to curved surfaces, thereby exhibiting excellent industrial 

compatibility. These results highlight the superior performance and broad application 

potential of cold spray technology in the field of boiling heat transfer enhancement. 

Table.7 Comparison with other researchs 

Research CHF 

Improvement 

Process Method Ref 

This research 183% Cold Spray  

Yan et al. 161% Cold Spray [213] 

R.J. MacNamara et al. 135% Cold Spray [214] 

Donghwi Lee et al. -11.6% Cold Spray [215] 

Ahmed Elkholy et al. 120% 3D Printing [216] 

Leymus Yong Xiang 

Lum et al. 

-40% Selective Laser 

Melting 

[217] 

Houli Liu 140% Selective Laser 

Melting 

[218] 

 

5.4 Summary 
This study addresses the enhancement of pool boiling heat transfer at the engineering 

scale and proposes and validates a multiscale surface structuring strategy based on the 

integration of pre fabricated pore arrays with cold spray solid state deposition. 



132 
 

Functionalized coatings combining periodic pore structures and micron scale particle 

roughness were successfully constructed on aluminum substrates. Their morphological 

characteristics, boiling heat transfer behavior, and enhancement mechanisms were 

systematically analyzed. The results demonstrate that this approach achieves significant 

heat transfer improvement while maintaining process simplicity and industrial scalability. 

The main conclusions are summarized as follows. 

1. Cold spray deposition exhibits high fidelity in replicating pre machined pore arrays. 

After deposition, key geometric parameters such as pore diameter and pore spacing 

remain stable, while particle accumulation significantly increases pore wall 

roughness, forming a multiscale surface architecture that integrates macroscopic 

order with microscopic roughness. 

2. The pore array cold sprayed surfaces markedly reduce the onset superheat of nucleate 

boiling to a minimum of approximately 2.74 K, which is substantially lower than the 

7.37 K required for the smooth substrate, indicating effective promotion of early 

nucleation. 

3. In the high heat flux regime, the maximum critical heat flux reaches 423.27 kW m⁻², 

representing a 183 percent enhancement compared with the smooth substrate. The 

performance is also significantly superior to that of substrates with drilled pores 

alone, demonstrating a strong synergistic effect between geometric structuring and 

surface roughness. 

4. High speed imaging reveals that the periodic pore geometry provides stable primary 

nucleation sites, while the rough pore walls increase effective nucleation site density. 

The solid ridges between pores suppress lateral bubble coalescence and delay dry 

spot propagation, thereby postponing hydrodynamic instability and increasing 

critical heat flux. 

5. Orthogonal design and response surface analysis indicate that pore diameter and pore 

spacing are the dominant parameters governing critical heat flux, with effects 

significantly greater than that of the number of sprayed layers. Within the 

investigated range, coating thickness has a minor influence on critical heat flux. 

Optimal performance is achieved with intermediate pore diameter combined with 

relatively small pore spacing. 
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Overall, this study establishes a cold spray based pore array enhancement pathway that 

combines structural controllability with manufacturing feasibility, providing a new 

technical approach for the design of high efficiency boiling heat transfer surfaces at the 

engineering scale. Future work should focus on quantitative investigation of bubble 

generation frequency, departure dynamics, and effective nucleation site density to further 

advance the understanding of multiscale structure enhanced boiling mechanisms. 
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Chapter 6 Conclusion and prospects 
6.1 Conclusion 
This dissertation presents a systematic investigation into the formation mechanisms, 

structural controllability, and boiling heat transfer functionality of surface open pore 

structures generated during cold spray solid state additive manufacturing. The study 

establishes a complete research loop consisting of material driven pore formation, 

mechanistic elucidation, functional validation, mechanism extension, geometrically 

controlled design, and performance revalidation. 

First, using Ti64 as a model material, a cold sprayed deposit exhibiting intrinsic surface 

open pore characteristics was successfully fabricated. Experimental observations 

demonstrate that a stable open pore network can form directly during the cold spray 

process on Ti64 surfaces. Cross sectional analysis and three dimensional reconstruction 

confirm that these pores are not isolated closed defects but through thickness channels 

directly connected to the external surface, thereby providing a structural foundation for 

subsequent heat transfer applications. 

On this basis, the formation mechanism of the surface open pore structure was 

systematically elucidated. The results indicate that, even under constant macroscopic 

spraying parameters, particle velocities at the nozzle exit are not unique but exhibit 

pronounced dispersion due to combined variations in powder particle size, morphology, 

and density. A fraction of particles possesses velocities below the critical threshold 

required for effective deposition and therefore undergo rebound or extremely low 

deposition efficiency during the initial deposition stage, resulting in persistently low 

efficiency regions on the surface. As multilayer deposition proceeds, this initial non-

uniformity is continuously inherited and amplified. Regions with high deposition 

efficiency evolve into wall like structures that support particle accumulation, whereas low 

efficiency regions ultimately develop into open pore channels penetrating the entire 

deposit thickness. These findings demonstrate that surface open pore formation in cold 

sprayed Ti64 fundamentally originates from selective deposition behavior during the 

initial stage rather than from the late stage evolution of random defects. 
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After clarifying the formation mechanism, the porous Ti64 surface was further evaluated 

as a functional material using pool boiling heat transfer as a performance assessment 

platform. The experimental results show that, compared with smooth substrates, cold 

sprayed porous Ti64 surfaces significantly reduce the wall superheat required for bubble 

nucleation and markedly enhance boiling heat transfer performance in the medium to high 

heat flux regime. Under optimal conditions, the critical heat flux exhibits an improvement 

of up to 60 percent relative to the smooth substrate. High speed imaging reveals that this 

enhancement arises from stable primary nucleation sites provided by the open pores, high 

density micro nucleation induced by rough pore walls, and effective suppression of lateral 

bubble coalescence by the solid ridges between pores, which collectively delay the onset 

of local dryout. 

However, the study also reveals that the relatively low thermal conductivity of Ti64 leads 

to increasing additional thermal resistance with greater deposit thickness, thereby limiting 

further enhancement of boiling performance. This finding indicates that porous structures 

formed solely through intrinsic material deposition behavior exhibit inherent limitations 

in structural controllability and functional optimization. 

Based on these insights, the identified mechanism of low deposition efficiency induced 

pore formation was extended from the Ti64 system to aluminum based substrates. By pre 

fabricating regular geometric features on aluminum surfaces to deliberately create regions 

unfavorable for effective deposition, low deposition efficiency zones analogous to those 

naturally formed in Ti64 were reproduced in a high deposition efficiency material system. 

Experimental results demonstrate that this geometry driven pore formation strategy 

enables the stable fabrication of regular and highly repeatable surface open pore structures 

on cold sprayed aluminum, with pore morphology closely matching the predefined 

geometric parameters. This confirms the material generality and design extensibility of 

the cold spray pore formation mechanism. 

Subsequently, the boiling heat transfer performance of geometrically controlled 

aluminum based porous surfaces was systematically investigated. Orthogonal 

experimental design and statistical analysis reveal that pore diameter and pore spacing 

are the dominant parameters governing critical heat flux, with standardized effects 

significantly exceeding that of the number of deposited layers, while the influence of layer 
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number on critical heat flux is negligible within the investigated parameter range. This 

result indicates that, provided basic coating integrity and surface roughness are ensured, 

effective boiling performance regulation primarily depends on appropriate geometric 

matching of pore structures. Under optimal conditions, the critical heat flux reaches up to 

183 percent of that of a smooth surface. Response surface analysis further reveals a 

pronounced nonlinear coupling between pore diameter and pore spacing, with optimal 

critical heat flux achieved at intermediate pore diameters combined with relatively small 

pore spacing. The resulting performance substantially exceeds that of simple drilled 

substrates and other additive manufacturing based enhancement strategies. 

In summary, starting from the natural formation of surface open pore structures in cold 

sprayed Ti64, this dissertation systematically elucidates the underlying mechanisms and 

successfully extends them into a geometrically controllable and material transferable 

surface pore fabrication strategy. By employing pool boiling heat transfer as a highly 

sensitive and quantitatively assessable validation platform, the study not only deepens the 

understanding of the relationship between deposition non-uniformity and porous structure 

evolution in cold spray processes but also provides new theoretical insights and 

engineering pathways for the design and fabrication of porous functional surfaces in solid 

state additive manufacturing. 

6.2 Further work 
Although this dissertation systematically elucidates the formation mechanisms of surface 

open pore structures generated by cold spray deposition and verifies their significant heat 

transfer enhancement through pool boiling experiments, the preceding research also 

establishes a broader structure–function framework that provides clear directions for 

further investigation. 

First, at the mechanistic level, it is necessary to advance from qualitative observation to 

quantitative modeling. While high speed imaging in this study revealed the critical role 

of open pore structures in promoting nucleation, accelerating bubble departure, and 

suppressing lateral coalescence, the analysis remains largely phenomenological. Future 

work should systematically quantify key parameters, including bubble nucleation 

frequency, departure diameter, departure period, and effective nucleation site density, and 

examine their evolution with heat flux and pore geometry. By integrating experimental 
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measurements with classical boiling models and hydrodynamic instability theories, 

quantitative relationships between pore geometric parameters and bubble dynamic 

behavior can be established, thereby significantly improving the rigor and predictive 

capability of mechanistic interpretation. 

Second, from a structural design perspective, the present study reveals a distinct scale 

division effect. Small pores are more favorable for bubble nucleation and rapid departure, 

whereas larger pore walls play a critical role in restricting lateral vapor spreading and 

suppressing bubble coalescence. This finding suggests that a single scale pore structure 

is unlikely to simultaneously optimize bubble generation and vapor regulation. Therefore, 

future research may consider constructing hierarchical pore array structures composed of 

large and small pores through substrate pre machining prior to cold spray deposition. 

Larger pores may function as vapor management units, while smaller pores serve as high 

density primary nucleation sites. Subsequent cold spray deposition can faithfully replicate 

the predefined geometry and introduce microscale roughness on pore walls, enabling 

synergistic enhancement through geometric scale coordination and surface roughness 

modification. Such hierarchical architectures are expected to enhance nucleation 

efficiency while delaying large scale vapor coverage, thereby further increasing critical 

heat flux. 

Third, regarding material system expansion, although the pore structuring strategy has 

been successfully extended from Ti64 to aluminum based substrates, the thermal 

conductivity of aluminum may still impose limitations under extremely high heat flux 

conditions. Future studies may extend the geometry driven pore structuring approach to 

copper and copper alloy systems. Owing to their higher thermal conductivity and superior 

lateral heat diffusion capability, copper based materials are expected to further reduce 

solid side thermal resistance under identical pore geometries, thereby improving overall 

heat transfer capacity. In addition, copper based materials possess direct engineering 

relevance in electronic packaging and high power device thermal management, 

facilitating the practical implementation of cold spray fabricated porous functional 

surfaces. 

In summary, future research should focus on quantitative modeling of bubble dynamics, 

hierarchical pore structure design, and extension to high thermal conductivity material 

systems. These directions will not only deepen the understanding of boiling enhancement 
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mechanisms associated with cold spray induced surface open pore structures, but also 

promote the transition from mechanistic validation toward structural optimization and 

practical engineering application, ultimately establishing a more comprehensive and 

transferable technological framework.  
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