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Abstract 

 

This project develops the capabilities of micro-abrasive jet machining (MAJM) for 

tailoring of surface integrity aspects responsible for osseointegration, adhesion strength, 

and lubrication of artificial articular joints (AAJs). The thesis starts with a literature 

review outlining six aspects of MAJM process, which must be addressed to enable surface 

functionalization of AAJs. In the second chapter, the project develops an analytical-

numerical model of particle velocity field generated by micro-nozzle. The investigation 

highlights the effect of process parameters on the magnitude of particle velocity and the 

nature of its change. In the third chapter, an analytical solution is  developed to describe 

the temperature rise during the impact of a single particle.  Further, several numerical 

models and measurements are addressed for elaborating the steady-state thermal field 

during MAJM. The fourth chapter delivers a modified Hill’s ratio predicting lateral crack 

nucleation druing impact-induced fracturing and erosion rate of brittle materials. The 

following four chapters are application-focused. Fifth chapter is on the development of 

the bone/implant interfacial area. Six shape parameters of eight abrasive fractions and 

nine roughness parameters of Co-Cr-Mo surface eroded under sixteen blasting conditions 

are analysed. The fifth chapter improves adhesion strength and scratch-resistance of 

antibacterial coatings. The investigation contributes an extensive characterization of Ti-

6Al-4V surface topography, microstructure, chemistry and wettability generated by 

milling, polishing, acid-etching and MAJM. The sixth and seventh chapters address the 

issue of poor tribological performance of AAJs, developing MAJM direct writing and a 

novel Tribo-blast surface texturing technique. This project delivers tools for managing 

particle velocity, jet kinetic energy, machining temperature, single crater size, surface 

roughness and erosion rate in MAJM. The bone/implant interfacial area, the scratch 

resistance of antibacterial coatings, and bearing index of the articular surface, all can be 

increased by a factor of two. The femoral head of a hip joint can be covered by micro-

channels within a few minutes using only one nozzle and one gram of abrasives without 

the patterning masks or precision CNC actuators. Overall, the productivity and cost-

effectiveness, makes MAJM a strong candidate for industrial implementation in the 

manufacturing chain of life-long AAJs. 

 

 

 



vi 

 

Statement of Original Authorship 

 

 

I hereby declare that this thesis submitted for the PhD degree is my own work and effort 

and that it has not been submitted anywhere for any reward. I further declare that where 

other sources of information have been used, they have been acknowledged by means of 

a comprehensive list of references. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

Acknowledgment 

 

I sincerely appreciate the consistent encouragement and support of my supervisor, 

Professor Fengzhou Fang, who always provides opportunities to let me to explore every 

possibility, which is believed to be the best way to help PhD students to grow up and will 

benefit the students’ future development. 

 

My best regards are to all representators of Science Foundation Ireland for full funding 

of my structured PhD programme at UCD and to Erasmus+IRC for making possible my 

introduction to BITS Pilani. 

 

I wish to express my gratitude to a number of persons and organizations, who facilitated 

this work by any direct or indirect activities. This list includes, but not limited to: 

• Researchers from UCD, Ireland: Chengwei Kang and Gang Shen for continuous 

informational and samples supply. Nan Zhang for providing thermal measuring 

equipment and Honggang Zhang for debating on why alumina particles became 

magnetic. Paven Mathew for consultation on atomic dynamics. Alojz Ivankovic, 

who always found time to discuss the high strain rate events.  

• Researchers from BITS Pilani, India: Prof. N.S.K. Reddy for accepting me at his 

tribology lab. Thanks for the assistance of Pavandatta M. Jadhav, Amar 

Sheelwant, B. Suryanarayana, S. K. Dubey and Mr. Narayana Rao G., Sanket 

Goel and Mr. Avinash Kothuru, and other. 

• Industrial collaborators: Gary Morgan and and Lorcán Byrne from ENBIO Ltd, 

for sharing their research facility and assisting with particle analysis. Keith Swan 

from Crystal Mark, Inc., for continuous consulting and customization of our 

micro-blasting setup. 

 

I owe special gratitude to every member of our MNMT-family and UCD-originated 

friends. Thank you, guys, for being with me all this time in the office, lab, gym, pub and 

in even on my wedding. 

 

To my lovely wife, Maryna, who for the third time left behind her established life to 

follow me. 



viii 

 

List of Figures 

 

Figure 1.1. Schema of air-abrasive jet machining system ................................................ 2 

Figure 1.2. Schematic crack propagation in a result of normal impact of solid 

particle. ........................................................................................................... 4 
Figure 1.3. Scheme of the conditional division of jet velocity regions (left)[129] and 

microscope images of the AJM jet (right)[32]. ............................................ 11 
Figure 1.4. W-shaped channel in glass  [136] ................................................................. 12 

Figure 1.5. Particles trajectory at first- and second-strike [32]. ...................................... 12 
Figure 1.6. Normalized erosion rate of various materials as a function of impact 

angle. ............................................................................................................ 13 
Figure 1.7. The functionality of Abrasive Jet Machining. .............................................. 18 
Figure 1.8. MAJM texturing resolution: a) 500-μm wide channel profile blasted by 

two cross nozzles in glass using 30-µm particles [145]; b) 70-µm wide 

channels in silicon using 9-μm particles [146]; c) 10-μm wide channel 

blasted in glass using 3-μm particles [146]. ................................................. 19 
Figure 1.9. Cobalt-chrome alloy head (D = 26 mm) with concave pattern (d = 0.5 

mm, h = 0.1 mm) [231]. ............................................................................... 26 
Figure 2.1. Fully developed turbulent profile of sonic airflow based on nozzle 

diameter  ( dN= 100 μm, 300 μm, 700 μm, 1 mm and 10 mm) ................... 33 

Figure 2.2. Schema of air flow distribution (adapted from [102]). ................................. 34 
Figure 2.3. Scheme of particle velocity calculation. ....................................................... 38 
Figure 2.4. Scheme of calculative algorithm .................................................................. 40 
Figure 2.5. Calculated results of particles acceleration in micro abrasive jet 

machining ..................................................................................................... 42 

Figure 2.6. Particles’ velocity profile at different stand-off distances ............................ 44 
Figure 2.7. Influence of nozzle diameter on particle centreline velocity ........................ 46 

Figure 2.8. Influence of nozzle length on particle centreline velocity ............................ 46 
Figure 2.9. Influence of air pressure on particle centreline velocity ............................... 46 
Figure 2.10. Influence of air pressure on particle maximum velocity ............................ 47 

Figure 2.11. Influence of particle size on particle centreline velocity ............................ 47 

Figure 2.12. Influence of particle density on particle centreline velocity ....................... 47 
Figure 3.1. Conditions of the FEM models ..................................................................... 56 
Figure 3.2. Experimental setup ....................................................................................... 58 
Figure 3.3. Effect of particle size and velocity on the instant temperature  produced 

by a single impact ......................................................................................... 61 

Figure 3.4. Effect of contact time on the instant temperature  produced by a single 

impact ........................................................................................................... 61 

Figure 3.5. Comparison of the predicted temperature produced by a single impact 

with that measured by Oka et al. [254] ........................................................ 61 
Figure 3.6. Dissipation of the instant temperature below the surface ............................. 62 
Figure 3.7. Temperature at 1 μm below the surface depending on the particle’s size 

and velocity .................................................................................................. 62 

Figure 3.8. Instant temperature produced by a single impact depending on the 

distance from the surface.............................................................................. 62 
Figure 3.9. Collected ferromagnetic chips and optical image of the magnet’s surface

 ...................................................................................................................... 63 
Figure 3.10. SEM image the surface) eroded by 50-μm Al2O3 particles at 120 m/s ...... 64 
Figure 3.11. SEM image of 50-μm Al2O3 particles before and after impacting the 

metal substrate .............................................................................................. 66 



ix 

 

Figure 3.12. EDX analysis of alumina particles before and after impacting the metal 

substrate ........................................................................................................ 67 

Figure 3.13. Thermocouple temperature produced by erosion ....................................... 68 
Figure 3.14. Temperature of the stainless steel plate produced by the erosion during 

a prolonged time ........................................................................................... 69 

Figure 4.1. Schema of indentation fracturing according to Slikkerveer et al. [77] ......... 74 
Figure 4.2. Illustration of the investigated abrasive particle shapes and 

corresponding indenter geometries .............................................................. 76 
Figure 4.3. Schema of indentation fracturing according to this analysis ........................ 77 
Figure 4.4. Influence of impact energy on crater depth .................................................. 80 

Figure 4.5. Influence of impact energy on surface roughness ........................................ 80 
Figure 4.6. Influence of impact energy on erosion efficiency ........................................ 80 
Figure 5.1. Definition of particles’ shape based on a SEM image. ................................. 84 
Figure 5.2. Elemental analysis of the target material (Co-Cr-Mo alloy). ....................... 87 
Figure 5.3. Definition of the areal elements contributing to the developed interfacial 

area ratio (Sdr). The x and y dimensions of the triangles are equal to the 

spatial resolution of the setup or bottom value of the applied band pass.

 ...................................................................................................................... 88 
Figure 5.4.  SEM observation of particles and particle size distribution obtained by 

laser scattering analysis. ............................................................................... 91 
Figure 5.5. Influence of particle size on eroded surface topography. The initial 

(lapped) surface is on top. Note that the scale of the z-axis is different 

for each plot. ................................................................................................. 96 
Figure 5.6. Topography of alumina particles: sharp crystal cutting edges (a), 

submicron texture of the ‘smooth’ particle’s surface (b), particle created 

by a cross-granular crack (c), rounded particles in F1200 mesh (d). ........... 98 

Figure 5.7. Dependence of surface roughness parameters on particles’ impact 

energy. ........................................................................................................ 100 

Figure 5.8. Asperity parameters of a blunt particle. ...................................................... 105 
Figure 5.9. Profile of the footprint produced by a blunt particle. ................................. 105 

Figure 5.10. Evolution of the average surface slope in the context of the relative 

bluntness theory.......................................................................................... 105 
Figure 5.11. Profiles of the eroded surface filtrated with different cut-offs  (the 

roughness parameters on the top were evaluated with a larger definition 

area). ........................................................................................................... 108 

Figure 6.1. SEM images of surface morphology generated on Ti-6Al-4V samples 

by milling, polishing, HF-etching and micro-blasting  (All photos are 

made at 10000x magnification and 45º of surface slope, scale bar is 5 

μm). ............................................................................................................ 117 
Figure 6.2. White Light Interferometer 3D plots of surface topographies generated 

on Ti-6Al-4V samples  by milling, polishing, HF-etching and micro-

blasting ....................................................................................................... 118 

Figure 6.3. Results obtained with Energy-dispersive X-ray spectroscopy. Elemental 

composition of Ti-6Al-4V specimens  pretreated by milling, polishing, 

HF-etching and micro-blasting (a), angular Al2O3 blast media (b) and 

spherical SiO2 blast media (c),  EDX-ray spectrum of the polished 

surface (d), blasted with Al2O3 (e) and blasted with SiO2 (f).  The 

magnification of accompanying SEM images of blast media and 

surfaces topographies is 1,000x and 10,000x, respectively. ...................... 120 
Figure 6.4. Formation of new chemical bounds during micro-blasting of Ti-6Al-4V 

substrate with Al2O3 particles. .................................................................. 122 



x 

 

Figure 6.5. The X-ray diffraction patterns for Ti-6Al-4V alloy obtained after 

different pretreatments (β is the full width half maximum of peaks). ....... 124 

Figure 6.6. Surface free energy versus surface area ...................................................... 126 
Figure 6.7. Measured apparent equilibrium contact angle of sessile water and 

glycerol droplets on Ti-6Al-4V samples  pretreated by milling, 

polishing, HF-etching and micro-blasting. ................................................. 127 
Figure 6.8. Influence of Ti-6Al-4V surface texture on delamination pattern of epoxy 

coating resulted from scratch test at the constant load (2N) and speed 

(0.1 mm/s) by diamond indenter with a spherical tip (R = 200μm). .......... 129 
Figure 6.9. SEM analysis of coating interface at the delaminated boundary after 

various pretreatments ................................................................................. 132 
Figure 6.10. Influence of Ti-6Al-4V surface pretreatment on delamination width of 

epoxy coating resulted from scratch test at the constant loads (2 and 

10N) and speed (0.1 mm/s) by diamond indenter with a spherical tip (R 

= 200μm). ................................................................................................... 132 

Figure 6.11. Influence of Ti-6Al-4V surface pretreatment on traction force and 

specific delamination force of epoxy coating resulted from scratch test 

at the constant load (2N) and speed (0.1 mm/s) by diamond indenter 

with a spherical tip (R = 200μm). .............................................................. 133 
Figure 6.12. Influence of surface area and average features’ slope on delamination 

factor of epoxy coating on Ti-6Al-4V substrate ........................................ 133 

Figure 7.1. Experimental details ................................................................................... 138 

Figure 7.2. Influence of air pressure on channel’s profile (Fr = 3.0±0.3 g/min, SOD 

= 2 dN) ....................................................................................................... 140 

Figure 7.3. Influence of air pressure and stand-off distance on channel’s profile ........ 140 

Figure 7.4. Influence of nozzle angle on channel’s profile (Fr = 2.1±0.2 g/min, P = 

0.4 MPa, SOD = 3 dN) ............................................................................... 140 

Figure 7.5. Evolution of channels geometry at increased SOD. ................................... 142 
Figure 7.6. CFD simulation of hydrodynamic flow. Fluid velocity at the jet nozzle 

is 180 m/s. The scale shows the magnitude of fluid velocity. Borrowed 

from [41]. ................................................................................................... 143 
Figure 7.7. Development of channel’s depth with gradually increased SOD ............... 144 

Figure 7.8. Influence of pressure and SOD on channels’ depth.................................... 144 
Figure 7.9. Influence of pressure and SOD on channels profile ................................... 146 

Figure 7.10. Influence of pressure and SOD on channel width .................................... 146 

Figure 7.11. Influence of nozzle angle on channel width (SOD = 3 dN) ..................... 146 

Figure 7.12. Influence of pressure on channel width when nozzle is sloped (SOD = 

3 dN) ........................................................................................................... 147 

Figure 7.13. Influence of abrasive dose on the volumetric loss of Co-Cr-Mo at 

various stand-off distances (Fr = 3.0±0.3 g/min, P = 0.4 MPa) ................. 148 

Figure 7.14. Influence of pressure and SOD on erosion rate (Fr = 2.7-3.5±0.3 

g/min) ......................................................................................................... 148 

Figure 7.15. Influence nozzle angle on erosion rate  (Fr = 2.1±0.2 g/min, SOD = 3 

dN, P = 0.4 MPa)........................................................................................ 149 

Figure 7.16. Fabrication speed of 5-µm deep channel on Co-Cr-Mo  (dN = 0.5 mm, 

SOD = 3 dN) .............................................................................................. 149 
Figure 7.17. Texturing of Ø30-mm Co-Cr-Mo disks (a) with cross-hatched 550-µm 

x 5-µm channels (b), straight 550-µm x 10-µm channels (d) and the 

same after polishing (c) .............................................................................. 151 
Figure 8.1. Dependency of the hardening coefficient of various steels on particle 

velocity (experimental data adopted from [317]). ...................................... 156 



xi 

 

Figure 8.2. Correlation of the normalized penetration depth with the normalized 

indentation volume hind/rp = (δV/Vhp)n. ............................................. 157 

Figure 8.3. 3D representation of the spinning top particles (a), a 2D cross-section 

(b) and a schematic representation of the impact spots produced by the 

spinning top particles (c). ........................................................................... 159 
Figure 8.4. Determination of scanning step to provide uniform pocket density ........... 161 
Figure 8.5. SEM images of the used blast media .......................................................... 163 
Figure 8.6. Illustration of Abbott-Firestone curve (bearing ratio curve) ...................... 164 
Figure 8.7. Angular and spherical craters after blasting and lapping a SS 316L target

 .................................................................................................................... 168 
Figure 8.8. Influence of the target material and blast media on the profile of the 

textured surface: angular particles (left) and spherical beads (right) ......... 168 
Figure 8.9. Comparison of predicted and measured dimensions  of regular (left) and 

irregular (right) μ-pockets  produced by spherical and angular particles, 

respectively................................................................................................. 169 

Figure 8.10. Texture ratio at the periphery (top) and centreline (bottom) of a 

machined spot on the SS 316L target; Tratio  = 0.12 and 0.33, 

respectively................................................................................................. 171 
Figure 8.11. Effect of target material hardness on texture ratio for Co-Cr-Mo (left) 

and SS 316L (right) targets; Tratio = 0.22 and 0.37, respectively ............ 172 
Figure 8.12. Probability functions of μ -pocket parameters on SS 316L ...................... 173 

Figure 8.13. Prediction error of texture ratio on Co-Cr-Mo target ............................... 173 
Figure 8.14. Influence of the target material on the bearing area curve with regular 

μ-pockets and a texture ratio of 0.3 ............................................................ 175 

Figure 8.15. Influence of the texture ratio (Tratio) on the bearing area curve of a Co-

Cr-Mo target with irregular μ-pockets ....................................................... 175 
Figure 8.16. Influence of the target material and texture ratio on the bearing 

parameters of surface roughness with irregular μ-pockets ......................... 176 
Figure 8.17. Productivity of surface texturing technologies in terms of feature size 

(data regarding other technologies adopted from [321]) ............................ 178 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 

 

List of Tables 

 

Table 1.1. Experimental measurements of particle velocity in MAJM ............................ 8 
Table 1.2. Influence of abrasive hardness on erosion rate [80]. ..................................... 14 

Table 1.3. The data on surface roughness of micro-blasted surfaces available in 

literature. ......................................................................................................... 22 
Table 2.1. AJM parameters used in the simulation ......................................................... 41 
Table 3.1. Blasting conditions used in experiments and simulations. ............................ 58 
Table 4.1. Crater depth in materials with different hardness .......................................... 75 

Table 4.2. Prediction error of various models ................................................................. 81 
Table 5.1. Setup parameters used in the erosion experiment. ......................................... 85 
Table 5.2. Average values of particle shape parameters weighted by count. ................. 90 
Table 5.3. Influence of particle size and air pressure on the roughness parameters 

of the eroded surface....................................................................................... 95 
Table 6.1. Surface energy components of wetting liquids ............................................ 114 
Table 6.2. Measured values of surface roughness parameters generated on Ti-6Al-

4V samples  by milling, polishing, HF-etching and micro-blasting. 

Values in brackets are the standard deviations in %.  Parameters Sal, Sdq, 

Sdr and Sds were obtained from 88 x 66 µm definition area as on Figure 

6.2. ................................................................................................................ 119 

Table 8.1. Characteristics of the target material, blast media and parameters of the 

micro-blasting process .................................................................................. 166 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 

 

Introduction 

 

Background 

 

The number of people aged 60 years and over has tripled since 1950, and it is 

projected that the combined senior and geriatric population will exceed 2.1 billion 

by 2050 [1], [2], accounting for more than 20% of the world’s population [3]. Of that 

20%, a conservative estimate of 15% [4] would have symptomatic osteoarthritis (OA), 

and one-third of those would be severely disabled because of OA [5]. This means that by 

2050, 130 million people will suffer from OA, and 40 million will be severely disabled 

[6]. The global map of OA is similar to the map of the ageing population, meaning that 

Europe is the region that is currently most vulnerable to the illness [7]. 

OA is a long-term chronic disease characterised by the deterioration of cartilage 

in joints. OA is one of the top five causes of disability worldwide [8] and a major public 

burden [9] associated with health. As cartilage deteriorates, the bones of a joint begin to 

rub against one another, causing stiffness and pain, which often impairs movement. 

Additionally, bone or cartilage fragments may float in the joint space, causing irritation 

and pain, and bone spurs, or osteophytes, may develop and cause damage to the 

surrounding tissues [4]. The disease most commonly affects joints in the knees, hands, 

feet, spine, shoulder and hip [4]. Women are associated with a higher prevalence and 

incidence of OA than men [10], that causes a higher level of absenteeism among female 

professional employees [11]. This results in a gender disbalance in the labour market and 

increasing number of females who receive a disability living allowance. Both factors lead 

to a rise in gender inequality in terms of professional activity and economic well-being. 

Additionally, the prevalence of OA among elderly people restricts their physical activity, 

widening the lifestyle gap between older and younger generations and increasing the 

effects of ageism and rankism. Currently, there are no pharmaceutical therapies on the 

market that can prevent, reverse or halt the progression of OA, but pharmaceutical 

companies and EU initiatives are actively searching for solutions [12]. 

Over the past two decades, total joint replacement (TJR) has been proven to be 

one of the most effective methods for relieving the painful and debilitating effects of OA 

[13]. TJR is a surgical procedure in which parts of an arthritic or damaged joint are 

removed and replaced with a metal, plastic or ceramic device called a prosthesis, which 

is designed to replicate the movement of a normal, healthy joint. The number of TJRs is 

https://en.wikipedia.org/wiki/Geriatric
https://en.wikipedia.org/wiki/2050#World_population
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projected to continually increase; between 2005 and 2030, hip and knee arthroplasties are 

expected to increase by 174% and 673%, respectively [14]. 

TJR is expensive and dangerous. The inpatient costs for primary total knee and 

hip replacements are estimated to be around €19000 and €27000, respectively [14]. The 

annual total cost of joint replacements has been estimated at €4.7 billion in 2009 in Spain 

[15], £3.2 billion in 2002 in the UK [8] and $22.6 billion in 2004 in the US [16], and more 

than €100 billion per year worldwide. Furthermore, most studies conclude that these 

numbers are just a tip of the iceberg. These numbers imply that the improvement of the 

overall bioimplants performance for even 1% would results in one billion euro of 

economic effect if implemented worldwide. The high cost of prostheses and surgeries 

also means these treatments are not available in many countries around the world, 

particularly developing countries. As a result, the majority of patients in these countries 

will have to endure severe disability for a substantial part of their lives, which places an 

enormous economic burden on their communities [17]. According to the call of the United 

Nations [3], [18], more research should be conducted on TJR. The high cost of TJR is 

substantiated by several factors: 

(1) The insufficient lifespan of AAJs. The lifespan of the most commonly used metal-

on-polyethene AAJ is approximately 15 years [19], [20], which is insufficient for 

most patients, who are 60–70 years old. This means that it is often necessary to 

perform a secondary TJR, which is even more complicated, expensive, and 

hazardous than the original surgery. The most common failure mechanisms, 

loosening (39.9%), infection (27.4%) and instability (7.5%) [21], are caused by 

the poor functionalization of the AAJs surface.  

(2) High manufacturing cost. The manufacturing costs of AAJs are mostly due to 

specific surface treatments. These treatments are the final steps in the 

manufacturing chain and are intended to functionalize the surface, improving its 

adhesivity, biocompatability, osteo-conductivity, tribological performance, etc. 

Even so, the achievements in functionalization of the bioimplants` surfaces are 

insufficient. For instance, the friction-induced wear causes failure in up to 80% of 

AAJs [22].  

As it follows, both aspects of AAJs manufacturing—surface functionalization 

technology and its cost-efficiency—must be addressed to reduce the costs associated with 

TJR.  

AAJs typically have two types of functional surfaces: fixating and articulating. 

The surfaces of the first type should perform rapid and durable fixation with the live 
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tissues of human body. It can be achieved by prescribing to the functional surface such 

factors as developed area ratio, micro-texture, hydrophilicity, adhesivity, 

biocompatibility, including specialized coatings, etc. The surfaces of the second type 

should demonstrate high resistance to friction-induced wear. In the past few decades, a 

new approach—surface patterning—was found to be highly beneficial for the resistance 

to friction-induced wear . The purpose of surface treatment is to introduce to the surface 

these specific functional capabilities. Current attempts in surface modification through 

PVD, ion-beam based treatment, X-ray lithography texturing, electrochemical and 

photochemical methods, laser ablation, electro discharge machining, CNC micro-

milling, etc, revealed significant drawbacks in each case. Most often these drawbacks are 

from unsatisfactory surface integrity, functionality, process productivity and 

manufacturing cost. Importantly, the new generation of life-long artificial articular joints 

(AAJs) would not become a mainstream without commercially viable technology of its 

manufacturing. 

A potential candidate for superior and commercially viable functionalization of 

AAJs is micro-abrasive jet machining (MAJM). MAJM is a non-conventional subtractive 

micro-machining technology that is based on solid particle erosion. It avoids the 

drawbacks related to surface integrity, process complexity and costliness that are present 

in other techniques. In MAJM, micro-features (such as a hole or channel) are created on 

a substrate by an abrasive jet. Particles impact the substrate at different times and 

locations within the erosion spot with negligible contact force (µN to mN). Each particle 

works only once, and therefore the ‘cutting edge’ of the abrasive jet is always sharp. 

Continuous airflow forces external heat convection, which prevents accumulation of 

temperature [23]. In addition, high pressure in the impact spot induces residual 

compressive stress, which improves the wear resistance of the surface [24]. The 

application of MAJM for texturing purposes has shown a constant positive trend since 

2000. It was developed for the manufacture of micro-electronics and semiconductors and 

was later used to machine microfluidic devices [25]. However, the biomedical 

application of MAJM is now limited to dentistry. Previous studies are focused mostly on 

evaluation of surface functionality, disregarding surface integrity and MAJM process 

parameters. Use of MAJM in bio-tribological applications is unknown. In other words, 

the capabilities of MAJM to functionalize AAJs  remain ignored by either, machining 

technologists, tribologiests and medicians, which is likely due to a wide scientific gap 

between the fields.  
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This thesis demonstrates several steps made by a machining technologist in the 

field of heath science and bio-tribology. Particularly, this project introduces MAJM as 

the technique for tailoring of surface integrity aspects related to osteo-integration, 

antibacterial coating strength, and wear-resistance of articular surfaces. However, the 

project does not evaluate the performance of AAJs (e.g. cell culturation or bio-

tribological tests) but focuses on fundamental understanding and factors of machined 

surface integrity which affect these performances, such as surface topography, chemistry, 

micro-structure, wettability, surface free energy etc. and its dependencies on MAJM 

process parameters.  
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Thesis layout 

 

The thesis is accomplished in 9 chapters: literature review, 3 chapters on erosion 

fundamentals, 4 applied studies and final conclusions. The chapters have been published 

as standalone journal articles (all but chapters 4 and 6, which were submitted) and briefly 

outlined below. 

 

• Chapter 1 conducts a literature survey on the state of the art in MAJM. It starts 

with AJM history, diversity and recently branched-off MAJM. It then proceeds to 

fundamentals of solid particles erosion, process parameters and technological 

advantages. Finally, the capabilities of MAJM are discussed with respect to 

surface functionalization of biomedical implants. This review was published in 

part as: 

R. Melentiev, F.Z. Fang, Recent advances and challenges of abrasive jet 

machining, CIRP Journal Manuf. Science and Technol. 22 (2018) 1–20. 

doi:10.1016/j.cirpj.2018.06.001. 

 

• Chapter 2 examines the particle velocity field in MAJM. It employs both 

theoretical and numerical approaches involving hydrodynamics and Newtonian 

and continuum mechanics. The study highlights the effect of process parameters 

on the magnitude of particle velocity and the nature of its change; and, finally, 

gives practical recommendations and tools for managing particle velocity. This 

work was published as: 

R. Melentiev, F.Z. Fang, Theoretical study on particle velocity in micro-abrasive 

jet machining, Powder Technology.  344 (2019) 121-132. 

doi:10.1016/j.powtec.2018.12.003. 

 

• Chapter 3 investigates thermal phenomena of solid particles erosion. Firstly, the 

initial and boundary conditions of heat generation during impact of a single 

particle are analysed. Empirical evidence that could support the theoretical results 

is considered. Thirdly, the steady state temperature of the eroded spot generated 

by the whole jet is simulated and measured. This work was published as: 

R. Melentiev, F.Z. Fang, Investigation of erosion temperature in micro-blasting, 

Wear. 420–421 (2019) 123–132. doi:10.1016/j.wear.2018.12.073. 
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• Chapter 4 explores the brittle material removal mechanism. Several new 

geometries of the abrasive particles are introduced to calculate the particles 

penetration depth. Hill’s ratio was modified to find the nucleation depth of lateral 

crack. The crater depth, surface roughness and erosion rate are predicted within 

24% error. This work was submitted as: 

R. Melentiev, F.Z. Fang, Prediction of crater depth, surface roughness and 

erosion rate during abrasive jet machining of glass, Wear (2020) (submitted). 

 

• Chapter 5 studies the effect of particle size, shape and velocity on amplitude, 

spatial and hybrid roughness parameters.  The following questions are addressed 

in the chapter: What are the size and slope of the eroded features? How much of 

the area is developed on an eroded surface, and how it can be controlled? This 

work was published as:  

R. Melentiev, C. Kang, G. Shen, F.Z. Fang, Study on surface roughness generated 

by micro-blasting on Co-Cr-Mo, Wear. 428–429 (2019) 111–126. 

doi:10.1016/j.wear.2019.03.005. 

 

• Chapter 6 contributes an extensive characterization of Ti-6Al-4V surface 

topography, microstructure, chemistry and wettability generated by milling, 

polishing, hydrofluoric acid-etching and MAJM. The following aspects are 

addressed in the chapter: the effectiveness of specialized pre-treatments on scratch 

resistance of coatings and its responsible physical factors; roughness parameters 

affecting coating quality; the relation between surface area and roughness. This 

work was submitted as: 

R. Melentiev, F.Z.  Fang, N. S.K. Reddy, Influence of different pretreatments on 

Ti-6Al-4V surface integrity and scratch-resistance of epoxy coating: Analysis of 

topography, microstructure and wettability, Surf. and Coat. Technology 

(2020)(Submitted) 

 

• Chapter 7 developes MAJM direct writing for fabrication of shallow micro-

channels on artificial articular joints. The influence of MAJM process parameters 

on micro-channel’s geometry and fabrication speed is in focus. The micro-

channels were fabricated on Co-Co-Mo substrate using micro-nozzle at varous 

angles, stand-off distances and pressure levels. This work was published as: 
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R. Melentiev, F.Z. Fang, Fabrication of micro-channels on Co–Cr–Mo joints by 

micro-abrasive jet direct writing, J. Manuf. Process. 56 (2020) 667–677. 

doi.org/10.1016/j.jmapro.2020.05.022 

 

• Chapter 8 develops Tribo-blast – a cost-efficient and productive micro-texturing 

technique for tailoring surface bearing indexes by spares particles’ impacts. The 

shape, dimensions and concentration of craters formed by spherical and angular 

particles and its influence on bearing parameters are in focus. This work was 

published as: 

R. Melentiev, F.Z. Fang, Tailoring of surface topography for tribological 

purposes by controlled solid particle impacts, Wear. 444–445 (2020) 203164. 

doi:10.1016/j.wear.2019.203164. 

 

• Chapter 9 summarizes technological deliverables, gives the final remarks and 

recommendations for further research. 

 

Methodologically the thesis content is represented on Figure I. The project starts 

exploring the state of the art in the field, establishes the initial conditions of the interested 

phenomena, analyses the fundamentals of solid particle erosion, develops the tools to 

control the erosion process and finally applies it for surface functionalization.  

 

 

Figure I. Research strategy and thesis content by subjects 
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Scientific novelty 

 

This thesis put forwards to defense the following elements of scientific novelty: 

 

• Analytical-numerical model of particle velocity field in micro-abrasive jet 

machining, including viscous friction at the nozzle wall, drag coefficient for 

rotational angular particles and effect of air jet divergence on particle velocity 

profile in radial direction.  

• Analytical solution to describe the temperature rise during the impact of a single 

particle and temperature decline after the impact at the surface and subsurface of 

the target, which considers an amount of plastic work that turn into heat, elastic-

plastic impact time and cooling time till next impact. 

• Numerical model of the steady-state thermal field generated by micro-abrasive jet 

machining, which incorporates machining process parameters, forced cooling by 

turbulent air flow and free-form geometry of the workpiece. 

• Analytical solution for prediction of crater depth, surface roughness and erosion 

rate of brittle materials, where the depth of lateral crack nucleation is calculated 

using the modified Hill’s ratio. 

• Analytical solution for prediction of developed interfacial area ratio (roughness 

parameter Sdr) of the surface eroded with solid particles, which further develops 

the relative bluntness theory proposed by Sin et al. in 1979 and applies its concept 

to discribe the surface topography generated by micro-blasting. 

• Analytical solution for determination of size and shape of an irregular crater 

formed in a metallic target by an angular particle at the normal impact angle, 

which utilizes a new idealized 3D geometry of the blunt particle in the form of a 

spinning top. 
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Research claims 

 

The work presented in this thesis backup the following research statements, which in the 

author’s opinion, can reveal a scientific and/or practical value to readers: 

 

R. Melentiev, F.Z. Fang, Theoretical study on particle velocity in micro-abrasive jet 

machining, Powder Technology.  344 (2019) 121-132. 

doi:10.1016/j.powtec.2018.12.003. 

• Viscous friction at the nozzle wall makes micro-nozzles less effective in terms of 

particle acceleration, that limits further miniaturization of micro-AJM. 

• A particle starts to lose its velocity at the distance of 10–20 times of nozzle 

diameters in most of the micro-AJM conditions, 

• The increment of particle’s velocity after the end of a potential core (above 6.2 

times of nozzle diameter) is negligible (< 4%). 

 

R. Melentiev, F.Z. Fang, Investigation of erosion temperature in micro-blasting, Wear. 

420–421 (2019) 123–132. doi:10.1016/j.wear.2018.12.073. 

• The temperature generated during the impact of a single particle can be sufficient 

to initiate melting and phase transformation in the thin subsurface layer of the 

metal substrate. 

• The surface radiation and convection contribute negligibly (< 2%) to the 

dissipation of heat generated during the impact of a single particle. 

• The temperature of the steady-state thermal field generated by micro-AJM does 

not exceed one hundred degrees, even when a thermocouple with the 600-µm head 

is eroded. 

 

R. Melentiev, F.Z. Fang, Modifying Hill’s ratio to predict crater depth, surface roughness 

and erosion rate during abrasive jet machining of glass, Wear (submitted). 

• The geometry of hemisphirical cavity is not representative for calculation of the 

particles penetration depth. 

• Hill’s ratio coinsides the ratio of the nucleation depth of lateral crack to the depth 

of particle penetration  
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R. Melentiev, C. Kang, G. Shen, F.Z. Fang, Study on surface roughness generated by 

micro-blasting on Co-Cr-Mo, Wear. 428–429 (2019) 111–126. 

doi:10.1016/j.wear.2019.03.005. 

• The mean aspect ratio, convexity and circularity of angular alumina particles are 

comparable for a wide range of fractions (5 – 300 µm). 

• The overall height and spacing of the eroded features are linearly proportional to 

particles’ kinetic energy. 

• The slope of the eroded features, Sdq, and developed interfacial area ratio, Sdr, 

have a nearly logarithmic dependency on particle size. 

 

R. Melentiev, F.Z. Fang, S.K.R. Narala, Influence of different pretreatments on Ti-6Al-

4V surface integrity and scratch-resistance of epoxy coating: Analysis of topography, 

microstructure and wettability, Surf. and Coat. Technology. (2020) (Submitted). 

• Roughness parameter Ra alone is not representative for wettability, surface free 

energy or scratch resistance of coating. 

• Scratch resistance of epoxy coating is proportional to roughness parameters Sdq 

and Sdr, and related to Str and Sz. 

• Micro-blasting can cause grain refinement in the subsurface and leave dopant 

chemical elements on the eroded surface. 

 

R. Melentiev, F.Z. Fang, Fabrication of micro-channels on Co–Cr–Mo joints by micro-

abrasive jet direct writing, J. Manuf. Process. 56 (2020) 667–677.  

• The micro-channels can be as narrow as 110% of the nozzle diameter.  

• The strongest effect of stagnation zone does not take place at the smallest stand-

off distance, but at a specific stand-off distance. 

• The formation V-, U- and W-shaped channels depends on stand-off distance. 

 

R. Melentiev, F.Z. Fang, Tailoring of surface topography for tribological purposes by 

controlled solid particle impacts, Wear. 444–445 (2020) 203164. 

doi:10.1016/j.wear.2019.203164. 

• The energy-based impact model, which incorporates the coefficient of restitution 

and dynamic hardness, adequately predicts crater dimensions. 

• Micro-blasting is capable to increasse the bearing index and fluid retention of 

polished surface for more than 2 and 100 times, respectively. 
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Chapter 1. Literature review 

 

1.1 Historical outline 

 

The phenomenon of solid particle erosion was utilised for surface treatment since 

antique times. The machining power of sand was recognised in ancient Egypt and China, 

leading to attempts to artificially intensify the erosion process. The current method of 

doing so is called abrasive jet machining (AJM). 

In the 1930s, a low-pressure water jet system was patented and successfully used 

to cut paper [26]. Twenty years later, a high-pressure hydraulic seal from aviation industry 

was adopted to abrasive water jet machining, that noticeably increased the process 

productivity [27]. The continuous increase of working pressure in the next few decades 

even allowed the cutting of hard alloys and carbides. On the other hand, a high pressure 

may lead to a severe nozzle wear, making AJM economically non-competitive. From the 

1970s, after ceramic nozzles were introduced, abrasive jet systems became commercially 

available and, within a short span of time, became the industrial mainstream and were 

mainly utilised for cutting and cleaning purposes. In the 21st century, AJM development 

deviated its track to technology miniaturization, wherein the nozzle diameter plunged 

from macro to micro scale. In the last 20 years, there is a solid growing trend of industrial 

interest in MAJM.  

 

1.2 Approaches of abrasive jet machining 

 

The variety of industrial demands for manufacturing of different parts led to many 

new approaches based on AJM. Apart from well-known abrasive air jet machining [23], 

[28]–[32], invented for cleaning, and waterjet method [33]–[41], invented for cutting of 

sheet materials, a magnetorheological jet machining [42]–[49] was invented for 

superfinishing of precision optics. To change material removal rate (MRR, grams of used 

abrasives / grams of material removed), an abrasive jet can be assisted by cryogenic [50]–

[54] or high temperatures [55], cavitation phenomena [56]–[59], etc. Ice-assisted jet 

machining [60]–[64] was developed  for cleaning, particularly in medical and food 

industry. For other purposes, such as deep grooving, noise and pollution reduction or large 

area machining, corresponding proposals were made on the intermittent [65], [66] and 

submerged jet conditions [67]–[70] or energy jet division [71], [72]. The detailed 
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overview of the mentioned approaches is published in the authors review [25]. This 

chapter is shortened to only air-based AJM approaches, its benefits, and latest advances. 

 

1.3 Micro-abrasive jet machining 

 

Micro-abrasive jet machining (MAJM) is an erosion-based micro machining 

technique in which abrasive particles are accelerated by a pressurised air stream through 

a micro-nozzle towards a target. The conditional boarder between AJM and MAJM is an 

abrasive jet diameter, which is above and below 1 mm, respectively. There is also a 

process called abrasive jet micro-machining (AJMM), which does not operate with micro-

jet, but applies mask with micro-openings instead. AJMM is often referred as powder 

blasting in semiconductor industry. In biomedical research field, both MAJM and AJMM 

are frequently mentioned as micro-blasting. This title was likely adopted from 

sandblasting and grit-blasting, which are conventionally used for a larger scale surface 

roughening. Another physical difference is the particle size and velocity. Coarse (200 – 

800 µm) abrasives in sandblasting are barely accelerated to 50m/s, while the fine (3 – 50 

µm) abrasive particles in MAJM are accelerated in 100 – 300 m/s velocity range. A 

typical MAJM system is shown in Figure 1.1.  

 

Figure 1.1. Schema of air-abrasive jet machining system 

 

Compressed air is cleaned and dried through the in-system filter and desiccator. 

Then, the air moves through the pressure adjusting valve to the blasting gun where it is 

mixed with abrasive particles and is blasted at the workpiece with controlled pressure. 

Worked out particles and chips are eliminated from the machining area by the dust 

      Legend: 

1. Air compressor  

2. Air filter  

3. Air desiccator 

4. Pressure valve 

5. Abrasive feeder 

6. Nozzle 

7. Workpiece 

8. Dust absorber 

9. Blasting chamber 
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catcher. By impacting the substrate, particles produce small fractures or plastic extrusion, 

depending on material properties and process parameters. After impact, gas flow carries 

away both the abrasives and chips. The recycling of abrasive particles is possible; 

however, its relevance is under question. The abrasives do not consist of rare materials 

and its consumption barely exceeds a few grams per minute. On the other hand, worked-

out particles, in some extend, may lose their fracture resistance and sharpness, that would 

affect to MAJM process stability. 

 

1.4 Fundamentals of solid particle erosion 

 

1.4.1 Material removal mechanism 

 

Solid particles erosion (SPE), also known as “Foreign object damage” is 

conventionally considered as a negative phenomenon, producing damage to the 

workpiece surface and subsurface. However, in the AJM concept, localized and 

intensified erosion is a tool. Directed flow of hard micro-particles splits-off the tiny chips 

from the substrate, removing workpiece mass to required geometrical conditions. 

Depending on material’s properties and process parameters, elastic, plastic or brittle 

removal mechanisms may dominate during erosion.  

 

Brittle material removal mode 

Numerous studies were devoted to an explanation of MRM in brittle materials 

[73]–[77] after directive works of Marshall, Lawn, and Evans [78], [79]. Briefly, the 

deformation and cracking model that occur during particles impact with a surface are 

typically those known from quasi-static Vickers-indentation theory [79]. The ideal cracks 

pattern is represented schematically in Figure 1.2. Particles indentation creates 

compressive stress in the material beneath that forms a plastically deformed area. When 

the fracture threshold is exceeded, a radial crack perpendicular to the surface propagates 

downwards and aside from the base of the deformed area. During unloading stage, the 

lateral cracks occur at bottom of the plastically deformed volume and extends parallel to 

the surface. The radial cracks do not affect the chip formation, nevertheless they degrade 

the surface integrity. It is generally accepted that the lateral cracks determine the removed 

volume, assuming the chip size as a hemisphere with a volume dependent on lateral crack 

radius and depth of origination. Correspondingly, the radius of lateral crack and the depth 

of its initiation are considered to be the main aspects of brittle removal mechanics. 
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Buijs [73] calculated the radius of the deformation zone and length of lateral crack 

from the position of indentation-fracture mechanics. These values are the functions of 

viscoelasticity, hardness and fracture toughness of the workpiece, particle geometry and 

indentation force. During blasting of ceramics, the cracking mechanism was well 

correlated with the classical indentation model. Buijs proposed the expressions for 

equilibrium length of the lateral crack, the bottom of the plastically deformed zone and 

the volume removed by single particle indentation. Later, a threshold energy for radial 

and lateral crack origination was found by Slikkerveer et al [77]. According to the authors, 

there is a minimum length of crack for each material. If the kinetic energy of the particle 

is lower than the energy required for minimum crack formation, then the material 

response to particle`s impact is elastic/plastic. Jafar [74] assumed that lateral cracks 

initiated at the bottom of the indentation depth rather than at the bottom of the deformed 

zone. This assumption allowed improvements in erosion and surface roughness 

predictability threefold. However, the physical reason of lateral crack initiation from the 

indenter tip remains unclear. The weakness of radial/lateral crack systems lay in the 

assumption of isotropy of material structure. Wakuda et al. [80] blasted sintered ceramics 

and showed that the multiple ceramic grains were fragmented simultaneously in a form, 

which substantially differs from the assumed hemisphere crater in the indentation erosion 

model (Figure 1.2). The conclusion that the microstructure is the primary factor in the 

erosion behaviour of ceramics is supported by Zhang, et al [81]. However, the 

lateral/radial crack propagation theory, based on the assumption of material`s 

homogeneity, cannot entirely expound the erosion mechanism in brittle materials. 

 

 

Figure 1.2. Schematic crack propagation in a result of normal impact of solid particle. 
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 Plastic material removal mode  

The primary ductile removal mechanism at normal impact is still under discussion. 

In contrast to shallow impact angles, where material removal is well explained through 

the cutting process, ductile erosion at normal impact is a combination of process 

kinematics with dynamic material properties. After a summary of the basic mechanisms 

by which solid particles may remove soft material was pointed out by Finnie [82], no 

great fundamental clarifications were introduced. The low-cycle fatigue mechanism was 

used to introduce “erosion ductility” [83], which is conceived as essential material 

characteristic responsible for the critical plastic strain. Another erosion parameter was 

formulated considering the energy criterion during erosion and incorporates the high-

strain-rate stress-strain response of the substrate [84]. However, these approaches are 

targeted on quantitative evaluation of volume removal and shined little light on the 

physical mechanism of material removal. A new elastic-plastic analysis was proposed 

[85] to predict the crater parameters and rebound velocity that can be used to calculate 

the amount of plastically deformed material appearing at the edges of the impact crater. 

It is known that the deeper into the crater, the more resistant the substrate becomes. The 

work of hardening during impact is very difficult to evaluate. Dynamic hardness widely 

applied in erosion models [83], [86], [87] reveals to be more of a functional value rather 

than a material property, depending greatly on erosion conditions such as particle 

material, size, and velocity. For instance, dynamic hardness of polymethyl methacrylate 

may vary from 970 MPa [88] to 2600 MPa [89] depending on testing conditions. It is 

unlikely that the micro-blasting impact conditions can be reliably imitated in dynamic 

hardness testing.  

According to concepts of ideally ductile removal mode, such mode does not leave 

cracks and thus is preferred over brittle mode for machining of solids where surface 

integrity is essential. Despite the common expectation, ductile cutting was observed on 

brittle materials at large impact angles [81]. It was explained [90] by the fact that local 

instant temperature at the impingement spot may rise up to 1500 K [91], which reduces 

material hardness and allows it to realize the ductile-brittle transition, for example on 

alumina ceramics [92]. Another approach to shift erosion from brittle to ductile mode is 

to reduce the kinetic energy of the impact particle below the threshold energy of crack 

generation [77]. For brittle materials, the ductile-brittle transition takes place from 6·10-7 

J  to 6·10-10 J [93]. However, again, after critical strain accumulation, the crack may occur. 

It should be remembered that the concepts of ideally ductile and brittle behaviour are just 

useful approximations.  
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Elastic removal mode 

Material removal in ductile or brittle mode, based on deformation and consequent 

crack propagation, inevitably lead to a change of sub-surface structure. Surface integrity 

is significantly influenced by the particle size [58]. Finer grains produce smaller plastic 

flow and depth of impaired surface. Reduction of particles size from 120 nm down to 40 

nm still have an influence over MRR, although produce no statistical effect on surface 

roughness [94]. In other words, material removal with nanoparticles may not be related 

to deformation and cracking. It was concluded that the removal mechanism was shifted 

from indentation mechanism to “surface-area mechanism” [94]. The particles trajectory 

model [95] demonstrates that the abrasive particle with a diameter less than 100 nm, turns 

away with the fluid flow just above the collision surface. Relatively large grains of more 

than 5 μm move in a straight line neglecting the turn of fluid flow and impacts the 

workpiece at almost initial impact angle. Such particle behavior is explained through the 

significant domination of the centrifugal force over the Stokes resistance while enlarging 

the physical size of the grain. At a definite ratio of particle mass to velocity, the normal 

force gradually turns to tangential and particles touch the substrate almost asymptotically. 

In the case where impact force is less than the threshold required for material deformation, 

merely an elastic interaction takes place. It was proposed by Peng et al. [95]–[98] to 

provide critically small contact forces and remove the material through the chemical 

impact reaction between particle and substrate. Chemical, or as proposed “elastic” 

material removal mode, is based on the surface hydroxylation effect and chemisorption 

theory [99]–[101]. When nanoparticles overcome the energy threshold under certain 

impact activation, the atoms allocated on the surface of nanoparticle would chemically 

connect to the substrate surface atoms to form a covalent bond with the surface distance 

about 1 nm. In one of the experiments, Peng et al. [95] smoothed the surface roughness 

down to 0.178 nm in Ra. Plastic scratches and pits obtained from the previously processed 

surface were removed away. Since the arrangement of each atom recovered back to its 

initial position, elastic interaction did not produce any defects to final surface integrity.  
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1.4.2 Particle velocity estimation 

 

The erosion mechanism and material removal rate are strongly connected to 

particles’ kinetic energy [74], [77], [102]–[104]. Since particle mass can be statistically 

determined by direct measurements, velocity in the opposite direction contributes to large 

mistakes in the estimation of particles’ kinetic energy.  

Direct measurement of particle velocity at a fast speed and small scale is very 

difficult. A number of experimental studies have determined particles’ centreline velocity 

using the double-disc method  [105], [106]. In this method, two discs, mounted on the 

same axis with a small gap in between, are rotated at a known speed. The accelerated 

particles penetrate through the radial slit in the top disc and leave the scratching marks on 

the bottom disc. The particle velocity is readily calculated from the known rotation speed 

of the discs, their separation along the axis of rotation, and angular displacement of 

scratching marks. However, it was proven that disc rotation creates powerful air flow 

disturbance, reducing particles’ velocity by around 10% and more when particles are less 

than 100 µm [107]. Due to variations in particle size and position within the airflow, 

previous measurements made with a double disk system showed around 50% particle 

velocity deviation in one setting using 22-µm abrasive powder [108]. Stevenson and 

Hutchings [106] used the opto-electronic method to measure the velocity of particles in a 

wide range of particles size, density, nozzle length and pressure. The authors noted that 

shorter or longer nozzles induced significantly different velocities at the same level of 

pressure, although this was not included in their empirical model. In addition, the model 

is applicable to particle velocities ranging from 16–85 m/s and thus cannot be applied to 

MAJM, in which particle velocity ranges from 100–250 m/s. Particle image velocimetry 

(PIV) has been proven to deliver instantaneous full-field velocity information, similar to 

MAJM process conditions [109]. Achtsnick et al. [110]–[112] used PIV to measure the 

velocity of 22-μm particles in a cylindrical nozzle with a diameter of 1.5 mm, showing 

that the particle velocity profile with the given jet width has a typical bell shape with up 

to 60% velocity deviation from the centreline. This velocity profile was supported by 

double-pulsed laser shadowgraphy [113], which measured 25-µm particles in a nozzle 

with a 0.76 mm diameter and particle velocity deviation of about 50% over the jet radius. 

Results of experimentations with 0.36- and 0.46-mm nozzles [114]–[116] at SOD, 

particle size, density and pressure comparable to those in [113], show almost-flat particle 

velocity distribution, with a velocity decrease of no more than 15% on the jet periphery. 

The experimental conditions of the discussed measurements are presented in Table 1.1.  
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Table 1.1. Experimental measurements of particle velocity in MAJM 

Author Method Experimental conditions 

  Nozzle 

diameter, 

mm 

Nozzle 

length, 

mm 

Particle 

density, 

Kg/m3 

Particle 

size, 

μm 

Air  

pressure, 

kPa 

Stand-

off 

distance, 

mm 

Flow 

rate, 

g/min 

Stevenson and  

Hutchings 

 [106] 

 

Opto-electronic 1.5–5 50– 

1000 

2500– 

5600 

 

63– 

710 

100–500  2 

Achtsnick  

et al.  

[110], [111] 

 

Particle image  

velocimetry 

1.5  3900 22 400–800 12 5 

Li et al.  

[114]–[116] 

 

Particle image  

velocimetry 

0.36– 

0.46 

7 3900 27 420–690 1–25 6 

Dehnadfar  

et al.  

[113] 

 

Laser  

shadowgraphy 

0.76 10 1600– 

7800 

25–50 300 20 4 

Hadavi  

et al.  

[117] 

Laser  

shadowgraphy 

1.5 40 3100 50 100–500 0–40 0.4 

 

The practical complexity of direct velocity measurements at a micro scale creates 

the need for further theoretical analysis of particles’ acceleration essence in order to find 

the solution for estimation of particles velocity. The centreline velocity in different AJM 

conditions can be predicted with an average error of around 15% [117]. However, particle 

velocity distribution across the jet is unclear and contradictory in the literature. Li et al. 

[114] mathematically estimated air velocity, based on which they developed a one-

dimensional numerical solution for centreline particle velocity and then distributed it 

statistically across the jet, using the Gauss error function to the measured velocity profile. 

Subsequent attempts were based mainly on this model and involved redetermination of 

the drag coefficient for angular particles [113], [117]. Worth mentioning, the model in 

[114] gives good prediction applying the drag coefficient of a sphere, while the model in 

[113] gives good prediction applying the drag coefficient of an angular particle. Not 

surprisingly, the model described in [114] under-predicts the results of the experiment in 

[113], while the model described in [113] overestimates the results of the experiment in 

[114]. In other words, the available models well described the experiments on which they 

were based but do not suit other experiments. A later study [116] included a high drag 

coefficient for angular particles in a Discrete Element Method Computational Fluid 

Dynamics (DEM-CFD) simulation that demonstrated a relatively flat particle velocity 
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profile. Other researchers used a CFD simulation to determine particles’ trajectory and 

second-strike footprint area [32]. In addition, particles’ interaction within a jet was 

analysed in [114]. Further, Burzynski and Papini [118] showed the mass flux that is 

sufficiently low to avoid interference between particles and can be used to simply the 

theoretical approach. Hadavi et al. [117] measured and modelled the instantaneous 

angular particle orientations in the air jet under typical AJM conditions and clarified the 

drag behaviour for highly angular non-isometric particles, which enables further 

refinement of the drag coefficient.  

 

1.4.3 Thermal aspect 

 

Similar to other tribological processes, solid particle erosion is a combined 

process; the mechanical load is related to the secondary thermal, chemical and physical 

reactions between the counterparts [119]. Physical reactions were extensively studied 

since the late 20th century(see section “1.4.1. Material removal mechanism”. The 

chemical reactions that occur during solid particle erosion were described by 

chemisorption theory. They were mainly based on the surface hydroxylation effect, which 

was used to develop an elastic removal mode for fluid jet polishing of surfaces to 

Angstrom-scale roughness (e.g. Ra = 1.8 Å), as described by Peng et al. [95]. In contrast 

to the other two reactions, there have been almost no studies on the thermal aspect of 

erosion, that gains no controlled advantages to erosion-based machining technologies. 

Localised deformation induced by the impact of particles and the adiabatic conditions 

prevailing at high strain rates may produce high temperatures. Since high temperatures 

affect the hardness and fracture toughness of the target, the thermal field has an influence 

on the erosion resistance of parts [55]. A significant increase in the erosion rate of 

ceramics was observed when it was heated to above 800 °C, presumably because the grain 

boundary softened [92]. Thus, the thermal aspect of erosion may reveal an additional 

factor that must be considered for process control. 

High erosion temperatures can have pernicious effects on, for instance, the surface 

treatment of biomedical implants. A popular type of stainless steel for bone substitution, 

316 LVM, includes martensite fragments after sandblasting [120], [121]. Because 

martensite is ferromagnetic, it limits the application of magnetic resonance imaging for 

clinical diagnosis. In addition, titanium-based alloys, which are commonly used to 

fabricate artificial hip joints [122], were reported to exhibit parabolic oxidation kinetics 

above 600 °C [123]. Corrosion and wear in artificial implants are a known synergic couple 
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[124]. Further, the magnesium-based alloys used in state-of-the-art biodegradable 

implants [125] are flammable when exposed to oxygen in their molten state, which occurs 

above 600 °C [126]. Because of the properties of the aforementioned biomedical 

materials, erosion-based machining technologies should be controlled to reduce the effect 

of thermal reactions. 

In 1989, Hutchings and Levy [127] reviewed studies on the thermal effects of 

erosion of ductile metals and discovered two contradictory results: no surface softening 

occurred, but there was evidence of recrystallization in the erosion debris and close to the 

surface regions. They revealed that the high temperature at a single impact is more likely 

to be caused when large particles are used at a high velocity. Significant heat 

accumulation at a spot being machined can occur only at a very high particles flow rate, 

and under normal AJM conditions, a steady state temperature does not have any negative 

consequences. Momber’s [102] brief overview of the thermal phenomena that occur 

during shot blasting showed that, in the contact zone, the temperature can increase by 

200–380 °C. However, Maeda et al.’s [91] theoretical analysis revealed that the instant 

surface temperature of a steel substrate may increase by up to 1500 °C when a 50-μm 

steel ball hits the substrate at 222 m/s. Wakuda et al. [90] reported the ductile response of 

a ceramic substrate to impacts by SiC particles, which is typical only at elevated 

temperatures [92]. Zhang et al. [81] presented SEM micrographs of melted surfaces 

(elongated stringers, rounded ends and half-bubbles) of alumina ceramics after airborne 

erosion by garnet sand, revealing that the garnet sand itself melted and splashed. Overall, 

there are multiple arguments supporting the hypothesis that erosion is a hot process. 

 

1.5 Influence of process parameters 

 

AJM process is affected by the process parameters, which may contribute 

differently depending on the combination of other factors and materials properties. 

Although, several dominating tendencies can be underlined. The independent process 

parameters involved in AJM were classified by Hashish [128] into two general groups 

and later into three groups by the Nouraei et al. [129], i.e., hydraulic, machining and 

abrasive parameters. 
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1.5.1 Hydraulic parameters 

 

Pressure directly affects the air flow velocity and, as an aftermath, the kinetic 

energy of the in-flow particles. Thus, an increase in pressure leads to the growth of MRR 

and surface roughness.  In µ-AJM, working pressure may vary from 0.2 to 1 MPa, that 

usually accelerates the 3 – 50-micron particles to 100…300 m/s. Due to boundary 

conditions between air jet and stable surroundings, abrasive jet velocity is non-uniform 

in both radial or axial direction. Li et al. [114] conditionally divided air flow into three 

velocity regions: initial, main and impact (figure 1.3). 

In the initial region, jet 

velocity preserves its speed in a 

form of conus with a base at the 

nozzle exit. The height of the 

conus is around 6.2 times of 

nozzle diameter for air jet and 

near to 100 times for water jet. 

The impact region is the area of 

abrupt flow deceleration and 

turning into parallel to workpiece 

surface direction. Inside potential 

core, air velocity is higher than 

that of the particle, thus the 

particle preserves its acceleration 

until it becomes faster than air. 

Particle reaches maximum 

velocity at the beginning of main 

region [115], [116] and then decelerates almost linearly as the distance increases [130]. 

 

1.5.2 Machining parameters 

 

Traverse speed is a speed of the reciprocal motion of the blasting nozzle relative 

to the machined surface. The speed selection is based on requirements of feature 

geometry. In precise etching by micro-blasting, the speed may fall down to 0.25 mm/s 

[131], [132]. The slower speed provides deeper erosion spot. Particle distribution in a 

flow cross section has normal character [111], consequently, the abrasive jet produces 

 

Figure 1.3. Scheme of the conditional division of jet 

velocity regions (left)[129] and microscope images 

of the AJM jet (right)[32]. 
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Gaussian shape footprint with a bottom at the distribution centre [133]. However, at some 

conditions, the machined profile can turn to the flat or even convex pattern, as was 

reported recently [30]. 

Feed step is a length of nozzle axis shift for each path alongside the previous one. 

Correct sequential groves overlapping with a small erosion depth provides surface 

flattening. To eliminate surface waviness, the feed step should be small enough to 

conjugate the flat regions of two bottoms, otherwise, sinusoidal surface profile occurs 

(Figure 1.4). 

Stand-off-distance is the distance between the nozzle exit and machined surface. 

In MAJM, SOD can be as small as several hundreds of micrometres. There are two effects 

of SOD: a) increase of SOD above initial jet region leads to a reduction of particle velocity 

[114], reducing both MRR and surface roughness; b) increase of SOD enlarges footprint 

width due to natural jet divergence. In MAJM, particle divergence angle is typically 

around 10° as noted by Ghobeity et al. [134]. Owning to CFD model of Kowsari et al. 

[32], the enlargement of the footprint is also connected to the effect of particles secondary 

impact. The kinetic energy of rebounded particles at the second impact can be large 

enough to erode the substrate again. The larger the SOD, the broader the trajectory for 

the second impact (Figure 1.5). The second strike area grows or falls when the convex or 

concave surface is machined, respectively [135]. 

 

  
Figure 1.4. W-shaped channel in glass  

[136] 

Figure 1.5. Particles trajectory at first- and 

second-strike [32]. 

 

Incidence or impact angle is an angle between nozzle axis and machined surface. 

Depending on the target hardness, nozzle inclination causes different aftermaths. Large 

angles (close to 90°) provide higher MRR in brittle materials [134], while the soft 

workpiece is cut more efficiently with the angles at around 20° - 30° [131], as shown in 
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Figure 1.6. The normal force component is dissipated to plastic deformation and to the 

propagation of intergranular microcracks, resulting in grains detachment. The tangential 

component of the impact force is mainly responsible for cutting and ploughing.  The 

presence of hard metallic grains in ceramic structure prevents it from cutting effectively. 

In the experiment [81], the erosion rate of alumina ceramics at 15° impact angle was 5 

times lower than at normal impact. On the other hand, owing to a minor normal 

component of impact force, there was smaller imprint depth and hence, smoother surface.  

 

 

Grain 

size, 

μm 

Material 

Density, 

g/cm3 

Vickers 

Hardness, 

kg/mm2 

Ref. 

 
1.2 250 [131]  

8.03 1373 [37]  
2.7 981 [37] 

<1 3.88 1800 [137] 

12.7 3.88 1720 [81] 

7.5 3.61 1340 [81] 
 

Figure 1.6. Normalized erosion rate of various materials as a function of impact angle.  

 

1.5.3 Abrasive parameters 

 

Abrasive size is the primary factors in any AJM approach. By increasing the 

abrasive size, a single particle obtains bigger mass and volume, resulting in higher kinetic 

energy, larger chips, rougher surface and higher removal rate [138]. An increase in 

particle size is limited by the nozzle diameter. Particle’s interactions within the stream 

can reveal a problem, even when the particle diameter is 15 times smaller than that of 

nozzle [86], [139]. Surface smoothening through the refining of abrasive fraction is 

limited by particles’ stratification. Smaller particles, possessing a higher area to volume 

ratio, are very sensitive to humidity level in a storage. Adsorption of moisture enhances 

interparticle adhesion [140], [141], affecting abrasive flow consistency [132]. The 

influence of particle size on embedding, which is  common in soft substrates during AJM 

[50], [52], [88], is not clear. It is obvious that embedding is proportional to particle kinetic 

energy.  On one hand, larger particle posse higher impact energy. On the other hand, Getu 

et al. [88] concluded that the likelihood of embedding is proportional to the static 

coefficient of friction between the particle and the substrate, which is independent of 

particle size and impact angle. In the experiment [54], all of the particles embedded were 

significantly smaller than the nominal particle diameter. It can be explained by higher 
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velocity of the finer particles. However, Hadavi et al. [117] measured and modelled an 

instantaneous particle orientation and concluded that larger particles are more likely to 

orient themselves in the jet direction than smaller ones and thus, are more likely to embed. 

Concerning the machining spot, fine abrasives are perceivable to air flow turbulence and 

thus impact the substrate at a broader area. More massive abrasives, possessing a higher 

centrifugal force, overcome the lateral air flow and interact with the surface at an almost 

initial angle [95]. Also, smaller particles can pass closer to the mask edge without striking 

the mask [142], e.g. by shifting particle size from 10 μm to 25 μm, 9% of channel 

narrowing was detected [143]. 

 

 Table 1.2. Influence of abrasive hardness on erosion rate [80]. 

 Material properties of the tested ceramic substrates 

Ceramic alloy 

Density (g/cm3) 

Young’s modulus (MPa) 

Vickers hardness HV (GPa) 

Fracture toughness KC (MPa/m) 

Flexural strength (MPa) 

ZrO2 

6.05 

210 

13.2 

7.0 

1200 

Si3N4 

3.2 

290 

14.2 

7.5 

1000 

Al2O3 

3.9 

390 

15.3 

4.2 

360 

SiC 

3.1 

390 

22.1 

2.5 

470 

A
b

ra
si

v
e 

p
a

rt
ic

le
s 

Aluminium oxide 

Mesh size 800  

Density (g/cm3) = 3.9 

Knoop hardness (HK) = 2100 

 

Silicon carbide 

Mesh size 800  

Density (g/cm3) = 3.1 

Knoop hardness (HK) = 2480 

Synthetic diamond 

Mesh size 800  

Density (g/cm3) = 3.5 

Knoop hardness (HK) = 7000 

 

Abrasive hardness directly affects to MRR. Wakuda et al. [80] blasted various 

ceramic substrates by abrasives with comparable angular shape and size, but different 

Knoop hardness. As it can be seen from Table 1.2, in the case of ZrO2 substrate, the 

erosion rate was almost independent of the abrasives hardness, such as workpiece 

hardness which was substantially lower than the hardness of any abrasives. For harder 

ceramics, the erosion rates were noticeably less for aluminium oxide and silicon carbide 

particles, although, not for synthetic diamonds. It was concluded that when the hardness 

of abrasives is close to substrate`s hardness, some part of the kinetic energy may be 

converted to deformation, heating, and fracture of the particles itself. On the other hand, 

when superhard particles were directed to the soft substrate, above described embedding 
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phenomenon may take place. Abrasive hardness has also direct influence on surface 

roughness. Alumina particles are not hard enough against the ceramic substrates to 

seriously engrave its surface. Wakuda et al. [90] explained this smoothening through the 

transition from brittle to ductile removal mode due to a high local temperature at the 

impact area [26-27]. In the case of superior hardness of synthetic diamond, there is no 

significant heat energy released during impact, such as a rough surface with large-scale 

brittle fragmentations was observed. Hence, application of superhard abrasives might 

serve for high machining efficiency, although conditional for surface smoothening.  

Abrasive flow rate is the mass of abrasive powder supplied to a mixing chamber 

per unit time. For MAJM, the typical flow rate varies from around 0.5 to 5 g/min [142], 

depending on purpose of the machining. The flow rate is affected by nozzle diameter, 

applied air humidity and pressure, abrasive size and shape, level and vibration of powder 

in the container, etc. Cylindrical nozzles have a Gaussian profile of particle distribution 

across the jet as well as Laval nozzle, however, the latter has a more homogeneous 

distribution [108], [111], [112]. When the abrasive jet approaches the surface, a different 

particles distribution may take place, resulting in V-,U- or W-shaped erosion profile 

depending on particles flow rate [30]. However, a further study is needed to understand 

and evaluate the effect of particle flow rate on its cross-sectional distribution. According 

to the mathematical model of Fan et al. [144], the MRR (g/g) is inverse to flow rate, such 

that additional particles decelerate fluid flow and reduce the amount of kinetic energy 

distributed to a single particle. However, if the increase of abrasive flow rate is 

accompanied by the parallel increase of pressure, process productivity (volume 

removed/time (g/s)) increases. Particles may pack together and form local cavities in the 

powder reservoir which may produce significant variation in the particle mass flow. Such 

variations alternate the MRR and channel depth. Vibrational feeders with in-suit powder 

dryer demonstrated performance with 3 – 9 μm particles [77], [145], [146], however, the 

flow reputability was not reported. Unfortunately, no reports on performance with such 

small particles are available in literature for air-pressurized powder feeding systems. In 

order to ensure the best flow consistency, the following recommendations were given 

[132]: 

➢ The use of a powder reservoir-mixing device; 

➢ The low powder level in the reservoir; 

➢ The use of desiccant and refrigeration-based air dryer; 

➢ The placement of packets of desiccant in all powder storage containers.  
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1.6 Capabilities and applications 

 

This section explains the AJM strengths and weaknesses and demonstrates the 

diversity of manufacturing operations in different industries where AJM approaches are 

applied. Achievements in micromachining of regular patterns by MAJM and its potential 

for tribological applications are also analyzed. 

 

1.6.1 Technological advantages and drawbacks 

 

The diversity of AJM approaches provide various important advantages compared 

to conventional machining technologies. Some of them are listed below:  

• Manufacturing in the extensive range of machining scales, from macro [71] to 

micro [147]. The process is almost boundless by the size and shape of the 

workpiece.  

• Cutting process sustainability. Compressed air jet extracts the machining debris 

from the cutting zone, creating flow conditions of chip removal on a majority of 

operations, except high aspect ratio [65]. Abrasive jet is continuously re-

sharpening its “cutting edge”. The process is not sensitive to the nozzle/workpiece 

gap fluctuation due to vibrations or thermal expansion [147]. 

• Process control flexibility. Machining spot, MRR, and surface roughness are 

easily changeable through the numerous process parameters. 

• Slow tool wear with soft consequences. Gradual nozzle wear does not create 

abrupt distortions to process accuracy for a prolonged operating time [148] in 

contrast to conventional cutting where cutting edge radius is crucial. In most cases, 

MAJM does not leave machining signature, moreover, it removes cutting marks 

from prior processes [56].  

• Improvement of metallic surface properties. Plastic deformation imposed during 

blasting yields subtle subsurface microstructural changes such as grain size 

refinement, martensite formation and work hardening [149]. 

• Cost-effectiveness. Micro-abrasive blasting has minimal equipment costs and 

expenditure during exploitation comparing to conventional milling, polishing and 

etching technologies [150]. Abrasives can be recycled [151]. 

Despite the listed advantages, several process drawbacks are reducing its 

technological competitiveness: 
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o The geometry of machined feature is tapered [152];  

o A subsurface layer of brittle materials is impaired by micro-cracking [77]; 

o The removal rate can be unstable due to the poor flow consistency of fine particles 

[132]; 

o The feature size is limited by the nozzle diameter and particles stratification. 

o Masked AJMM is associated with many operational steps, mask wear and blast 

lag [74]. 

 

1.6.2 Assignment and areas of applications 

 

AJM has almost ubiquitous manufacturing feasibility. Materials abrasion 

operation using non-fixed particles can be implemented to the technological map of detail 

on many stages of the manufacturing process. AJM can be applied to a coating [153] or 

welding as pre- or post-operation [154], providing removal of rust, scaling, remnants of 

ingrained oil or outworn coatings. The productivity of MAJM approaches, except AWJM, 

does not exceed a few g/min, for instance, up to 5 g/min in micro-blasting [155], thus it 

is not used for bulk formation. On the other hand, a small machining spot is highly 

applicable for sheet material cutting, spatial surface polishing, drilling, and patterning. At 

some conditions [156], surface strengthening can also be obtained as a result of the 

peening effect [157]. In post-machining stage, AJM has gained increasing acceptability 

for deburring applications [158]–[160] as well as for removing craters and cavities formed 

in the recast layer, for instance, after electrical discharge machining [161]. List of 

operations provided by AJM is shown in Figure 1.7. In metallurgy, the abrasive jet is 

used for the cleaning of cast blanks from moulding and baking. In electronics and 

instrumentation, micro-blasting is utilized for machining microfluidic devices [162] and 

a new generation of precise optics [48]. In civil engineering, sandblasting is considered 

to be one of the most effective techniques for rust and graffiti removal [163], [164]. Ice 

jet machining supplants a “kitchen knife” in food [63] and medical industries as an 

effective cleaning and disinfection method [64], where low processing temperatures are 

required to avoid bacterial growth. AWJM was adapted in the textile industry for cutting 

and cleaning of garments materials [165]. Decorative patterning and drawing of images 

on coloured stones and glasses using stencils promotes utilization of AJM in art. Due to 

the absence of heat generation and consistent sharp “cutting edge”, MAJM has the 

potential application as a substitute to solid instruments in orthopaedic surgery [38], 
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[166], [167], plastic surgery, neurosurgery [168], dermatology [169], urology and 

medical implants manufacturing [170]. 

 

 

Figure 1.7. The functionality of Abrasive Jet Machining. 

 

1.6.3 Texturing capabilities 

 

Surface patterning is a process of modifying surface topography in order to create 

a uniform microrelief composed of regularly distributed asperities or depressions with 

controlled geometry [171]. Starting from 2000, there is a trend of MAJM application for 

texturing purposes [145], [162], [172]. Higher operational resolution and finer surface 

patterns were promoted by the manufacturing needs of semiconductors, electronic 

devices and LCD [173].  

The current limit of MAJM patterning resolution of around 10 μm was reached 

two decades ago. In 1999, Slikkerveer et al. [145] machined channels with the width of 

500 – 100 μm  in glass by 23 μm particles with erosion depth homogeneity of within 5%. 

They concluded that the dimension of a pattern is limited by the mask wear and edge 

damage, predicting minimum feature size of around 10 to 20 μm. A few years later, 80-

μm wide channels in glass were presented by Park et al. [173] and at the same time, 

Technological operations 
of Abrasive Jet Machining

Pre-machining

• Surface rust and scaling removal

• Surface oil and coatings removal

• Surface preparation for coatings

• Edges preparation for welding

Main machining

• Workpiece geometry fitting.

• Surface roughness reducing

• Surfaces material strengthening

• Micro-grooving and pitching

• Decorative surface patterning

• Matte or glossy surface obtaining

Post-machining

• Defective surface layer removal 

• Local surface defects removal

• Deburring and rounding of edges

• Seams machining after welding
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50x50µm pockets for micro mould dies in stainless steel [174]. An extreme feature size 

of 10 μm wide channels were achieved by Wensink [146] in 2002 (see Figure 1.8). The 

first obstacle for patterning in the lower end of micro-scale is a suitable mask material 

which can define such feature size. Wensink [146] proved an excellent erosion resistance 

and high suitability of electroplated copper for 10 μm mask openings. Meanwhile, 

photoresist SU8 and Rayzist masks allow the minimum feature size of 75 μm and 80 μm, 

respectively [175]. Under this limit, the mask structures do not open anymore, and 

abrasives were impeded to hit the target. The second obstacle is an application of fine 

particles, as small as 3 µm, that are connected with the flow consistency problem. 

Neglecting vibratory feeding systems, a powder flow repeatability problem can be 

observed even with particles as large as 25 µm [132]. Also, with such a small particle, 

due to the low kinetic energy, brittle fracturing transits to ductile removal mechanism 

[77]. This leads to a very bad selectivity between the mask and the substrate, which makes 

it difficult to machine 100 µm channels with aspect ratio deeper than 2.5 [146]. The third 

is the minimum crack length in the target material. According to the erosion model [77] 

the smallest lateral crack, for example in Sola-lime or Pyrex glass, is around 6 μm, that 

can significantly impair the edge geometry of the 10 μm wide channel. From this position, 

particle energy should be lower than the energy threshold for lateral crack origination, 

which turns erosion in ductile mode and improves the edge geometry of the channel but 

causes the reoccurrence of the mask selectivity problem. 

 

   

a b c 

Figure 1.8. MAJM texturing resolution: a) 500-μm wide channel profile blasted by 

two cross nozzles in glass using 30-µm particles [145]; b) 70-µm wide channels in 

silicon using 9-μm particles [146]; c) 10-μm wide channel blasted in glass using 3-μm 

particles [146]. 

 

 

 

 



 

20 

 

1.7 Potential of micro-blasting in surface bio-

functionalization 

 

1.7.1 Development of surface area for improved osteointegration 

 

The demand for specific surface finishes of biomedical devices has grown over 

the past 20 years [176]. Of the most common materials in the bio-market, including Co-

Cr-Mo, Ti-6Al-4V and 316LVM, cobalt-chromium alloys are preferred for metallic 

implants in joint-bearing applications as they possess superior mechanical properties and 

excellent biocompatibility and tribological performance [176], [177]. The long 

rehabilitation period after implantation and, in some cases, loss of the implant are 

associated with low osseointegration ability [22]. Osseointegration, defined as a bone 

formation at the implant`s surface, is affected by the mechanical aspects and chemical 

and physical processes [178]. The simplest way to enhance osseointegration is to enlarge 

the contact area between the implant and bone. A modified topography with various 

micro-structures, like channels or pores, providing greater contact area and mechanical 

interlocking, has been demonstrated to have a positive impact on bone ingrowth [122]. 

Importantly, ‘the mechanisms underlying cell response to the surface pass through 

proteins adsorbed on surfaces, cell membrane receptors and cytoskeleton molecules, all 

of them being at the nanometre scale’ [179]. Thus, further enhancement of 

osseointegration can be achieved through nanoscale surface texturing. At the same time, 

bone biology relies on specific anabolism/catabolism turnover, and bone formation and 

remodelling require spaces greater than 50 μm [180]. Consequently, the ideal surface for 

osseointegration must have a nano-texture on its micro-texture that is large enough to 

enable full calcination of the bone tissue generated between them. Rough surface 

topography produced by grit-blasting has been already verified to produce higher removal 

torque in biomechanical tests [181]. It is thus important to investigate the influence of 

micro-blasting process parameters on nano- and micro-scaled topography of the eroded 

surface. 

The performance of manufacturing technologies in terms of surface roughness is 

often characterised by only the amplitude parameters of Ra and Rz. However, the 

performance of the surface itself (e.g. friction, wear, corrosion, adhesion, lubrication 

capacity, contact deformation, optical reflectivity, heat convection, electric current 

conduction, hydrophilicity, osseointegration) is greatly influenced by both the vertical 
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and horizontal characteristics of surface topography. Two surfaces machined using 

different methods to achieve the same Ra almost inevitably have features with different 

shapes [182], which may result in a substantially larger surface area and variations in 

biochemical performance. In this regard, the height characteristics of the surface profile 

should be complemented by the spacing characteristics. Unfortunately, few 

characterisations of eroded surfaces were conducted in such way in literatures. The 

studies that have explored the surface roughness generated by micro-blasting are 

summarised in Table 1.3. Most of them quantified only amplitude parameters, that did 

not fully exploit the possible advantages of micro-blasting applications in many fields 

associated with surface engineering. Jafar et al. [183] predicted surface skewness, kurtosis 

and waviness, but discussed them within only a few sentences. Additionally, although 

peak density is shown in a few images of a blasted surface profile in [184], it was not 

discussed. To the author’s knowledge, the area parameters of a blasted surface have not 

been analysed except in short communication articles [185]. 
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Table 1.3. The data on surface roughness of micro-blasted surfaces available in literature. 

Study Target 

material 

Nozzle Abrasives Roughness parameters  

Diameter, 

mm 

Pressure, 

MPa 

Distance, 

mm 

Angle,  

deg. 

Particles, 

µm 

Size,  

µm 

Velocity, 

m/s 

Ra,  

µm 

Other   

Wensink [146] Glass 1.5 0.1–0.45  15–90 Al2O3 3–30 100–280 0.9–2.5   

Park et al. [173] Glass 8 0.25 110 90 Al2O3 25  0.5–0.8   

Jafar et al. [183] Glass 1.5 0.1–0.2 10 30–90 Al2O3 50–150 45–107 2–4.4 Rq, Rsk, Rku  

Jafar et al. [186] Glass 1.5 0.1–0.3 10 30–90 Al2O3 25–150 57–162 1–4   

Jafar et al. [70] Glass 0.76 0.1 20 90 Al2O3 100  3.3–4 Wa  

Achtsnick et al. [187] Glass 6.35 0.4–0.8 16 90 Al2O3 40 120–376 1–2   

Achtsnick et al. [112] Glass 6.35 0.8 12 90 Al2O3 40 290 0.5–3   

Achtsnick et al. [175] Glass,  

Su8 

ANSI 316 

Copper 

Zinc 

1.5 

1.5 

1.5 

1.5 

1.5 

0.2–0.8 

0.2–0.8 

0.2–0.8 

0.2–0.8 

0.2–0.8 

10 

10 

10 

10 

10 

90 

90 

90 

90 

90 

Al2O3 

Al2O3 

Al2O3 

Al2O3 

Al2O3 

22 

22 

22 

22 

22 

70–220 

70–220 

70–220 

70–220 

70–220 

0.5–1.2 

0.7–1.1 

0.3–0.5 

0.4–0.9 

0.4–0.8 

  

Ally et al. [188] 6061-T6  

Ti–6Al–4V 

316L SS 

0.76 

0.76 

0.76 

0.4 

0.4 

0.4 

20 

20 

20 

90 

90 

90 

Al2O3 

Al2O3 

Al2O3 

50 

50 

50 

106 

106 

106 

1.30 

1.13 

1.46 

  

Lian and Chen [189] Silicon  0.25 80 90 Al2O3 28–40  0.8–2.5   

Barbatti et al. [190] TiCN/κ-Al2O3  0.05–0.3  90 Al2O3 50  0.04–0.1 Rz   

Bouzakis et al. [191] TiAlN  0.2–0.4 100 90 Al2O3 10–100   Rt   

Hallmann et al. [170] Zirconia   0.1–3.5 10 90 Al2O3 30–100  0.4–0.65   

Su et al. [138] Y-TZP  0.1–0.6  90 Al2O3 50–110  0.2–0.4   

Kowsari et al. [137] Sint. alumina 1.7 0.2 20 90 Al2O3 10–25  0.75–1.5   

Jacob et al. [31] Fe-Carbide  0.3–0.6  90 Al2O3 50  0.15–0.3 Rt   

Qu et al. [161] WC-CO 6.35 0.14–0.28  90 SiO2 4–20 >100 0.6–1.3   

Menga et al. [192] PTFE 6 0.16–0.8 53–253 90 NaHCO3 270   Rq  

Valverde et al. [185] Titanium 11.5  1.25 90 Al2O3 50–150 75–150 1.9–3.1 Sdr  

Ourahmoune et al. [193] PEEK 8 0.5 80 90 Al2O3 50–250   1–5 Sds  

Flanagan et al. [184] Aluminium  0.41 80 90 Al2O3 13–1200  0.5–22 Rz, Rq, Rpc  
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1.7.2 Enhancing adhesion of antibacterial coatings 

 

Prevention of biomaterial-associated infections (BAI)  remains a challenging 

problem in life prolongation of bio-implants [194], [195]. Formation of a biofilm 

consisting of bacteria and its products on the implant surface is considered the major 

component in the pathogenesis of BAI [196] contributing 27% to the statistics of 

arthroplasties failing [21]. Recently developed antimicrobial epoxy-based coatings show 

an excellent performance against bacterial colonization and the most common BAI 

Staphylococcus aureus [195]. The following issue is that the orthopaedic and dental 

implants are often inserted or screed into the bone under high mechanical load and work 

under cyclic loading [197]. High contact stress causes coating delamination [198], 

exposing the implants’ surface to the surrounding environment. In general, the improved 

coating quality is repetitively requested in the nowadays biomedical device sector [176], 

[177], [199].  

Baldan [200], reviewing several hundreds of adhesion-related studies, concluded 

that “the surface pretreatment is, perhaps, the most important process step governing the 

quality of an adhesively bonded joint”. In manufacturing practice, the coating step always 

follows after some form of mechanical or chemical etching of the substrate. This approach 

is based on the perception that removes loose contaminated layers and make the surface 

“rough”. Numerous papers and book sections discussed that the rough surface results in 

more adhesion and mechanical interlocking, yet only a few discussed why and which 

parameters and values of roughness are relevant. Bouzakis et al. [201] explained an 

improved adhesion of eroded surface through the deformation and removal of a soft 

metallic binder around the hard carbide grains, which facilitates interlocking and atomic 

movements at the film/substrate interface. To maintain the effect, they suggest keeping 

the total profile height Rt below the carbide grains radius. Dune at al. [202] explained that 

the severe plastic deformation during grit-blasting elevates area/volume ratio of the grains 

and dislocation density in the subsurface, and consequently such structure stores larger 

amounts of energy. Flanagan et al. [184] continued that the fine-grained microstructure 

produced in the bulk material by severe plastic deformation is more reactive, that 

facilitates chemical bonding at the interface between the substrate and adhesive [203]. 

They also suggested keeping a balance between peak count Rpc and maximum profile 

height Rz, so the viscous adhesive can flow through the topographical features [184]. 

Abrao et al. [204] mentioned that the good gripping or locking “ability” of the surface is 

inherent to low kurtosis Rsk and a positive skew Rku values, which are typical for cutting 
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processes, such as turning and milling. Shahid and Hashim [205] observed that the 

cleavage strength of mild steel blasted with 90 – 560 μm alumina particles is proportional 

to average profile height Ra and length Rlo, concluding that it is attributed to an increase 

in surface area and surface free energy (SFE). However, no clear correlation was found 

between Ra and wettability for a range of engineering materials after polishing [206] and 

plasma treatment [207], yet the correlation appeared when Ra was combined with the 

profile length Rlo and relative material ratio Rmr [206]. The results of Laouamri et al. 

[208] demonstrated that the critical load of delamination of acrylic coating is inverse to 

Ra value of soda-lime glass blasted with rough-rounded 350 – 480 µm sand particles. In 

author’s opinion, it might be due to the deteriorated surface integrity of glass substrate by 

radial/median and lateral cracks system, as described in [77]. Puneet et al. [209] blasted 

high-speed steel with 15 and 50-μm Al2O3 particles prior to TiN coating and also observed 

that the coating life is inverse to Ra. Puneet et al. suggested that higher Ra value after 

blasting might develop stress concentrated zones facilitating delamination. Harris and 

Beevers [210], Critlow and Brewis [211] and other authors found no appreciable growth 

in joint strength with increasing the substrate roughness. In other words, “the rougher the 

better” does not apply. Moreover, data in [210] demonstrate that the surface with higher 

roughness and larger area exhibited lower free energies, which is thermo-dynamically 

inconsistent. They observed that a small residual amount of Na and Mg on the steel 

substrate blasted with alumina particles cause a considerable shift in the polar component 

of SFE. It was therefore considered that the lower SFE of rough surface might be 

attributable to changes in surface composition. It is worth to mention that many studies, 

discussing effect of surface area, simply assumed it proportional to Ra or utilized the 

equipment with insufficient resolution. Increment of adherend’s area and SFE is the 

primary objective of pretreatment with respect to diffusion theory [200]. Higher SFE of 

the adherend results in the higher work of adhesion with coating. In 1805, Young [212] 

postulated that SFE of solids (J/mm2) determines its wettability. The effect of surface 

roughness on wettability was established by Wenzel [213] in 1936. In his expression, only 

the area increment of rough surface matters, whereas the shape of roughness does not. It 

suggests that the developed area ratio Sdr roughness parameter and a contact angle of 

liquid droplet could be used to control the surface preparation. However, Wenzel’s theory 

is now in crisis [214], [215] and it is not clear whether wettability is a relevant indicator 

for coating quality assurance. 
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1.7.3 Tribological micro-patterning for improved articulation 

 

Surface texturing capabilities of MAJM are often associated with microsystem 

fabrication. This paragraph demonstrates a poorly recognized but powerful prospect of 

AJM micro-patterning facilities for tribological purposes, using an example with 

extremely restricted requirements – artificial implants. 

 

Friction-induced wear of orthopaedic bioimplants 

Up to 80% of all the surgical revisions of joint prostheses must be performed due 

to loosening of the implant caused by sliding wear [22]. The most successful total joint 

replacements, yielding 90% success rate over 15 years period, are based on polyethylene-

on-metal friction pair [216]. Owing to the low thermal resistance of polymers, such 

machining methods like grinding or laser fabrication produce thermal damage and thus 

are inappropriate. Conventional machining of metals is characterized by the presence of 

surface topography and  defects like surface roughness, cracks, scratches, cavities, burrs, 

etc. Indicated surface imperfections are responsible for polyethylene wear acceleration, 

and consequently for bearing life shortening of about one order of magnitude [217], [218]. 

Another problem occurs during exploitation: bone cement debris left in the articulating 

surfaces during surgery or metallic carbides debris formed in the contact area during 

articulation. Both produce damage and accelerate the wear rate [219].  

 

Surface texture and wear 

Abrasion, the dominant mechanism driving wear, is closely related to surface 

roughness. Thus, new manufacturing technologies were developed with a focus on 

smoothing surfaces in recent years. However, when roughness was decreased to 20–80 

nm (Ra), another contact mechanism — adhesion — started to dominate and accelerated 

the wear rate [220], [221]. Therefore, the resource of conventional approach to wear 

reduction through the surface smoothing was exhausted. In the past few decades, a new 

approach—surface patterning—was found to be highly beneficial for tribological 

purposes. Machined micro-dimples on a bearing surface serve three important functions: 

trap worn particles [222], preserve lubricant [223] and maintain hydrodynamic pressure 

[224], [225]. Some attempts to realize micro-pattern on the articular surface of 

orthopaedic bioimplants is shown on Figure 1.9. Those 1 mm drilled blind holes were 

designed to collect the bone, cement and metallic debris, preventing them from getting to 

biological environment. In addition, the holes may store the synovial fluid and supply it 
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to the frictional surface, mitigating the wear rate [226]. Nakanishi et al. [227] have used 

micro AWJM to polish (1 nm in Ra) and engrave (1-mm wide groves) the surface of Co-

Cr-Mo alloy by means that reduced the wear rate of prosthesis fourfold in comparison to 

a conventional mirror finish surface. Today, the size of these holes typically ranges from 

50–1000 μm, with a depth of 5–100 μm [177]. Recent studies [228] have reported that 

surfaces tailored with 4-μm dimples demonstrate excellent tribological performance and 

that the optimal ratio of the dimpled area to the total surface area is around 10–20% [229], 

[230]. At such a scale, around 1 million 4-μm dimples must be generated to cover a 

surface area of 1 cm2. This means that most machining technologies conventionally 

applied for surface texturing cannot be used. In addition, there is a growing trend of 

creating frictional parts out of super-hard materials, like ceramic. Thus, the development 

of micro-machining technologies for tribological surface tailoring of hard-to-machine 

materials is an important challenge that must be overcome to reduce wear. 

 

 

Figure 1.9. Cobalt-chrome alloy head (D = 26 mm) with concave pattern (d = 

0.5 mm, h = 0.1 mm) [231]. 

 

Need for a new surface texturing approach 

 How to generate micro-dimples with the required geometry, concentration and 

distribution on a hard-to-machine free-form surface? In addition, which machining 

technology, in such conditions, could provide an adequate process productivity and have 

commercially viable manufacturing costs?  

There are two main groups of micro-machining technologies that can be used for 

subtractive surface texturing. One is characterised by rigid kinematic contact between the 

workpiece and tool. Of the technologies in this group, micro-drilling, milling and vibro-

indentation are impractical due to the extremely high number of required micro-features; 

plateau honing cannot be used for free-shaped surfaces; and grove shaping via micro-

rolling results in high contact loading, which is unacceptable for precise and delicate free-
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form frictional parts. Additionally, all of these methods lead to a lot of wear on tools. The 

other group includes non-contact machining technologies. Of these, electrochemical and 

photochemical texturing methods cannot be used for polymers and ceramics [171], 

electrical discharge machining (EDM) forms a recast layer with surface craters and 

cavities [161] and laser machining produces thermal damage, such as melting, flow and 

severe bulges, burrs [232] and bulges [233]. Hence, a new and commercially viable 

micro-machining technique that is capable of performing surface roughness tailoring on 

a large area is in great demand. 

 

Micro-blasting as a new tribo-texturing technique 

Micro-blasting may be a solution as it avoids the drawbacks related to surface 

integrity, process complexity and costliness in other techniques.  

To produce dimples and channels as small as 75 μm [175] and 35 μm [146], 

erosion can be localised by placing a masking film with small openings on a machined 

surface. However, the application of masks significantly complicates and lengthens the 

texturing process and increases manufacturing costs by adding steps like surface 

preparation, mask manufacturing and docking to the substrate, blasting, mask removal 

and surface cleaning. Today, nozzles as small as 𝑑𝑁 = 125 µm are commersially avalable, 

giving a prospect for the maskless MAJM. Development of maskless MAJM promises 

simplisity and higher fabrication speed of micro-channels on microfluidics, MEMS and 

in our case for tribology. For the sake of texturing resolution, the nozzle must be alocated 

in a close proximity to the substrate. Evolution of micro-channels eroded under small 

SOD did not received light yet. To our knowledge, no research teams had approached the 

surface closer than SOD = 20𝑑𝑁. Perhaps the only examption is the recent work of Li et 

al. [30], where the evolution of micro-hole geometry on glass was studied with SOD = 

2𝑑𝑁. They shown that in such conditions, a convex, flat and concave surface contours 

appear when varing pressure, abrasive dose and flow rate. Eroding µ-channels on metals 

is another gap. Having the highest erosion resistance amoung brittles, elastomers, and 

photo-resists [175], metals were considered as mask materials and not as the substrate. 

Regarding biomedical alloys, the evolution of masked and unmasked channels was 

studied on 316L stainless steel and Ti-6Al-4V by Ally et al. [188], however only for a 

large SOD (26𝑑𝑁). The volumetric erosion rate of these alloys was for one order of 

magnitude lower than that in glass and polymers. Based on that Ally et al. [188] suggested 

that MAJM of metals could suit for etching of relatively shallow features, or in cases 

where a high degree of control of etch depth is desired. Such pecularities are beneficial 
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for tribological texturing, where both, shallow features and a repeatable depth, are 

required. In case when a high number of micro-features smaller than 50 μm are requreid, 

the single tool approaches are no longer productive or commercially viable. In the existed 

modifications of micro-blasting [25], the abrasive jet is always used as a single tool, 

similarly to laser beam. However, in opposite to laser ablation, the nature of erosion is 

discrete. It can be used to realize the multitool machining approach, where each abrasive 

particle is assigned to form a separate micro-pocket.  
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1.8 Objectives 

 

There is a clear need for a cost-effective surface treatment technology, which 

could enable mass production of the life-prolonged bio-implants. Even though many 

researches has been done on MAJM so far, only a little portion of it focused on 

functionalization of bio-implants' surfaces. As result, case-relevant materials and aspects 

of the process were not addressed. Attention must be given to the controlled development 

of a specific surface topography to enhance osteointegration, adhesion strength and 

scratch resistance of antibacterial coatings, mask-less fabrication of tribological micro-

channels and overall tailoring of surface topography for tribological purposes. To address 

the above-mentioned aspects, the response of biomedical materials to particle’s impact in 

terms of surface topography, chemistry and micro-structure must be analysed. The 

substrate deformation, fracturing and heating at such strain rate is a scarcely empirical 

subject, and theoretical studies are necessary. These theoretical studies require for precise 

controlling of the particles impact velocity. The practical complexity of direct 

measurements of particle velocity at a micro scale creates the need for further theoretical 

analysis of fluid dynamics in MAJM. The objectives of this thesis are drawn as follows: 

(1) Fundamental study on particle velocity: to examine the particle velocity field in 

MAJM and develop a robust analytical tool for managing the particle velocity. 

(2) Fundamental study on erosion temperature: to explore the thermal aspect of 

MAJM and develop tools for avoiding/mitigating thermal damage of metals. 

(3) Fundamental study on fracturing erosion mechanism: to clarify the nucleation 

depth of lateral crack, predict crater depth, surface roughness and erosion rate 

during MAJM of brittle materials. 

(4) Applied study on machined-area development: to investigate the influence of 

MAJM process parameters on amplitude, spatial and hybrid roughness parameters 

of the eroded metal surface and develop the corresponding prediction models. 

(5) Applied study on enhancement of adhesion: to identify and enhance the factors of 

surface integrity, responsible for scratch resistance of antibacterial coatings. 

(6) Applied study on fabrication of tribological micro-channels: to identify the 

influence of MAJM process parameters on the evolution of micro-channels depth, 

width and fabrication speed on biomedical alloys. 

(7) Applied study on rapid tribo-treatment: to develop a cost-efficient and productive 

technique for tailoring surface bearing indexes by using mask-less micro-blasting. 
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2 Particle velocity in micro-abrasive jet 

machining 

 

Nomenclature used in this chapter. 

 
AJM abrasive jet machining 𝜃𝑝 particle divergence angle 

PIV particle image velocimetry 𝜃𝑝𝑟 local particle divergence angle 

DRT drag resistance transition 𝑅𝑖 gas constant 

SOD stand-off distance 𝑅𝑒𝑁 Reynolds number for nozzle 

𝐴𝑝 particle cross section area 𝑅𝑒𝑝 Reynolds number for particle 

𝑎𝑝 acceleration of particle 𝑅𝑧 surface roughness 

𝐶𝑑 drag coefficient 𝑟𝑙𝑖𝑚 critical pressure ratio 

𝑑𝑁 nozzle diameter 𝑟 relative nozzle radius 

𝑑𝑝 particle diameter 𝑟𝑎 local air flow radius 

𝑓 friction factor 𝑟𝑐 local potential core radius 

𝐹𝑑 drag force 𝑟𝑝 local particle flow radius 

𝜑 sphericity factor 𝑟𝑁 nozzle radius 

𝑖 sequential numbers of axial segment 𝑇 temperature 

𝑗 sequential numbers of radial segment 𝑣𝑎 averaged air velocity 

𝑘 adiabatic exponent 𝑣𝑎 𝑚𝑎𝑥 maximum air velocity 

𝐿𝑎𝑟 length of radial segment 𝑣𝐿 Laval velocity 

𝐿𝑎𝑠 length of axial segment 𝑣𝑎 (𝑥,𝑟) air velocity profile inside nozzle 

𝐿𝑐 length of the potential core 𝑣𝑎 (𝑥,𝑦) local air velocity in free flow 

𝐿𝑁 nozzle length 𝑣𝑎 (𝑥,𝑦=0) air centerline velocity 

𝑙 number of axial nozzle segments 𝑣𝑎 𝑒𝑥𝑖𝑡 air velocity at nozzle exit 

𝑚 number of radial nozzle segments 𝑣𝑝 particle velocity 

𝑚𝑝 particle mass 𝑣𝑝(𝑥,𝑦) local particle velocity 

𝜇 dynamic viscosity 𝑣𝑝(𝑥,𝑦=0) particle centerline velocity 

𝑛 empirical exponent 𝑣𝑝(𝑖,𝑗) particle velocity in segment (i,j) 

𝑝 air pressure 𝑣𝑝 𝑒𝑥𝑖𝑡 particle velocity at nozzle exit 

𝑝0 ambient pressure 𝑣𝑝 𝑚𝑎𝑥 maximum particle velocity 

𝑝𝐿 pressure loss 𝑥(𝐷𝑅𝑇) axial location of DRT 

𝜌𝑎 air density 𝑥 axial coordinate 

𝜌𝑝 particle density 𝑦 radial coordinate 
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2.1 Particle velocity modelling 

 

2.1.1  Air flow velocity inside nozzle 

 

A converging cylindrical nozzle facilitates the Venturi effect, accelerating the 

flow velocity of fluid due to differences in pressure. In AJM, air flow characteristics 

determine particles’ acceleration and, consequently, their kinetic energy. In MAJM that 

employs an internal nozzle with a diameter below 1 mm, application of Laval nozzle 

geometry is impractical due to the complexity of its manufacturing and shortness of its 

servicing time. The most common type of nozzle for micro-scale blasting is cylindrical 

with a constant cross-sectional area after the converging region. In the converging region 

of the nozzle, the ratio of ambient to internal air pressure results in an increase of air 

velocity that can be described by the Bernoulli equation for compressible flow. Maximum 

air velocity, 𝑣𝑎 𝑚𝑎𝑥, is limited by the local speed of sound, known as Laval velocity 𝑣𝐿:  

𝑣𝐿 = (𝑘
𝑝

𝜌𝑎
)

1

2
= (𝑘𝑅𝑖𝑇)

1

2,    (2.1) 

where the absolute temperature, 𝑇, the ideal gas constant, 𝑅𝑖 = 0.287 (kJ/kg*K), and the 

adiabatic exponent, 𝑘 = 1.4 , are taken as constants; 𝑝  and 𝑝0  are the absolute and 

atmospheric air pressure, respectively, and 𝜌𝑎 = 𝑝/(𝑅𝑖𝑇) is air density. Laval velocity is 

achieved at the critical pressure ratio 𝑟𝑙𝑖𝑚: 

𝑟𝑙𝑖𝑚 (
𝑝0

𝑝
) = (

2

𝑘+1
)

𝑘

𝑘−1
     (2.2) 

The critical pressure of air is around twice of the ambient pressure. As an operating 

pressure below 200 kPa is insufficient for appropriate particle acceleration in MAJM, this 

model considers only cases in which the working pressure is above the critical pressure, 

and thus, 𝑣𝑎 𝑚𝑎𝑥 is always equal to 𝑣𝐿. 

One-dimensional flow analysis with isentropic expansion, as in [102], [108], 

neglects friction on the nozzle wall and its effect on air velocity, which may contribute to 

prediction error. Near the nozzle wall, the nature of air flow transitions from turbulent to 

laminar. The thickness of the laminar layer is a small percentage of the nozzle diameter 

and mainly depends on the surface roughness of the nozzle wall and Reynolds number 

[27, 28]. Due to shear stress at the nozzle wall, the velocity in a laminar layer is 

significantly lower than the turbulent flow at the nozzle centreline. There is no exact 

analytical solution for the fully developed velocity profile of turbulent flow in a relatively 
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smooth pipe 𝑣𝑎 (𝑥,𝑟), but a wide empirical base gives a rough, albeit reliable, power-law 

approximation with an error of only a few percent [235]: 

𝑣𝑎 (𝑥,𝑟) = 𝑣𝑎 𝑚𝑎𝑥 (1 −
𝑦

𝑟𝑁
)

1

𝑛
 ,    (2.3) 

where 𝑣𝑎 𝑚𝑎𝑥  is the centreline velocity, 𝑦  and 𝑟𝑁  are the radial distance from the 

centreline and nozzle radius, respectively, 1 −
𝑦

𝑟𝑁
= 𝑟 is a relative local radius, 𝑛 is an 

empirical exponent that can be estimated by the following: 

𝑛 = 1.8 𝑙𝑜𝑔 𝑅𝑒𝑁 −1.7     (2.4) 

𝑅𝑒𝑁 =
𝑣𝑎 𝜌𝑎𝑑𝑁

𝜇
,      (2.5) 

where 𝑑𝑁 is the nozzle diameter and 𝜌𝑎 and 𝜇 are the air density and dynamic viscosity, 

respectively. The power law is validated experimentally for 8 ∗ 103 > 𝑅𝑒 > 5 ∗ 104 . 

Typically, 𝑛 varies from 5–7. Pawer-law coefficients for other Reynolds number 𝑅𝑒𝑁, 

Mach number and temperature ranges are available in the research report [235]. Notice 

that this approximation does not provide the absolute horizontal slope at the flow 

centreline or vertical slope at the nozzle wall. Pressure growth from 200 kPa to 800 kPa, 

which is typical for AJM, does not affect 𝑣𝑎 𝑚𝑎𝑥, but it does influence its profile across 

the nozzle 𝑣𝑎 (𝑥,𝑟). The nozzle diameter influences 𝑅𝑒 and contributes to air deceleration 

as the nozzle becomes smaller (see Figure 2.1). In a small nozzle, air flow has a more 

laminar nature and, consequently, higher shear stress in a boundary layer, which reduces 

air velocity near the boundary layers. Regarding particle acceleration inside the nozzle, 

abrasive particles impact the nozzle wall and other particles, thus has an unfixed radial 

position in the nozzle cross-section. Since particle/particle and particle/nozzle 

interactions are mostly unpredictable, uniform air flow with averaged velocity inside the 

nozzle would have a more statistically reliable effect on particles’ acceleration. 

Integration of the power law in eq. 2.3 provides the average air velocity, 𝑣𝑎: 

𝑣𝑎 = ∫ 𝑣𝑎 𝑚𝑎𝑥𝑟
1

𝑛 𝑑𝑟
𝑅

0
=

𝑛𝑣𝑎 𝑚𝑎𝑥

𝑛+1
    (2.6) 

The averaged air velocity, 𝑣𝑎 , in eq. 2.6 is comparable to the 𝑣𝑎  in isentropic 

expansion, but it is more beneficial since it depends on nozzle diameter and air pressure 

above a critical level. Such refinement shows that averaged velocity falls below 300 m/s 

when nozzles become smaller than 1 mm.  
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Figure 2.1. Fully developed turbulent profile of sonic airflow based on nozzle diameter 

 ( 𝑑𝑁= 100 μm, 300 μm, 700 μm, 1 mm and 10 mm) 

 

Concerning the pressure in micro nozzles, it is important to notice head loss due 

to viscous friction inside the pipe. There is pressure loss in any pipe, regardless of the 

smoothness of the internal surface. As a result of the no-slit boundary condition, flowed 

fluid molecules stick to the solid nozzle surface, so the friction factor is not zero, even for 

smooth nozzles, when the surface roughness, 𝑅𝑧, is considerably less than the thickness 

of the viscous sublayer at the nozzle wall [236]. The pressure loss, 𝑝𝐿, in a uniformly 

cylindrical nozzle is proportional to the nozzle length, 𝐿𝑁, but the inverse of its diameter, 

𝑑𝑁, which can be characterised by the Darcy–Weisbach equation: 

𝑝𝐿 = 𝑓
𝐿𝑁

𝑑𝑁

𝜌𝑎𝑣𝑎
2

2
,      (2.7) 

where 𝑓  is the friction factor, described by various analytical expressions [237] and 

illustrated on the Moody chart [238] for a wide range of turbulences, 4 ∗ 103 > 𝑅𝑒 >

108. For the roughness of different pipes, the friction factor, 𝑓, was approximated by 

Aldsul (1952) to explicitly form the following equation: 

𝑓 = 0.11 (
𝑅𝑧

𝑑𝑁
+

68

𝑅𝑒𝑁
)
1/4

     (2.8) 

The roughness, 𝑅𝑧, of a nozzle fabricated by the micro-cutting process is typically 

below 1 µm. With the same process parameters, miniaturisation of the nozzle diameter 

would lead to an increase of 𝑓 and 𝑝𝐿, and hence, to reduction of air density, 𝜌𝑎, and 

weakening of the acceleration of abrasive particles. The air density at the nozzle exit is 

smaller than the initial density as a result of reduced pressure. In this simulation, 𝜌𝑎 is 

decreased linearly as it travels along the axis inside the nozzle. 
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2.1.2 Air flow velocity outside nozzle 

 

Air flow beyond the nozzle exit is subjected to turbulent divergence. Due to shear 

boundary conditions and stable surroundings, the air jet is dissipated radially and 

transmits kinetic energy out of the jet system, which constantly reduces the amount of 

kinetic energy that is available for abrasive particle acceleration.  

 

 

Figure 2.2. Schema of air flow distribution (adapted from [102]). 

 

Based on velocity measurements [111], a previous study [102] conditionally 

divided air flow out of the nozzle into two velocity regions: initial and main. Just beyond 

the nozzle edge, the velocity of air flow is preserved, but due to mixing of the jet and 

ambient air, the boundary layers undergo deceleration. The mixing area becomes closer 

to the jet axis as the distance from the nozzle exit grows. This flow behaviour forms a 

conical air field, or a so-called potential core, with velocity equal to the air velocity at the 

nozzle exit (see Figure 2.2). The length of the potential core, 𝐿𝑐, does not depend on air 

pressure or velocity, but is strictly connected to the nozzle diameter, 𝑑𝑁. Rajaratnam et 

al. [239] found that the 𝐿𝑐 is approximately 6.2 times the diameter of the nozzle for an air 

jet and around 100 times the diameter of a nozzle for a water jet. The end of the potential 

core demarcates initial and main regions of the air jet. In the main region, the centreline 

air velocity falls abruptly [130]. This fall is mainly due to natural jet divergence. To 

estimate the value of air digression from the jet axis, Achtsnick et al. [110] accepted the 

border between the air jet and the surrounding air in which the local velocity, 𝑣𝑎 (𝑥,𝑦), is 

equal to half of the centerline velocity 𝑣𝑎 (𝑥,𝑦=0) at one axial distance. This definition 
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results in an air digression angle that ranges from 12.5º< 𝜃𝑎 <15º. The centreline flow 

velocity is totally preserved in the initial region and decreases inversely with nozzle 

distance in the main region. Based on the centreline velocity, the radial velocity profile 

was obtained in [114] using the Gauss error function. The air velocity profile becomes 

closer to the Gaussian function further away from the core, but not near the nozzle exit 

[240]. The drawback of analytical description [114] is the inadequacy of the air velocity 

profile in the initial region. Considering that in MAJM the typical stand-off distance is 5–

10 times the 𝑑𝑁, the air velocity in the initial region plays an essential role in abrasive 

particle acceleration. To better determine the air velocity field, the author proposes the 

next system, which features improved description in the initial region: 

 

𝑣𝑎(𝑥,𝑦) =

{
  
 

  
 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑔𝑖𝑜𝑛 {

𝑣𝑎 𝑒𝑥𝑖𝑡  ,                                                      𝑓𝑜𝑟 𝑥 ≤ 𝐿𝑐 ,    𝑦 ≤ 𝑟𝑐  (𝑖𝑛𝑠𝑖𝑑𝑒 𝑐𝑜𝑟𝑒)

𝑣𝑎 𝑒𝑥𝑖𝑡  𝑒𝑥𝑝 (−𝑙𝑛 2 (
𝑦−𝑟𝑐

𝑟𝑎−𝑟𝑐
)
2

) ,           𝑓𝑜𝑟 𝑥 ≤ 𝐿𝑐 ,    𝑦 > 𝑟𝑐   (𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑐𝑜𝑟𝑒)

𝑀𝑎𝑖𝑛 𝑟𝑒𝑔𝑖𝑜𝑛  {
𝑣𝑎 𝑒𝑥𝑖𝑡 (

6.2𝑑𝑁

𝑥
)                                           𝑓𝑜𝑟 𝑥 > 𝐿𝑐 ,     𝑦 = 0  (𝑐𝑒𝑛𝑡𝑒𝑟𝑙𝑖𝑛𝑒)

𝑣𝑎 (𝑥,𝑦=0) 𝑒𝑥𝑝 (−𝑙𝑛 2 (
𝑦

𝑟𝑎
)
2

) ,                    𝑓𝑜𝑟 𝑥 > 𝐿𝑐 ,    𝑦 ≤ 𝑟𝑎   (𝑝𝑟𝑜𝑓𝑖𝑙𝑒)

,

 (2.9) 

where 𝑥 and 𝑦 are the axial and radial coordinates and 𝑟𝑎 is the local air flow radius at 

distance 𝑥: 

𝑟𝑎 =
𝑑𝑁

2
+ 𝑥 𝑡𝑎𝑛 (

𝜃𝑎

2
),                           (2.10) 

where 𝑟𝑐 is the local potential core radius at distance 𝑥: 

𝑟𝑐 =
𝑑𝑁

2
− 𝑥 𝑡𝑎𝑛 (

𝜃𝑐

2
),     (2.11) 

where 𝜃𝑐 is the converging angle of the potential core for air: 

𝜃𝑐 = 𝑡𝑎𝑛−1
𝑑𝑁

𝐿𝑐=6.2𝑑𝑁
= 𝑡𝑎𝑛−1

1

6.2
≈ 9°    (2.12) 

As seen above, the free air flow is divided into four areas: the inside and outside 

core in the initial region, the centreline and the profile in the main region. Inside the 

potential core, all velocity fields, 𝑣𝑎(𝑥,𝑦) , are equal to that of the nozzle exit, 𝑣𝑎 𝑒𝑥𝑖𝑡 . 

Outside the core, air is distributed normally starting from the boundary between the 

potential core and mixed flow (see Figure 2.2), as described by the second line of eq. 

(2.9). The velocity profile in the main region is calculated from the centreline velocity, as 

in the original solution [114]. At the end of the potential core, 𝑣𝑎(𝑥,𝑦) is distributed from 

𝑣𝑎 𝑒𝑥𝑖𝑡, and since 𝑣𝑎 𝑒𝑥𝑖𝑡 is equal to 𝑣𝑎(𝑥=𝐿𝑐,𝑦=0), the boundary velocity gradient between 

the two regions is absent mathematically as well as in practice.  

 



 

36 

 

2.1.3 Particle velocity inside nozzle 

 

Abrasive particles after the mixing point are accelerated by the air flow while 

traveling through the nozzle tube. Several assumptions were made in this analysis: the air 

flow is steady; the particle flow rate is relatively small, allowing one to neglect its effect 

on air flow deceleration and exclude collapse between particles; particles rebounding with 

friction on the nozzle wall are neglected; particles’ shapes and properties are statistical; 

and since the density and size of abrasive particles are a few orders of magnitude larger 

than the density and mean free path of air molecules, the Brownian effect is absent. In 

such circumstances, particles’ acceleration 𝑎𝑝 , in a fluid stream is determined by 

Newton’s second law of motion: 

𝑎𝑝 =
𝑑𝑣𝑝

𝑑𝑡
=

𝐹𝑑

𝑚𝑝
,     (2.13) 

where 𝑚𝑝  and 𝑣𝑝  are the particle mass and velocity, respectively, and 𝐹𝑑  is the drag 

force, which carries particles with fluid flow. The drag force is proportional to the 

particles’ cross-section, density and squared relative velocity: 

𝐹𝑑 =
1

2
𝐶𝑑𝐴𝑝𝜌𝑎(𝑣𝑎 − 𝑣𝑝)

2
,     (2.14) 

where 𝜌𝑎 and 𝑣𝑎 are air density and velocity, respectively, 𝐴𝑝 is the particle cross-section 

area and 𝐶𝑑 is the drag coefficient. The empirical values are dependent upon geometry 

and Reynolds and Mach numbers. Dehnadfar et al. [113] noted that the drag coefficient 

in AJM models is often underestimated due to particles angularity and orientation. These 

factors were incorporated via a sphericity factor 𝜑, proposed by Wadell (1934). The 

sphericity factor, 𝜑, is the ratio of the surface area of a sphere to the actual surface area 

of a particle with the same volume. Thus, 𝜑 < 1  for angular particles, which are 

accelerated to be faster than spherical particles (𝜑 = 1) with a similar size. Haider and 

Levenspiel (1989) reviewed empirical data and presented eq. 2.15, in which the drag 

coefficient of non-spherical particles is inversely proportional to the sphericity factor 𝜑: 

 

𝐶𝑑 =
24

𝑅𝑒𝑝
(1 + [8.1716 𝑒𝑥𝑝(−4.0655𝜑)] ∗ 𝑅𝑒𝑝

(0.0964+0.5565𝜑)) +

73.69 𝑅𝑒𝑝 𝑒𝑥𝑝 (−5.0748𝜑)

𝑅𝑒𝑝+5.378 𝑒𝑥𝑝 (6.2122𝜑)
 (2.15) 

𝑅𝑒𝑝 =
|𝑣𝑎−𝑣𝑝|𝜌𝑎𝑑𝑝

𝜇
     (2.16) 

The sphericity factor, 𝜑, for aluminium oxide abrasive powders and crushed soda-lime 

glass varies from 0.76–0.8 based on shadowgraphy measurements [113]. The drag 
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coefficient depends not only on individual particles’ shape but also on their orientation in 

the air jet. When a particle rotates, changes in the frontal area lead to changes in the 

aerodynamic streamlining and drag force. Taking into account the rotational motion of 

angular particles when calculating the drag coefficient, Hadavi et al. [117] used the 

particle rotational model proposed by Zastawny et al. [241] to show that, although the 

initial rotational velocity is around 25,000 rad/s, most of the particles dissipate torque and 

align with the air flow after one full revolution. Following this procedure, one can see 

that rotational non-isometric particles have lower average drag coefficients than non-

rotational particles. A powerful decrease in 𝐶𝑑 for non-isometric particle geometries and 

an increase in SOD occur when ellipsoidal particles align with the air flow and fly like a 

bullet, with the reduced air drag or air resistance. It is worth noting that the 𝐶𝑑 for a bullet 

is around 0.2 [242], but due to the low sphericity factor of bullet geometry, eq. 2.15 

overestimates 𝐶𝑑 by about a magnitude of 20. Following analysis [241], the average 𝐶𝑑 

for a rotational bullet (ellipse) is just a bit higher than for a sphere. However, in a real 

flow, a highly angular particle tends to orient itself aerodynamically. Eq. 2.15 estimates 

that the drag coefficient is reliable only for rough rounded particles (𝜑 > 0.8), which 

were accepted for this model. Further velocity calculations are based on the model 

proposed by Li et al. [114]. Since the relative velocity is continuously falling as particles 

move through the nozzle, it affects 𝑅𝑒𝑝 and 𝐶𝑑 . In addition, head loss due to viscous 

friction affects 𝜌𝑎. The author proposes to calculate the particle velocity at the end of 

segment 𝑣𝑝𝑖 linking it to 𝐶𝑑𝑖 and 𝜌𝑎𝑖 in each segment: 

𝑣𝑝𝑖 = (𝑣𝑝𝑖−1
2 ±

3𝐿𝑎𝑠𝐶𝑑𝑖𝜌𝑎𝑖

2𝑑𝑝𝜌𝑝
(𝑣𝑎 − 𝑣𝑝𝑖−1)

2
)
1/2

,   (2.17) 

where 𝐿𝑎𝑠 is the length of the axial segment, 𝑖 is the sequential number of segments in the 

axial direction, + represents the acceleration of particles that move slower than air (𝑣𝑎 >

𝑣𝑝𝑖−1) and – represents deacceleration if 𝑣𝑎 < 𝑣𝑝𝑖−1. The initial particle velocity in the 

first segment (at the mixing plane) is 0, where 𝑣𝑝𝑖=1 = 0, and the final velocity in the last 

segment is the particle velocity at the nozzle exit, defined as 𝑣𝑝𝑖=𝑙 = 𝑣𝑝 𝑒𝑥𝑖𝑡. Similar to 

the initial model [114], the axial segment length—a few times the diameter of particles, 

𝐿𝑎𝑠 = 3𝑑𝑝—was adapted to the current numerical analysis. A simulation with 𝐿𝑎𝑠 =

30𝑑𝑝 produces relatively large error (a few percent), and 𝐿𝑎𝑠 = 0.3𝑑𝑝 improves the result 

by a few tenth of a percent, which is unreasonable in terms of computational cost. 
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2.1.4 Particle velocity outside nozzle 

 

Outside the nozzle, particles’ centreline velocity can be calculated in the same 

way as inside. In a new simulation, the initial particle velocity in the first segment of free 

flow was set to the particle velocity at the nozzle exit. Based on the centreline velocity of 

the particle, Li et al. [114] fitted the Gauss error function to the particles’ velocity profile, 

𝑣𝑝(𝑥,𝑦). Although calculation of 𝑣𝑝(𝑥,𝑦) was based strictly on 𝑣𝑝(𝑥,𝑦=0), the air and particle 

velocity profiles are unrelated. Since the velocity profile of free air flow was obtained 

previously, the particle velocity outside the nozzle at a particular point, 𝑣𝑝(𝑥,𝑦), can be 

calculated with reference to the air velocity at that point, 𝑣𝑎(𝑥,𝑦). To develop a method for 

determining particles’ velocity not only on the jet centreline but also throughout the 

abrasive flow field, the author implements finite volumes for the second coordinate. 

Abrasive flow outside the nozzle is discretised not only in axil direction 𝑥, like 𝐿𝑎𝑠 =

𝐿𝑁/𝑙, but also in radial direction 𝑦, like 𝐿𝑎𝑟 = 𝑑𝑁/𝑚. The lengths of axial segment 𝐿𝑎𝑠 

and radial segment 𝐿𝑟𝑠  were selected to be nearly equal. In this division, the particle 

velocity is 𝑣𝑝(𝑖,𝑗), where 𝑖 and 𝑗 are the sequential numbers of segments in the 𝑥 and 𝑦 

directions, respectively (see Figure 2.3).  

 

 

Figure 2.3. Scheme of particle velocity calculation. 

 

In a free air flow, particles move diagonally from the jet centreline. Due to higher 

density and momentum, particles feature less divergence. In AJM, the divergence is 

typically about 7° [110] for nozzles ranging from 0.36–1.5 mm and pressure ranges from 
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0.4–0.7 MPa. However, at a low pressure level (i.e. near 0.2 MPa), the abrasive jet 

divergence angle, 𝜃𝑝, can be decreased to 3° [32]. Including 𝜃𝑝, the local radius of the 

particle flow 𝑟𝑝, at axial distance 𝑥 is as follows: 

𝑟𝑝 =
𝑑𝑁

2
+ 𝑥 𝑡𝑎𝑛 (

𝜃𝑝

2
)     (2.18) 

Divergence 𝜃𝑝 can be applied only to particles located at the radial distance above 

the nozzle radius. The closer the particles are to the jet axis, the smaller the divergence of 

this particle. Thus, to describe particles’ diagonal motion, a local divergence angle should 

be implemented:  

𝜃𝑝𝑟 = (𝜃𝑝 ∗ 𝑦)/𝑑𝑁 = (𝜃𝑝 ∗ 𝑗)/𝑚    (2.19) 

The local divergence angle, 𝜃𝑝𝑟, has a direct linear relationship with particles’ 

radial distance from the jet centreline. Within a range of −𝑟𝑝 ≤ 𝑦 ≤ 𝑟𝑝 , the particle 

velocity, 𝑣𝑝(𝑖,𝑗), depends on axial and radial displacement and accelerates or decelerates 

with respect to free air flow velocity according to the next algorith:  

(1) If the radial component of particles’ displacement is smaller than the length of the 

radial segment,  𝑦 = 𝑥 𝑡𝑎𝑛 (
𝜃𝑝

2
) < 𝐿𝑟𝑠, the particles’ velocity is computed based 

on the previous longitudinal segment with the same latitude, 𝑣𝑝(𝑖−1,𝑗). 

(2) If the radial component of particles’ displacement is larger than the length of the 

radial segment, 𝑦 = 𝑥 𝑡𝑎𝑛 (
𝜃𝑝

2
) > 𝐿𝑟𝑠, the particle velocity, 𝑣𝑝(𝑖,𝑗), is based on 

the previous longitudinal and latitudinal jet segments, 𝑣𝑝(𝑖−1,𝑗−1) (see Figure 2.3). 

In this case, the tangential velocity component can be excluded by 𝑐𝑜𝑠(𝜃𝑝𝑟), 

where angle 𝜃𝑝𝑟 = (𝜃𝑝 ∗ 𝑦)/𝑑𝑁 = (𝜃𝑝 ∗ 𝑗)/𝑚  grows linearly with a radial 

distance of the particle. 

Due to differences in the air velocity in segment 𝑣𝑎(𝑖,𝑗) and particles’ velocity in 

the previous segment, 𝑣𝑝(𝑖−1,𝑗), 𝑣𝑝(𝑖,𝑗) is accelerated by the air drag force (a) or inhibited 

by the air resistance force (b). The given set of boundary conditions, 1.a, 1.b, 2.a and 2.b, 

form a system of four equations that fully cover particles’ velocity fields in the initial and 

main jet regions: 
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𝑣𝑝(𝑖,𝑗)

=

{
 
 
 
 
 

 
 
 
 
 

{
 
 

 
 
(𝑣𝑝(𝑖−1,𝑗)

2  +  
3𝐿𝑎𝑠𝐶𝑑(𝑖,𝑗)𝜌𝑎(𝑖,𝑗)

2𝑑𝑝𝜌𝑝
(𝑣𝑎(𝑖,𝑗) − 𝑣𝑝(𝑖−1,𝑗))

2
)

1
2

,                                     𝑥 𝑡𝑎𝑛 (
𝜃𝑝𝑟

2
) < 𝐿𝑟𝑠, 𝑣𝑎(𝑖,𝑗) > 𝑣𝑝(𝑖−1,𝑗)

(𝑣𝑝(𝑖−1,𝑗)
2 −

3𝐿𝑎𝑠𝐶𝑑(𝑖,𝑗)𝜌𝑎(𝑖,𝑗)

2𝑑𝑝𝜌𝑝
(𝑣𝑎(𝑖,𝑗) − 𝑣𝑝(𝑖−1,𝑗))

2
)

1
2

,                                       𝑥 𝑡𝑎𝑛 (
𝜃𝑝𝑟

2
) < 𝐿𝑟𝑠, 𝑣𝑎(𝑖,𝑗) < 𝑣𝑝(𝑖−1,𝑗)

{
 
 

 
 
(𝑣𝑝(𝑖−1,𝑗−1)

2 ∗ 𝑐𝑜𝑠(𝜃𝑝𝑟) +
3𝐿𝑎𝑠𝐶𝑑(𝑖,𝑗)𝜌𝑎(𝑖,𝑗)

2𝑑𝑝𝜌𝑝
(𝑣𝑎(𝑖,𝑗) − 𝑣𝑝(𝑖−1,𝑗−1))

2
)

1
2

, 𝑥 𝑡𝑎𝑛 (
𝜃𝑝𝑟

2
) > 𝐿𝑟𝑠, 𝑣𝑎(𝑖,𝑗) > 𝑣𝑝(𝑖−1,𝑗)

(𝑣𝑝(𝑖−1,𝑗−1)
2 ∗ 𝑐𝑜𝑠(𝜃𝑝𝑟) −

3𝐿𝑎𝑠𝐶𝑑(𝑖,𝑗)𝜌𝑎(𝑖,𝑗)

2𝑑𝑝𝜌𝑝
(𝑣𝑎(𝑖,𝑗) − 𝑣𝑝(𝑖−1,𝑗−1))

2
)

1
2

, 𝑥 𝑡𝑎𝑛 (
𝜃𝑝𝑟

2
) > 𝐿𝑟𝑠, 𝑣𝑎(𝑖,𝑗) < 𝑣𝑝(𝑖−1,𝑗)

 

(2.20) 

The air density after the nozzle exit plane, 𝜌𝑎(𝑖,𝑗), was distributed proportionally 

to 𝑣𝑎(𝑖,𝑗). Note that the assumption of particles’ velocity distribution according to the 

Gauss error function was eliminated from eq. 2.20. The advantage of the proposed model 

is its establishment of a physical interrelation between the air and particle velocities not 

only along the jet axis but also throughout the velocity field. Particles do not move 

straight, but diagonally according to the divergence angle and its position in the jet cross-

section. The scheme of the calculative algorithm of the full parametric numerical model 

is presented in Figure 2.4. 

 

 

Figure 2.4. Scheme of calculative algorithm 
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2.2 Results and discussion 

 

2.2.1 Evaluation of the model 

 

The algorithm of the numerical model for particle velocity described in the 

previous section was written and plotted in Microsoft Excel solely. The input conditions 

were identical to those used in a previous experiment for particle velocity measurements 

[114] (see Table 2.1). The contour type of surface chart was used to visualise different 

physical fields. Each plot in Figure 2.5 represents a set of values contained in 20 000 of 

cells. 

 

Table 2.1. AJM parameters used in the simulation 

Parameter Symbol Value Units 

Gas constant Ri 287 Nm/(kgK) 

Air temperature T 290 K 

Particle diameter 𝑑𝑝 27 μm 

Particle density 𝜌𝑝 3970 kg/m3 

Particle sphericity 

factor 

𝜑 0.85  

Nozzle diameter 𝑑𝑁 0.36 mm  

Nozzle length Ln 7 mm 

Nozzle roughness 𝑅𝑧 1 μm 

Air pressure P 520 kPa 

Air divergence 

angle  

𝜃𝑎 15 ° 

Core convergence 

angle 

𝜃𝑐 9 ° 

Particle divergence 

angle 

θp 7 ° 

 

To check the plausibility of the proposed air description, the author refers to the 

computational fluid dynamic model [32]. The CFD model clearly demonstrated the 

existence of a potential core and near-Gaussian velocity profile with maximum speed at 

the centreline of the jet. Using eq. 2.9, both the initial and main regions are comparable 

to the CFD model [32] and other analytical models of turbulent jets [35, 38, 39] (see 

Figure 2.5(a)). The drawback of the air flow model is the necessity of predetermined 

angle of flow divergence 𝜃𝑎 . There is no connection between pressure and air flow 

divergence in the model, which affects air density and, thus, drag force.  
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Figure 2.5. Calculated results of particles acceleration in micro abrasive jet machining  
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The drag coefficient changes insignificantly along the jet, except in a small region. 

A rapid increase of 𝐶𝑑(𝑖,𝑗) was observed near the 12𝑑𝑁 of SOD, as shown in Figure 2.5. 

This is due to the near-zero value of the Reynolds number, which means that the particle-

to-air-velocity difference is almost absent in this region. Consequently, the drag force, 

𝐹𝑑, falls to zero. In the simulated conditions, drag force turns to resistance force at a 

distance of 𝑥 = 11…14𝑑𝑁 from the nozzle exit. At the point of drag resistance transition 

(DRT), a particle achieves maximum velocity, 𝑣𝑝 𝑚𝑎𝑥 . An interesting feature can be 

observed in the main region of the drag coefficient map – 𝐶𝑑 remains higher away from 

the jet centreline. Since the air velocity is lower at the periphery of the jet, the relative 

particle velocity becomes higher. Increasing Re through eq. 2.16 results in higher 𝐶𝑑 and 

faster particle deceleration in the peripheral main jet region. This velocity regulation 

mechanism creates a slight difference in the particle velocities on the centreline and some 

radial distances. A particle velocity map is shown in Figure 2.5(d). As long as particles 

move diagonally from the centreline, the ranged 𝑣𝑝 spot widens, but no acceleration takes 

place after DRT.  

The particle centreline velocity rises sharply to the end of the potential core and 

then remains relatively neutral during the next  5…10𝑑𝑁, after which it starts to decrease. 

Accounting for the pressure loss due to viscous friction at the nozzle wall, the model 

predicts experiments [106], [113]–[117] with an error rate below 10%. Errors may 

originate from the distribution of particles’ size and shape, the effect of the powder flow 

rate, nozzle roughness, the temperature of air from the compressor and so on. However, 

the model in [114] underestimates the centreline velocities of the experiment in [113] by 

roughly 15%, and the model in [113] with the same power overestimates the experiment 

in [114]. The presented model describes both experiments with an error below 8%. 

Particles’ velocity profiles at different SODs (Figure 2.6) are relatively flat. The 

difference between the centreline and peripheral 𝑣𝑝  rises from 3% to 13% when the 

nozzle exit distance, 𝑥, increases from 3𝑑𝑁 to 42𝑑𝑁. This falling rate corresponds to prior 

experimental measurements [114]–[116]. However, the model also shows a comparably 

flat profile curvature for nozzles with larger diameters (𝑑𝑁 = 0.76…1.5 𝑚𝑚), which 

does not correspond to some prior measurements [110], [113]. Bell-shaped 𝑣𝑝 profiles 

obtained with large nozzles in the measurements can be explained by differences in 

particle acceleration within the nozzle tube. Reduction of the ratio of the nozzle to particle 

diameter, 𝑑𝑁/𝑑𝑝, shorten the mean free path between particles’ incidence with the nozzle 
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wall, which results in more uniform 𝑣𝑝 𝑒𝑥𝑖𝑡. Thus, for the small nozzles (𝑑𝑁 < 0.5 𝑚𝑚), 

the model is formulated correctly. 

 

 

Figure 2.6. Particles’ velocity profile at different stand-off distances 

 

Simulations with different input parameters show that DRT typically occurs 

before 20𝑑𝑁. Consequently, 𝑣𝑝 and the total kinetic energy of the abrasive jet starts to 

decrease as the nozzle gets further from the target material. Therefore, in terms of the 

energy efficiency of the AJM process, the increment of SOD above 20𝑑𝑁 has no practical 

value. The difference between the centreline and peripheral 𝑣𝑝, for instance at 𝑥 = 20𝑑𝑁 

rises 10% and can be effortlessly obtained using the fitted expression given in the 

conclusion.  

 

2.2.2 Parametric study 

 

After inspecting the effect of nozzle geometry, it is straightforward to conclude 

that the bigger the nozzle, the faster the particles. Since the laminar layer at the nozzle 

wall is approximately the same for all nozzles, increase of the hydrodynamic diameter 

results in less loss of viscous friction. Thus, the averaged air velocity, pressure and density 

at the end of the nozzle are better preserved with larger diameters, which enable higher 

particle acceleration, even inside the nozzle (see Figure 2.7). As described in previous 

sections, the potential core has the same air velocity as inside in the nozzle, and its length 

is strongly connected to the diameter of the nozzle (𝐿𝑐 = 6.2𝑑𝑁 ). Consequently, in 

nozzles with large diameters, particles have longer acceleration paths and higher 

maximum velocity at the end of the main jet region. 
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Nozzle length also has a direct impact on maximum particle velocity (Figure 2.8), 

although the function is nonlinear. Nozzle length (𝐿𝑁 = 5𝑑𝑁) is not efficient in terms of 

the kinetic energy transferred from air to particles. A longer nozzle provides noticeably 

higher 𝑣𝑝. However, nozzle elongation above 25𝑑𝑁 has only a slight effect on 𝑣𝑝 𝑚𝑎𝑥. 

There are two reasons for this: a gradual head loss while pressurised air comes through a 

long pipe and a decrease in relative velocity when particles move faster. Both result in 

weaker drag force acting on particles, which produces a smaller change in 𝑣𝑝  within 

25–30𝑑𝑁 nozzle section and potential core. 

Higher pressure causes particles to experience stronger acceleration both inside 

and outside of the nozzle (Figure 2.9). An increase in pressure almost leads to hyperbolic 

function of 𝑣𝑝. The slope is sharp at low pressure levels but then asymptotically increases 

to a maximum point. Pressure rise above 1 MPa does not lead to perceptible change in 

𝑣𝑝, and therefore is impractical for MA M. Particles’ deceleration is more expressed at 

higher pressure, such as cases with dense and slow air flow in the main jet region, which 

leads to more resistance to particles’ motion and absorption of their kinetic energy. The 

prediction of performance of several micro-nozzles at different pressure is demonstrated 

in Figure 2.10. It can be seen that a 90 μm nozzle is almost half as efficient as a 450 μm 

nozzle at all pressure levels. 

Considered separately from mass, particles’ size positively affects velocity. For 

example, a 20 μm particle has 55% higher velocity than a 10 μm particle of the same mass 

(Figure 2.11), but the deceleration rate is several times higher. In cases with fixed particle 

size, an increase of density leads to a strong opposite effect; heavy particles are much 

more resistant to both acceleration and deceleration forces (Figure 2.12). An increase in 

particle diameter results in a squared increase of its cross-sectional area and a cubic 

increase of its mass. Therefore, a large particle is always accelerated less than a smaller 

one. Taking into account that the light and dense powders such as crushed soda-lime glass 

(2400 kg/m3), alumina (3900 kg/m3) and Grittal stainless steel (7800 kg/m3) are 

commercially available with different abrasive fractions, particle density and size are the 

technological parameters of the AJM process that can be separately applied to manage 

the particles velocity.   
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Figure 2.7. Influence of nozzle diameter on particle centreline velocity 

(dp = 10 μm, ρp = 3970 kg/m3, P = 0.3 MPa) 

 

Figure 2.8. Influence of nozzle length on particle centreline velocity 

(dp = 10 μm, ρp = 3970 kg/m3, P = 0.3 MPa) 

 

Figure 2.9. Influence of air pressure on particle centreline velocity 

(dp = 20 μm, ρp = 3970 kg/m3, dn = 180 μm, Ln = 20 dn) 
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Figure 2.10. Influence of air pressure on particle maximum velocity 

(dp = 10 μm, ρp = 3970 kg/m3) 

 

Figure 2.11. Influence of particle size on particle centreline velocity 

(P = 0.3 MPa, dn = 180 μm, Ln = 20 dn) 

 

Figure 2.12. Influence of particle density on particle centreline velocity 

(dp = 10 μm, P = 0.3 MPa, dn = 180 μm, Ln = 20 dn) 
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2.3 Recommendations  

 

With some degree of error, the multi-parametric process can be approximated by 

multiple non-linear regression for further application. The non-linear least squares 

problem was solved using the Levenberg–Marquardt algorithm. An equation to determine 

the maximum particle velocity includes the effects of nozzle diameter and length, air 

pressure, particle size and density:  

𝑣𝑝 𝑚𝑎𝑥 = 547𝑑𝑁
0.036𝐿𝑁

0.03𝑑𝑝
−0.06𝜌𝑝

−0.06𝑃0.06 − 530,   (2.21) 

where 𝑑𝑁 , 𝐿𝑁 , 𝑑𝑝 are given in meters, 𝜌𝑝 is given in kg/m3 and 𝑃 is given in hecto Pascals 

(hPa). The credibility and limitations for the regression in eq. 2.21 can be analysed in 

Appendix B. The particle velocity reaches its maximum at DRT, when the drag force is 

zero. For different MAJM parameters, the DRT distance from the nozzle exit can be 

obtained by the following regression: 

𝑥(𝐷𝑅𝑇) = 𝑆𝑂𝐷𝐹𝑑=0 = 36𝑑𝑁
0.83𝐿𝑁

−0.15𝑑𝑝
0.27𝜌𝑝

0.27𝑃−0.295   (2.22) 

In MAJM, DRT takes place within the range of 10𝑑𝑁 < 𝑥(𝐷𝑅𝑇) < 20𝑑𝑁 . In 

addition, the velocity increment from the end of the potential core to 𝑥(𝐷𝑅𝑇) does not 

exceed 3% of 𝑣𝑝 𝑚𝑎𝑥. Therefore, to achieve the minimum size of the machining spot, 

𝑆𝑂𝐷 = 6.2𝑑𝑁  can be used with insignificant loss of abrasive jet kinetic energy. This 

study also confirms that application of micro-nozzles in AJM produce relatively flat 

particle velocity profiles. Drag force varies only slightly across the jet and thus cannot 

explain origination of the highly curved bell-shaped particle velocity profile obtained in 

[111] and [113]. Explicit approximation of the curvature of the particle velocity profile 

can be obtained as follows: 

𝑣𝑝 (𝑥,𝑦) = 𝑣𝑝 (𝑥,𝑦=0) (
𝑥

√(𝑥2+𝑦2)
)

𝑥

𝑑𝑁
    (2.23) 

Consequent improvement of the model involves the volumetric flow rate and the 

dependency of centreline velocity on the divergence angle. Surface roughness has a 

noticeable influence above a few micrometres, and an inner nozzle wall with roughness 

below 1 μm can be assumed to be hydraulically smooth. The drag coefficient can be 

considered to be constant since its abrupt rise in the region of near-zero relative particle 

velocity does not affect drag force. The developed numerical model in was plotted in 

Excel spread sheet and is available as the supplementary material to the paper [244]. 
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2.4 Summary 

 

This chapter delivered theoretical analysis and numerical simulation of particle 

velocity in MAJM. The influence of nozzle’s size and process parameters on particles’ 

velocity field was studied. The theoretical findings allow to retrieve the following 

conclusions 

1) The smaller the nozzle – the slower the air and particles. It is due to viscous 

friction at the internal wall of the nozzle. Because of that there is significant head 

loss, especially for high-aspect ratio nozzles. Therefore, there is an optimal nozzle 

length resulting in the strongest particle acceleration. For MAJM conditions the 

optimal nozzle length ranges between 20𝑑𝑁 and 30𝑑𝑁. Incorporation of viscous 

friction factor in the model allows to improve the predictability of particle 

velocity. 

2) Particles velocity profile along and across the abrasive jet can be calculated using 

the proposed analytical formulation of air velocity field. The magnitude of particle 

velocity is proportional to nozzle diameter, length and air pressure and inverse to 

particle size and density. The influence of these factors can be predicted 

quantitatively also using simple approximations given in eqs. 2.21 – 2.23. The 

error of the prediction does not exceed 10% for a wide range of operational 

conditions, as measured in previous experimental studies. 

The results obtained in this chapter are valuable for reducing error in prediction 

of impact temperature, impact crater, surface roughness, material removal rate and 

evolution of machined surface profile. 
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3 Erosion temperature in micro-abrasive jet 

machining 

 

3.1 Theoretical study of thermal field  

 

3.1.1 Determination of initial and boundary conditions 

 

The first step of temperature calculation is to determine the source of energy and 

the proportion converted into heat. The initial energy source is the kinetic energy of the 

particle, 𝑈𝑘𝑖𝑛. The multifaceted nature of the impact of two bodies is related to various 

phenomena and results in energy dissipation; only a fraction of 𝑈𝑘𝑖𝑛 is converted into 

heat. Hutchings [83] assumed this fraction to be 0.8 for metals. Shipway and Weston 

[245] accepted 0.8 for aluminium and 0.7 for polymers. Maeda et al. [91], calculating the 

shot-peening temperature, assumed that 0.7𝑈𝑘𝑖𝑛 is converted into heat. In this study, I 

attempt to derive a reasonable fraction of 𝑈𝑘𝑖𝑛 and as shown below, the fraction is much 

smaller. The energy balance during a single impact of a spehrical particle can be presented 

as follows ([102] complemented): 

𝑈𝑘𝑖𝑛 =
𝑚𝑝𝑣𝑝

2

2
=

2𝜋𝑟𝑝
3

3
𝜌𝑝𝑣

2 = 𝑈𝑝𝑝 +𝑈𝑒𝑝 + 𝑈𝑝𝑤 + 𝑈𝑒𝑤 + 𝑈𝑠 + 𝑈𝑙 +𝑈𝑛, (3.1) 

where 𝑈𝑘𝑖𝑛 is the initial kinetic energy; 𝑟𝑝, 𝑚𝑝, 𝜌𝑝 and 𝑣𝑝 are the particle radius, mass, 

density and velocity, respectively; 𝑈𝑝𝑝 and 𝑈𝑒𝑝 are the amounts of energy that turn to 

plastic and elastic work in particles; 𝑈𝑝𝑤 and 𝑈𝑒𝑤 are the amounts of energy that turns to 

plastic and elastic work in workpieces; 𝑈𝑠 and 𝑈𝑙 are the surface energy and energy loss 

associated with mechanical activation and light emission; and 𝑈𝑛  is the energy loss 

associated with noise and vibrations. The last three terms are negligibly small and can be 

ignored in this quantitative analysis. Considering that the hardness of the particle is 

considerably higher than the target material, 𝑈𝑝𝑝 can also be disregarded. Only energy of 

plastic work in the workpiece (𝑈𝑝𝑤) is converted to heat. In part, the elastic response of 

both the workpiece (𝑈𝑒𝑤) and the particle (𝑈𝑒𝑝) creates a rebound effect; the initial kinetic 

energy of the particle (𝑈𝑘𝑖𝑛) is converted into elastic energy and then, during the rebound 

phase, back into kinetic energy (𝑈𝑘𝑖𝑛 𝑟). The coefficient of restitution (𝑒𝑅) can be used to 

describe the rebound effect. Complete plastic response (𝑒𝑅 = 0) results in full energy 

absorption by the target material during impact, and complete elastic response (𝑒𝑅 = 1) 
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results in 𝑈𝑘𝑖𝑛 = 𝑈𝑘𝑖𝑛 𝑟. It is obvious that 𝑒𝑅 depends on the mechanical characteristics 

of the material and particle, the particle velocity and the impingement angle. The 

empirical dependency of 𝑒𝑅 for a metal ball impacting a flat plate at moderate velocity 

was determined previously [246]. Unfortunately, direct measurement of the coefficient of 

restitution for angular micro-particles at 100–200 m/s presents a considerable 

experimental challenge. Since there is not a more accurate determination of 𝑒𝑅, the one 

mentioned earlier [246] is employed. After cancelling 𝑈𝑠, 𝑈𝑙, 𝑈𝑛 and 𝑈𝑝𝑝 in eq. 3.1, the 

amount of kinetic energy that turns to plastic work in a workpiece becomes the following 

[84]: 

𝑈𝑝𝑤 = 𝑈𝑘𝑖𝑛 − 𝑈𝑘𝑖𝑛 𝑟 =
𝑚𝑝𝑣𝑝

2

2
(1 − 𝑒𝑅

2) =

=
𝑚𝑝𝑣𝑝

2

2
· [1 − (

3.06 · 𝐻5/4

𝜌𝑝
1/4

· 𝑣𝑝
1/2
) · (

(1 − 𝜇𝑤
2 )

𝐸𝑤
+
(1 − 𝜇𝑝

2)

𝐸𝑝
)] 

 

(3.2) 

where H is the substrate hardness, 𝜇𝑤, 𝜇𝑝, 𝐸𝑤 and 𝐸𝑝 are the Poisson's ratio and Elastic 

modulus of the workpiece and projectile particle, respectively. The expression in the last 

rounded brackets on the right-hand side of the equation is also known as 𝑘𝐸. Eq. 3.2 gives 

a higher value for soft materials than for hard; the high hardness-to-modulus ratio of soft 

materials allows for more of the particle’s kinetic energy to be transformed into rebound 

kinetic energy compared to materials with a low hardness-to-modulus ratio. Particle mass 

𝑚𝑝 can be determined based on the mean particle size and density 𝜌𝑝. Particle velocity 

𝑣𝑝 may be found with the theoretical models of Li et al. [114]. Gillstrom and Jarl [247] 

measured the energy dissipated during shot blasting of steel rod and concluded that “The 

maximum energy dissipated as heat in the rod is estimated to 39% of the energy in the 

shots assumed to hit the rod”. In the same analysis, Gillstrom and Jarl reported that only 

70% of the applied energy has been identified in the rod. If these numbers can be 

interpreted as 𝑈𝑝𝑚 ≈ 0.7𝑈𝑘𝑖𝑛 (which is realistic) then the fraction of energy converted to 

heat 0.7/0.39 ≈ 0.5𝑈𝑝𝑚 for steels. This estimation gives for around 30% lower amount 

of energy than those being assumed previously. In this case, the density of heat flux 𝑄 

(W/m2) can be expressed as follows: 

𝑄 =
0.5𝑃

𝑎𝑐
=

𝑈𝑝𝑤/𝑡𝑐

2𝜋𝑟𝑐
2 , (3.3) 

where 𝑃 is the power of a single particle’s impact (W), 𝑎𝑐 is the contact area (m2), 𝑟𝑐 is 

the contact radius (m) and 𝑡𝑐  is the contact time of the impact (s). Maeda et al. [91] 

assumed that the contact area is the projected area of the particle. However, multiple shot-

peening and sandblasting experiments clearly showed that the penetration depth during 
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impact is considerably shallower than the radius of the particle. Thus, the real contact area 

is smaller than the projected area of the particle. Since biomedical alloys possess low 

ductility, the application of fully-plastic model of the substrate’s response would be not 

accurate. The application of elastic-plastic analysis of Papini and Spelt [85] requires for 

the separate numerical procedure. The best combination of simplicity and adequality for 

this thermal analysis could be achieved by assuming a purely elastic substrate response. 

According to Hertz contact theory, the contact radius can be determined as follows:  

𝑟𝑐 = (
3𝑘𝐸𝐹𝐶𝑟𝑝

4
)

1/3

 (3.4) 

where 𝑟𝑝 is the particle`s radius and 𝐹𝐶 is the contact force. The contact force generated 

by the impact of a spherical particle can be calculated as follows [102]: 

𝐹𝐶 = (
5

3
𝜋𝜌𝑝)

3/5

(
3

4
𝑘𝐸)

−2/5

𝑣𝑝
6/5
𝑟𝑝
2 (3.5) 

where 𝑘𝐸 is the factor of elasticity given in the last rounded brackets on the right-hand 

side of eq. 3.2. The total impact time 𝑡𝑖 consists of the contact time for elastic and plastic 

interactions: 

𝑡𝑖 = 𝑡𝑒 + 𝑡𝑝 
(3.6) 

A solution for elastic contact time was proposed by Timoshenko and Goodier 

[248] (here, the solution is presented in its modified form): 

𝑡𝑒 = 2.94𝑟𝑝𝑣𝑝
−1/5

∙ (
5

4
𝜋𝜌𝑝𝑘𝐸)

2/5

 (3.7) 

The equation for plastic contact time was suggested by Chaudri and Walley [249]: 

𝑡𝑝 =
𝜋

2
∙ (

𝑚𝑝

4𝜋𝜌𝑝𝐻𝑑
)

1/2

 (3.8) 

Since there is no accurate solution for dynamic hardness (𝐻𝑑), static hardness (𝐻) 

may be used. When the contact time and radius are calculated, the density of heat flux 

can be obtained through eq. 3.3. The advantage of this equation is that the energy fraction, 

contact time and radius are connected to blasting conditions and substrate properties, 

while in the previous solution [91] all of them were assumed. The cooling time (𝑡𝑐) is the 

statistical time interval between two collisions at the same site within the jet spot: 

𝑡𝑐 =
1

𝑁(𝑦)
− 𝑡𝑖 , (3.9) 



 

53 

 

where 𝑁(𝑦) is the local impact number (particles per second): 

𝑁(𝑦) =
𝑎𝑐𝐹𝑟

𝑎𝑠𝑚𝑝
 𝑓𝑝𝑑, (3.10) 

where 𝑦 is the radial direction (m), 𝐹𝑟 is the particle flow rate (g/s), 𝑓𝑝𝑑 is the normalized 

function of particle distribution across the jet and 𝑎𝑠 is the area of the jet spot (m2), which 

is always bigger than the aperture of the jet. Due to natural jet divergence, particles move 

diagonally from the jet’s centreline. During AJM, the particles’ divergence angle (𝜃𝑝) is 

typically about 7° [110], [115] for nozzles ranging from 0.36–1.5 mm and pressure levels 

ranging from 0.4–0.7 MPa. By using the local jet radius (𝑟𝑗) as a function of stand-off 

distance (SOD), the area of the jet spot can be determined as follows: 

𝑎𝑠 = 𝜋𝑟𝑗
2 = 𝜋 [

𝑑𝑁
2
+ 𝑆𝑂𝐷 𝑡𝑎𝑛 (

𝜃𝑝

2
)]
2

 (3.11) 

In line with a previous study [110], 𝑟𝑗 erosion spot radius, determined at the point 

where the erosion depth is 10% of the centreline depth. Since cylindrical nozzles generate 

an axisymmetric normal distribution of abrasive flow density, the function of particles’ 

distribution with the 10% border is as follows: 

𝑓𝑝𝑑 = 𝑛 ∙ exp(−𝑛 [
𝑦

𝑟𝑗
]
2

), (3.12) 

where 𝑛 = 2.3 was fitted to provide 𝑓𝑝𝑑(𝑟=0)/𝑓𝑝𝑑(𝑟=𝑟𝑗) = 0.1 (10% from the centreline). 

When 𝑄, 𝑡𝑖 and 𝑡𝑐 are determined from eq. 3.3, 3.6 and 3.9 the thermal field in workpiece 

during AJM can be considered. 

 

3.1.2 Analytical solution of the thermal field during impact of a single particle 

 

When the impact spot is several orders of magnitude smaller than the jet spot, 

nearby impact spots are heated to approximately the same temperature and the heat is 

conducted only to the depth of the substrate (z-axis). Thus, a one-dimensional solution 

can be applied for each point within the jet spot. A one-dimensional heat conduction 

equation with a local heat flux density of 𝑞 (W/𝑚2) is as follows [250]: 

𝜕𝑞

𝜕𝑡
= 𝑎

𝜕2𝑞

𝜕𝑧2
, (3.13) 

where 𝑡  is time (s), 𝑧  is the distance from the heated surface,  𝑎 = 𝑘/(𝐶𝜌𝜌𝑤)  is the 

thermal diffusivity (𝑚2/𝑠), 𝑘 is the thermal conductivity coefficient (𝑊/𝑚𝐾), 𝐶𝜌 is the 
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thermal capacity or specific heat ( 𝐽/𝑘𝑔𝐾 ) and 𝜌𝑤  is the density of the workpiece 

(𝑘𝑔/𝑚3). When the boundary conditions are constant, the surface heat flux is 𝑞 = 𝑄 =

𝑐𝑜𝑛𝑠𝑡 and surface heating (𝑧 = 0) starts from 𝑡 = 0, the complementary error function, 

𝑒𝑟𝑓𝑐 (𝑥), can be used to solve the diffusion equation. The derivations are known [250] 

and omitted here for the sake of brevity. The localized temperature 𝑇(°C) at z distance 

from the heated surface at a determined moment of heating (𝑡) can be determined using 

the following equation: 

𝑇(𝑧, 𝑡)𝑡≤𝑡𝑖
=
2𝑄√𝑎𝑡

𝑘
{
1

√𝜋
exp [−(

𝑧

2√𝑎𝑡
)
2

]−
𝑧

2√𝑎𝑡
𝑒𝑟𝑓𝑐

𝑧

2√𝑎𝑡
} (3.14) 

To determine the surface temperature during heating, 𝑇(𝑧 = 0, 𝑡 ≤ 𝑡𝑖), all parts 

of the equation with 𝑧 can be omitted. After the impact (𝑡 > 𝑡𝑖), the heat flux becomes 0 

during the cooling time (𝑡𝑐), where the heat generated on the surface spreads in deeper 

the substrate. Following Maeda et al. [91], the cooling phase can be written as follows: 

𝑇(𝑧, 𝑡)𝑡>𝑡𝑖 = 𝑇(𝑧, 𝑡) − 𝑇(𝑧, (𝑡 − 𝑡𝑖)) =

=
2𝑄√𝑎𝑡

𝑘
(√𝑡  𝑖𝑒𝑟𝑓𝑐 

𝑧

2√𝑎𝑡
− √𝑡 − 𝑡𝑖  𝑖𝑒𝑟𝑓𝑐 

𝑧

2√𝑎(𝑡 − 𝑡𝑖)
) 

(3.15) 

where 𝑖𝑒𝑟𝑓𝑐 (𝑥) is the integral of 𝑒𝑟𝑓𝑐 (𝑥). Eq. 3.14 and 3.15 show how temperature 

changes in a workpiece during a single impact of a spherical particle and during the 

cooling process, respectively. The heating–cooling cycle can be described by the 

Heaviside step function. A determined number of cycles can be introduced using the 

square wave function. However, neither of these functions are described to maintain 

brevity. Both equations were written in Excel spreadsheet to obtain the analytical 

prediction of the temperature rise in a single impact. 

 

3.1.3 Numerical solution of the thermal field at the macro scale 

 

As follows from the equations 3.6 – 3.9, the cooling time (𝑡𝑐) is 4-5 orders of 

magnitude longer than the impact time (𝑡𝑖). A numerical simulation of the temperature 

generated at the jet spot for one second requires around 1 ∙ 107  time steps, which is 

unaffordable in terms of the computational costs, especially when a two- or three-

dimensional solution is desired. To simulate the thermal field during a prolonged blasting 

time, the heat flux (𝑄) of single impact was multiplied by the total number of impacts at 

the jet spot within a unit of time. Based on the Gaussian density of particles’ distribution 
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in the jet (𝑓𝑝𝑑), the impact frequency falls as radial distance increases. Indicated leads to 

the Gaussian distribution of the heat flux density (𝑞(𝑦)) over the jet radius (𝑟𝑗): 

𝑞(0<𝑦<𝑟𝑗) = 𝑄𝑡𝑖𝑓𝑝𝑑 =
0.5𝑈𝑝𝑚𝐹𝑟

𝑎𝑠𝑚𝑝
 𝑓𝑝𝑑 (3.16) 

Two conditions were modelled in the study. The geometry of the first model 

imitates a thermocouple juncture with a 0.6 mm spherical head. The second model is a 

parallelepiped, which is large enough to maintain the ambient temperature at the side 

walls. The thickness of the plate was 0.5 mm to concentrate heat at the surface by limiting 

conduction in the z-direction. Heat flux occurs on the upper surface of the circular area 

with a density of 𝑞 and a blasting duration of 𝑡, as shown in Figure 3.1. During heating, 

the sphere and the upper surface of the plate undergo convective cooling due to the fast 

flow of cooled air. The convective heat flux is 𝑞𝑐 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇), where 𝑇 and  𝑇𝑒𝑥𝑡 are 

the temperature of the workpiece surface and air temperature, respectively. The 

convective heat transfer coefficients for the horizontal plate (ℎ𝑝) and sphere (ℎ𝑠) during 

external forced cooling by turbulent flow were calculated as described on p. 70 -76 in 

[251]. Simulations were performed using COMSOL Multiphysics 5.3 with additional 

refinement mesh at the upper wall. In total, each model included around 120,000 elements. 

Mesh refinement to 200,000 elements produced difference only in the third digit after the 

decimal point of degree oC. The input data used in analytical and numerical calculations 

is given in the experimental section (Table 3.1). Different SODs were selected to achieve 

a small machining spot (𝑟𝑗 = 0.21 𝑚𝑚) for aimed erosion of a thermocouple head (0.6 

mm in diameter) and a large machining spot (𝑟𝑗 = 0.48 𝑚𝑚)  on the steel plate for 

accurate IR camera observation. To achieve comparable heat flux density at different 

SODs, the flow rate during blasting of the plate was increased by four times the original 

value.  

The study makes the following assumptions: The particle contacts with the 

workpiece as a sphere with a plane; Energy loss due to particle deformation and 

fracturing, light emission, noise, vibrations and surface energy are neglected; Material 

removal and heat withdrawal into a chip are not considered; The heat flux produced by a 

single impact is uniform during the contact time and within the contact radius; The 

thermo-physical and mechanical properties of the substrate are constant. 
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Figure 3.1. Conditions of the FEM models 

 

3.2 Experimental investigation of thermal field 

 

The majority of experimental results reviewed in previous studies ([127] and 

[102]) were obtained using the thermocouple method. The essential drawback of 

thermocouples is their operational inertia. The response time of the thinnest commercially 

available thermocouples (Ø25–80 μm) is barely 1 ms, which is still two to five orders of 

magnitude longer than the impact time during shot/sand/powder-blasting or other 

airborne erosion conditions. In other words, the thermocouple registers the temperature 

long after the impact event. Thus, the thermocouple method is able to identify only the 

steady state temperature generated by multiple impacts during a prolonged period of time. 

Unfortunately, there is no way to directly measure the temperature during a single impact 

by a solid particle. 

Indirect markers of high temperature are the change of microhardness and 

microstructure of the target surface, chip morphology and chemical composition of the 

interface of impingement bodies. However, as an indicator of impact temperature, 

microhardness is unreliable. The metallic phase transitions can result in either material 

strengthening or softening, depending on the initial structure and cooling rate. Thus, no 

solid conclusions about temperature can be made based on a surface’s microhardness. On 

the other hand, high temperatures typically produce recognisable surface features such as 

rounded edges and micro-cavities, see an example [252]. Also, if a significant amount of 

heat is drawn into small chip, it may start to melt. Other evidence of a high contact 

temperature includes elemental deposition and adhesion of impacted bodies. Since 

abrasives have high temperature resistance, for instance around 2000 oC for corundum, 

the fusible target material is more likely to be deposited onto abrasives. Therefore, the 
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eroded surface topography, chip geometry, and chemistry of abrasive particles surface 

might provide evidence of high temperature and was investigated in this study. 

The workpiece was a flat washer made from low carbon steel with a 5-μm-thick 

galvanised zinc (Zn) coating. A Zn coating was selected because its low melting 

temperature and diamagnetic properties allowed Zn and iron (Fe) chips to be easily 

separated with a magnetic field. This method has two advantages: 1) it allows for study 

of pure substrate chips without considering previous surface contamination and oxidation 

and 2) it enables more reliable conclusions if both metals are found at the interface of 

abrasive particles. Erosion tests were conducted using a Crystal Mark Inc. MV- 2 micro-

blaster. During the tests, 50-μm Al2O3 particles were emitted through a 0.36 x 8 mm 

cylindrical nozzle with a flow rate of 3 g/min at 0.7 MPa. The mixture of particles and 

workpiece chips were collected from a sealed blasting mini-chamber and the chips of 

diamagnetic Zn coating and ferromagnetic Fe substrate were separated by a neodymium 

magnet. The surface of the magnet was observed using a Keyence VHX-5000 optical 

microscope. Then, the collected chips, blasted surface and used and unused particles were 

observed using FEI – QUANTA SEM 3D FEG and exposed to an EDX probe. 

The steady state temperature was measured in two ways: by thermocouple and 

sensing the infrared light emission. Fang et al. [253] proposed several thermocouple 

mounting arrangement to measure the temperature of flank face of cutting tools, where 

the thermocouple is continuously cut by the cutting tool. A similar arrangement was 

adopted in this experiment, however, since the thermocouple’s tip and the abrasive jet are 

of the comparable size, there was no need to mount the thermocouple in the workpiece. 

In other words, for this experiment the thermocouple itself was the workpiece. A K-type 

thermocouple with a PTFE welded 0.6-mm tip operating in a temperature range of -75–

260°C and first-class tolerance according to IEC 584 was directly exposed to an abrasive 

jet. The author blasted exactly the tip of the thermocouple (head of the thermocouple, 

where two wires are soldered), so the signal reflected the temperature of the tip generated 

by micro-blasting directly in the tip. In the second approach, a thin stainless-steel 316L 

plate (20 x 20 x 0.5 mm) was blasted and observed through an infrared thermal image 

camera (Fluke Ti9) and infrared spectrometer, as shown in Figure 3.2. The setup 

parameters are shown in Table 3.1. The volumetric ratio of abrasive particles to air in the 

abrasive jet was less than 0.01% (invisible jet), thus the particles could not affect the IR 

temperature measurements by lapping over the target. Neither particles could cover the 

target during blasting, such as the 340-m/s air flow blows off any particles from around 

the erosion spot. 
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Table 3.1. Blasting conditions used in experiments and simulations. 

Parameter Exp. 1                            Exp. 2 

Target Thermocouple     SS 316L 

plate 

Absolute pressure 0.7 MPa 

Abrasive particles 50-μm Al2O3 

Particle flow rate 0.04 g/s                               0.17 g/s 

Nozzle length 8 mm 

Nozzle diameter 0.36 mm 

Stand-off distance 0.5 mm                                  5 mm 

Particle velocity 120 m/s                               140 m/s 

Air velocity 300 m/s 

Air flow temperature 14 °C 

Room temperature 21 °C 

Blasting time 10 s 

 

 

 

Figure 3.2. Experimental setup 
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3.3 Results and discussion 

 

3.3.1 Instant temperature 

 

The temperature increase that occurs after a single impact is shown in Figure 3.3 

- Figure 3.8. These results were obtained by applying the analytical procedure given in 

section 2.2 to the erosion of SS 316L with averaged mechanical and thermal properties. 

Particle size and velocity play a significant role in determining the maximum value of the 

instant temperature produced by a single grit (Figure 3.3). The heating rate (ΔT/Δt) is 

very high, varying from 1·1011 to 1·1010 °C/s. Interestingly, the heating rate is insensitive 

to particle size and velocity but is closely related to heating time (Figure 3.4). In other 

words, the heating rate is independent of the amount of kinetic energy and is mainly 

governed by the size and duration of the elastoplastic response of the substrate. However, 

the maximum temperature is strongly governed by kinetic energy. The role of 

conductivity grows as the temperature increases, and the cooling rate remains the same 

regardless of particle size. 

The analysis shows that the temperature caused by a single impact of a spherical 

particle is significantly higher than that measured by Oka et al. [254]. However, the 

convergent theoretical and experimental data shown in Figure 3.5 demonstrates that the 

first response of a thermocouple mounted to the reverse side of 20-μm iron leaf observed 

by Oka et al. was registered 0.3 s after the impact, when the temperature dissipated to 

around 60 °C. Note, the only fitting factor is the time (abscissa). Most of the input data 

was taken from the experimental details in [254].  

The temperature just 1–2 μm below the surface was several times lower than on 

the surface (Figure 3.6). While the 0–1-μm sub-surface layer may undergo a phase 

transformation, the 1–3-μm sub-surface layer may endure only high thermal tempering or 

low annealing. The phase transition temperature for steels (727 °C) can be easily 

exceeded when large particles are used at a high velocity. Considering that the cooling 

rate is extremely high (ΔT/Δt is up to 800 °C/μs), the FCC lattice of β-iron would become 

a BCC lattice of α-iron with a martensitic grid. Multigner et al. [120], [121] and Barriuso 

et al. [149] reported grain size refinement and the presence of α’-martensite down to 30 

μm below the surface of 316 LVM steel blasted with 0.75–2-mm angular Al2O3 particles 

under 0.35 MPa. Recrystallisation can be facilitated by high temperatures or the 

deformation gradient. However, the critical deformation gradient, which is necessary for 
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the formation of strain-induced α’-martensite, decreases as temperature increases. By 

applying the developed analytical model to the blasting conditions in a study of Barriuso 

et al. [149] (316 LVM blasted with 1-mm Al2O3 at 50 m/s), once can see that the impact 

temperature in the 30-μm subsurface layer falls from 2830ºC to 130ºC. The combination 

of a high deformation gradient and elevated temperature during blasting sufficiently 

explains the formation of α’-martensite in austenitic steels, which was observed in [120], 

[121], [149]. The effect of particles’ size and velocity on the maximum temperature at 1 

μm below the surface in the current conditions is shown in Figure 3.7. The time scale of 

heat dissipation can be seen in Figure 3.8. At 1 μs, the surface temperature falls below 

300 °C. Hutchings and Levy’s expectation that ‘the temperature pulse from each impact 

has time to decay to negligible proportions before the next impact on the same site’ [127] 

is thus confirmed. In this analysis, the residual temperature before the next impact at the 

same site does not exceed 10°C for a wide range of materials and blasting conditions. 

Even at such extremely high flow rate as 10 g/min of 27-μm Al2O3 particles emitted 

through the 360-μm nozzle to steel target at 1 mm stand-off distance, the cooling time is 

still for 4 orders of magnitude longer than the heating time. The residual temperature in 

the aforementioned conditions is only 5.2°C. The cumulative effect will be discussed in 

the next section.  

It can be objected, that the peak temperature should be lowered due to heat 

convection and radiation, which are not included in the eq. 3.14 and 3.15. To analyse the 

contribution of these factors, I performed a separate numerical simulation of the instant 

temperature produced by a single impact. Interestingly, but both convection and radiation 

produce an insignificant effect on the maximum temperature. The amount of heat 

transferred to surrounded air per impact time is unexpectedly small. For the impact 

conditions given on Figure 3.6, the mechanisms of radiation and heat convection 

withdraw the first 1°C of surface temperature at 2 μs after the impact. It is worth to notice 

that the simulated impact time was only 0.2 μs. It implies that the heat conduction is the 

main mechanism of heat dissipation in a single particle`s impact. The comparison of the 

results obtained with the numerical simulation to those from the analytical model (eq. 

3.14-3.15) shows no more than 2% divergence for a wide range of impact conditions. 
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Figure 3.3. Effect of particle size and velocity on the instant temperature  

produced by a single impact 

 

 
Figure 3.4. Effect of contact time on the instant temperature  

produced by a single impact 

 

 

 
Figure 3.5. Comparison of the predicted temperature produced by a single impact 

with that measured by Oka et al. [254] 
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Figure 3.6. Dissipation of the instant temperature below the surface 

 

 

 
 

Figure 3.7. Temperature at 1 μm below the surface depending on the particle’s size 

and velocity 

 

 
Figure 3.8. Instant temperature produced by a single impact depending on the 

distance from the surface 
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The metallic chips that stick to the magnet’s surface are black (see Figure 3.9) and 

thus are notably different from the colour of the substrate material. The straightforward 

explanation for these black chips’ colour is soot produced by thermal decomposition or 

burning of the metal. Unfortunately, SEM observation does not support either of these 

reasons. It is also difficult to make any conclusions about temperature based on the chips’ 

morphology. Nevertheless, markers of high temperature are visible on the blasted surface. 

SEM images with a magnification of 1000x and below do not demonstrate any evidence 

of high temperature, while fine SEM images with 15000x magnification reveal interesting 

features at the lower end of the micro scale. In addition to obvious extruded zones with 

striations, the edges of local asperities were rounded (see Figure 3.10). Furthermore, 

multiple spherical features attached to the surface were identified to be crystallised drops 

of metal. These features are similar to those obtained by thermally assisted blasting at 600 

ºC, as shown in Figure 14d in a previous study [252], and to those on an annealed surface 

of a sintered specimen, as shown in Figure 12a in another study [255]. Both referred 

surfaces were processed at elevated temperatures and demonstrate the similar 

morphological elements (rounded edges and spherical drops) to those observed on Figure 

3.10. It is obvious that the surface features in Figure 3.10 were obtained at the elevated 

temperature as well.  

 

 
Figure 3.9. Collected ferromagnetic chips and optical image of the magnet’s 

surface 

Mixture of 

worked-out 

particles and 

Neodymium 

magnet 

 



 

64 

 

    
 

Figure 3.10. SEM image the surface) eroded by 50-μm Al2O3 particles at 120 m/s 

 

Another phenomenal feature was observed on the surface of a magnet: non-

magnetic particles of white alumina oxide (99,9%) exhibited magnetic behaviour after 

blasting (Figure 3.9). Tarasenko et al. [256] stated that some of the magnetisations of 

alumina particles can be due to the presence of inherent magnetic impurities. However, 

unused particles were scanned by the neodymium magnet, and the surface of magnet 

remained clean. The magnetic particles’ behaviour could also be explained by a 

triboelectric effect. The intensive friction produced during an impact may generate an 

electrostatic charge in abrasive particles, resulting in magnetisation. Since the generation 

of triboelectricity does not require electric conductivity in frictional counterparts, the 

author reproduced the experiment, replacing the steel target with one made of pure 

aluminium, and observed no chip or abrasive particles on the surface of magnet. The 

incidence angle was reduced to 45° to increase the tangential component of impact force 

that results in increased friction, even so, no magnetic activity was observed in the 

worked-out mixture. Further, the particles’ magnetisation could be due to melting and 

splashing of metal or evaporation and deposition on the surface of abrasives. The 
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separated black dots on particles’ surface can be seen in optical images of the magnet. 

Presumably, these dots are the adhered splatter of the melted substrate. It can be argued, 

that such deposition could be from plastic material transfer. Although, the plastically 

transferred chip would be taken away from the alumina particle by the magnet, that is not 

the case. The adhesion of these elements is strong enough to draw the whole abrasive 

particle and keep it on the magnet`s surface during experimental manipulations. Figure 

3.9 also shows that the magnetic alumina oxide changed in colour from white to dark 

grey. This may be due to thermal decomposition of the metal target and deposition on the 

particles. In SEM analysis, the hue of the observed object is related to its conductivity. 

The colour of the pure surface of alumina particles is monophonic, like in [257] for 

instance, while surface impurities create more contrast picture, similar to those in thesis 

[146]. Typical impurities include non-abrasive residue, lead, water-soluble contaminants 

and oil. Here, SEM images of unused alumina particles and those collected from the 

magnet after blasting at the same voltage and current settings are shown in Figure 3.11. 

Conductive impurities are spread across the surface of alumina particles. EDX analysis 

of the surface revealed abundant Zn and Fe (Figure 3.12), which are the coating and base 

of the target material, respectively. According to Figure 3.3, the maximum temperature 

is lower for particles with lower kinetic energy. Thus, smaller and slower particles should 

not cause melting or evaporation. The experiment was reproduced with 27-μm Al2O3 

particles blasted at 120 m/s. Some alumina particles were still present on the magnet’s 

surface, but most were larger than the mean size of the fraction. The observations 

discussed in this paragraph confirm that solid particle erosion produces a high instant 

temperature. 
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a) Before the impact 

 

 
b) After the impact 

 

Figure 3.11. SEM image of 50-μm Al2O3 particles before and after impacting the 

metal substrate 
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a) Before the impact 

 

 
b) After the impact 

 

Figure 3.12. EDX analysis of alumina particles before and after impacting the 

metal substrate 
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3.3.2 Established thermal field 

 

Under the erosion conditions listed in Table 1 for a thermocouple, 113 particles 

hit the same site each second. The residual surface temperature accumulated after each 

impact may establish a steady state elevated temperature below the machining spot. A 

FEM model of thermocouple heating due to exposure to an abrasive jet shows that the 

temperature increases to 200 °C and gradually decreases along the wires. When the model 

includes forced external cooling, the temperature barely exceeds 30 °C. During blasting 

for 10 s, the thermocouple remains at a comparable temperature. The experimental and 

numerical results for thermocouples are illustrated in Figure 3.13. The sudden increase in 

temperature during the first few seconds in all three tests is associated with an unstable 

flow rate. Numerous particles conglomerate in the mixing chamber below the orifice plate 

when the blaster is in stand-by mode and are instantly directed to the nozzle when the 

blasting process begins. The total number of particles that impact the target during the 

first second can be several times higher than the average per minute, thus creating more 

powerful heat flux. In the next few seconds, the heat generated at the beginning is 

dissipated to a steady state level, which is around 30 ºC under these conditions. 

 
Figure 3.13. Thermocouple temperature produced by erosion  
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thermocouple head 
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The machined spot on the SS 316L plate was approximately equal to that predicted 

by eq. 3.11, which was used in the FEM model. The eroded footprint can be seen in Figure 

3.14a. Observation with an IR camera also showed a sharp temperature increase to around 

50 °C during the first second. For the following 10 s of erosion, the temperature was near 

30 °C, as shown in a thermal screenshot (Figure 3.14b). The numerical model leads to 

very similar results. The analysis shows that, in case of a stable flow rate, the maximum 

temperature (30 °C) is almost established in one second (Figure 3.14c and 12d). Since the 

air flow is colder than the ambient temperature, the edges of the plate become colder that 

starts to facilitate conduction in a few seconds after the beginning of blasting process. 

Without convection, the steel plate continues to accumulate heat and the maximum 

temperature grows linearly after the first second. This experiment was reproduced with 

thicker steel plates, and no heating was observed when the thickness exceeded 4 mm.  

 

 

 

Figure 3.14. Temperature of the stainless steel plate produced by the erosion during a 

prolonged time 
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3.4 Summary 

 

This chapter investigated the thermal aspect of solid particles erosion. Analytical, 

numerical and experimental identification of temperature during micro-blasting as well 

as detailed particles/target characterization was reported. The results suggest that airborne 

erosion by solid particles is both a hot and cold process. Ambiguity regarding the subject 

can be clarified by distinguishing the temperature at the micro scale from that at the macro 

scale.  

1) The instant temperature generated by a single particle’s impact can exceed one 

thousand degrees, but it dissipates over several μs within a subsurface region that 

is a few μm thick. The maximum temperature is proportional to impact energy 

and inverse to impact time and contact size. The cooling speed is governed by heat 

conduction, which is up to target material. The role of surface radiation and 

convection in heat dissipation during the impact time are negligible. The 

maximum temperature and cooling rate are sufficient to initiate melting and phase 

transformation in the thin subsurface layer of the metal substrate. In general, small 

and slow abrasives are recommended to prevent local austenisation and, 

consequently, martensite formation. The theoretical model shows that use of 

alumina particles below 27 μm would not generate the temperature sufficient for 

the phase transformation of stainless steels. 

2) The steady state temperature accumulated after multiple impacts within the 

erosion spot does not exceed 60 oC. This temperature field is established across 

the erosion spot during the first few seconds. During micro abrasive jet machining, 

steady-state erosion temperature cannot result in annealing or intensified 

oxidation, even under aggressive erosion conditions. In other words: while leaves 

are fluttering in the wind, the tree is motionless. 

The validity of this conclusions is supported not only by the indirect evidence, but 

also by the excellent convergence of theoretical calculations with the experiment. While 

one micro-impact generates thousand degrees, adding the energy of thousands of such 

heat sources generates no meaningful temperature in macro-scale. The first statement is 

the derivation from the 1-st and 2-nd law of thermodynamics and was supported by the 

numerous SEM/EDX evidence presented here and in [81], [90]–[92], [120], [121], [127]. 

The second statement was simulated in two models and verified experimentally in two 

different ways.  
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4 Brittle material removal mechanism in micro-

abrasive jet machining 

 

4.1 Background 

 

The nature of solid particle erosion of a brittle substrate is typically approximated 

by quasi-static Vickers indentation theory. The indentation fracture principles identified 

and formulated in the mid-20th century provided the framework for a complete analysis 

of crack evolution. Based on that, Evans et al. [79] developed a theory for describing the 

evolution of the median/radial crack system in the far field of sharp indenter contact. The 

analysis was continued by Marshall et al. [78], who developed a model with a secondary 

crack system, called the lateral crack system, which includes an “apparent threshold” for 

lateral cracking. Hutchings [258] determined the dependence of the apparent threshold on 

material properties. Slikkerveer et al. [77] quantified the relation and calculated a value 

for the threshold. However, the model greatly overestimates actual erosion. Zhang [259] 

measured crater depth and the values appeared notably lower compared to those predicted 

by indentation fracture theory. This observation was considered in the model by Jafar et 

al. [260], which improves the accuracy of prediction, but this improvement was based on 

an assumption, which is questionable in the context of indentation theory. Another 

drawback of existing analytical formulations is that only one parameter is used to 

characterize impact conditions: particles’ kinetic energy. Previous observations [260], 

[261] indicated that the erosion rate is a function of both kinetic energy and particle size. 

Particles’ shape and material have not been considered at all. Thus, overall, the existing 

analytical description of the mechanism of fracturing erosion by solid particles is 

detached from the nature of a solid particle. As a result, the brittle MRM is unclear, and 

acceptable erosion damage prediction accuracy is achieved by fitting. A robust 

quantitative estimation of crater depth based on a physically consistent description of 

brittle MRM is needed to predict surface roughness and erosion rate during AJM of brittle 

materials. 

This study analytically describes the depth of indentations made by particles of 

various geometries, clarifies the depth of lateral crack nucleation using Hill’s ratio, and 

acceptably predicts the surface roughness and erosion rate of glass. 
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4.2 Theoretical analysis 

 

4.2.1 Evolution and analysis of existing models 

 

A median/radial crack system appears during the loading stage [79], while lateral 

cracks are nucleated just prior to complete unloading of the indenter [78]. This scenario 

has been explained by the action of inverse stress tensors during indentation. When the 

compressive stress inside the deformed zone exceeds a material’s fracture threshold, a 

radial crack occurs at the bottom of the indented zone and propagates downward in line 

with the loading direction. During the unloading stage, the deformed zone undergoes 

geometry recovery to some extent due to the elastic component of antecedent 

deformation, inducing a residual tensile stress field. When the tensile stress exceeds a 

material’s tensile strength threshold, the lateral crack begins perpendicular to the 

indentation force and later tends to exit on the surface. Marshall et al. [78] derived the 

relation for the lateral crack length by sharp indenters as follow 

 

𝐶𝐿 =
185/24√0.025𝐸3/8𝑈𝑘𝑖𝑛

5/12

0.751/4𝐻7/24𝐾𝐼𝑐
1/2

(1 −
12001/4𝐸1/4𝐾1𝑐

181/12√0.75𝐻13/12𝑈𝑘𝑖𝑛
1/6
)

1/2

 

(4.1) 

 

where 𝐻, 𝐸, and 𝐾1𝑐  are the hardness, elastic modulus, and fracture toughness of the 

target material, respectively, and 𝑈𝑘𝑖𝑛 = 𝑑𝑝
3𝑣𝑝

2𝜌𝑝𝜋/6  is the kinetic energy of the 

particle calculated based on its density (𝜌𝑝), velocity (𝑣𝑝), and mean circle equivalent 

diameter (𝑑𝑝). Most of the constants in eq. (4.1 are fitted and can be tracked in the original 

study [78]. The length of the lateral crack, 𝐶𝐿, and its depth, ℎ𝑐𝑟𝑎𝑐𝑘, determine the volume 

of the chip, 𝑉𝑐ℎ𝑖𝑝, removed by a single particle’s impact. This allows one to define the 

mass of material removed per unit of kinetic energy of the particle, or the erosion 

efficiency [77]: 

 

𝐸𝑒𝑓𝑓 =
𝜌𝑡𝑉𝑐ℎ𝑖𝑝

𝑈𝑘𝑖𝑛
=

𝜌𝑡
𝑈𝑘𝑖𝑛

𝜋𝐶𝑙𝑎𝑡
2 ℎ𝑐𝑟𝑎𝑐𝑘
2

 
(4.2) 

 

where 𝜌𝑡 is the density of target material. The expression assumes that the chip has a 

penny-shaped geometry. Using the specific volume-to-area ratio of a penny-shaped 
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crater, Slikkerveer et al. [77] shows that the average height of the surface profile can be 

approximated as follows: 

 

𝑅𝑎 ≈
ℎ

4
=
0.63

4
(
𝐸

 𝐻
)

1
2
(
3

 2𝜋
)

1
3 𝑈𝑘𝑖𝑛

1/3

𝐻1/3
 

(4.3) 

 

The unknown parameter in eqs. (4.2) and (4.3) is the nucleation depth of the lateral crack, 

ℎ𝑐𝑟𝑎𝑐𝑘. Several fundamental analyses [262], [263] have shown that tensile stresses are at 

their maximum near the elastic–plastic boundary. Marshall et al. [78], who conducted an 

in situ observation of lateral cracking, noted, “The depth below the indented surface at 

which lateral cracks formed showed considerable variability. The average depth was 

typically equal to the depth of the plastic zone (which could be distinguished with suitable 

illumination), although there was a systematic tendency for cracks in ZnS to form closer 

to the surface.” Therefore, it was assumed that ℎ is at the base of the plastically deformed 

zone. The mathematical theory of plasticity developed by Hill [262] enables one to 

determine the shape-invariant ratio of indented and deformed volumes in the indenting 

elastic–plastic material. To include the results of various indentation experiments into a 

single equation, a universal indenter geometry was required. Hill [262] used a convenient 

reference geometry—an inflating hemisphere—to determine the explicit dependence of 

plastic zone depth on indentation depth: 

 

𝑉𝑝𝑙

𝑉𝑖𝑛𝑑
=
𝑏

𝑎
≈ (

2𝐸

3𝐻
)
1/2

 
(4.4) 

 

where 𝑎 is the radius of the expanding hemispherical cavity with a volume equal to the 

volume of an actual indentation, 𝑉𝑖𝑛𝑑, and 𝑏 is the radius of the hemispherical plastic 

zone, which has a volume of 𝑉𝑝𝑙. The value for 𝑎 was obtained from 𝑉𝑖𝑛𝑑, equated to the 

work of deformation occurring during particles’ impact: 

 

𝑎 = (
3𝑉𝑖𝑛𝑑
 2𝜋

)
1/3

= (
3𝑈𝑘𝑖𝑛
 2𝜋𝐻

)
1/3

= (
𝑑𝑝

3𝑣𝑝
2𝜌𝑝

8𝐻
)

1/3

 

(4.5) 

 

The radial/median and lateral crack systems are illustrated in Figure 4.1. 
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Figure 4.1. Schema of indentation fracturing according to Slikkerveer et al. [77] 

 

The drawback of the described formulation is that the crater depth, surface 

roughness, and erosion efficiency are overestimated by over 200%. Jafar et al. [260] 

assumed that the lateral crack begins not at the plastic depth, 𝑏, but at the depth of the 

indentation, 𝑎. This allowed the authors to reduce the average prediction error for all 

items down to 30–60%. The assumption was justified by observations made by Lankford 

[264], Zhang [259], and Chiang et al. [265]. However, neither work could confirm that 

the lateral crack nucleates just beneath the tip of the indenter.  Lankford’s study [264] 

deals with crystalline ceramics, in which idealized crack systems are poorly applicable 

[80], [90]. Zhang [259] correlated 𝑎 to crater depth, but not to the actual penetration depth 

of the impinging particle. Chiang et al. [265] claimed, “It is apparent that the maximum 

tensions occur at a distance beneath the surface of 𝑏/2” (see eq. (4.4). Fair to notice, in 

most of the cases the value of 𝑏/2 is indeed closer to 𝑎 than 𝑏, but it does not imply that 

the maximum tension occurs the at the actual indentation depth. Jafar et al. [260] also 

measured the depth of craters in glass and confirmed that this value is much closer to 𝑎 

than 𝑏. This confirmation served as a reference point for the assumption that the lateral 

crack nucleates from the depth 𝑎. Evidently, the depth 𝑎 gives a good fit to the crater 

depth, but it is not clear why the lateral crack originates there. 

At this point, it is important to recall that the geometry of the expanding 

hemispherical cavity was introduced by Hill [262] to define 𝑏 based on 𝑉𝑖𝑛𝑑, and it is not 

related to the shape of the indentation. Therefore, 𝑎 is not representative of the actual 

particle’s penetration depth. The inappropriateness of this assumption can be easily 

observed by comparing the crater depths made in various materials under similar blasting 

conditions (Table 4.1). The calculated hemispherical depth, 𝑎, is significantly larger than 

the crater depth in metals but notably smaller than the crater depth in glass. In fact, the 

craters in glass are roughly three times deeper than that in the much softer Ti-6Al-4V 
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alloy. This implies that craters in glass are formed by lateral crack far below the particle’s 

tip. Based on the results shown in Table 4.1, the particle penetration depth in glass must 

be 1–2 µm. Consequently, to form a 5-µm-deep crater, the lateral crack must nucleate 2–

3 times below the particle’s tip. The actual depth of the particle’s penetration and its ratio 

to the depth of the lateral crack must be established for accurate prediction of the erosion 

rate and surface roughness during SPE of brittle materials. 

 

Table 4.1. Crater depth in materials with different hardness  

Study Alumina  

particles,  

𝑑𝑝, µm 

Particle  

velocity, 

𝑣𝑝, m/s 

Kinetic  

energy, 

𝑈𝑘𝑖𝑛, 

µJ 

Target 

material 

Target’s  

hardness, 

𝐻, GPa 

Hemis

phere 

depth, 

𝑎, µm 

Measured 

crater 

depth, 

ℎ, µm 

[266] 38 115 0.74 SS 316L 1.6 6.0 3.7 

[266] 38 115 0.74 Co-Cr-Mo 3.2 4.8 2.3 

[266] 38 115 0.74 Ti-6Al-4V 3.4 4.7 1.8 

[260] 41 80 0.45 Bor. glass 5.2 3.5 5.0 

 

4.2.2 Modifications in this model 

 

During SPE of brittle materials, when the hardness of the abrasive particles and 

target are within one order of magnitude, both impacting bodies can be subject to energy-

consumptive elastic deformation. The target’s region near the impact spot is subjected to 

elastic deflection, which returns to the particle a part of 𝑈𝑘𝑖𝑛. At the same time, elastic 

recovery of the particle turns a part of 𝑈𝑘𝑖𝑛 into the particle’s rebound velocity. Therefore, 

the irreversible substrate deformation during impact is caused only by a fraction of 𝑈𝑘𝑖𝑛. 

This fraction, called the energy of plastic work, 𝑈𝑝𝑚 , can be determined using the 

coefficient of restitution [267]: 

 

𝑈𝑝𝑚 = 𝑈𝑘𝑖𝑛 · (1 − 𝑒𝑅
2)

= 𝑈𝑘𝑖𝑛 · [1 − (
3.06 · 𝐻5/4

𝜌𝑝
1/4

· 𝑣𝑝
1/2
) · (

(1 − 𝜇𝑡
2)

𝐸𝑡
+
(1 − 𝜇𝑝

2)

𝐸𝑝
)] 

(4.6) 

 

where 𝐸𝑡 and 𝐸𝑝 are the elastic modulus values of the target and particle, respectively, 

while 𝜇𝑡, and 𝜇𝑝 are the Poisson’s ratios of the target and particle, respectively. High 
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values of Poisson’s ratio or the elastic modulus indicate a stronger rebound effect. During 

micro-blasting of glass with alumina oxide, the rebound energy reaches 30–50% of 𝑈𝑘𝑖𝑛. 

To determine the actual penetration depth, I examined three shapes of impacting 

particles: sphere, polygon, and the recently developed spinning top [266]. From these 

shapes, four indenter geometries were extracted to represent particles’ impact. The 

previously used inflated hemispherical tip and four new indenters are shown in Figure 4.2 

as pieces of hypothetical particles separated by imaginary planes. Figure 4.2.a illustrates 

that the assumed penetration of the inflated hemispherical tip inadequately represents the 

actual penetration depth for several reasons. First, the geometry of the hemispherical tip 

is not typical for any abrasive. Second, impact by an exact spot of the hemisphere is highly 

improbable. Third, it is practically impossible to achieve equality of the actual indented 

volume and the volume of hemispherical tip. In contrast, the particle shapes shown in 

Figure 4.2.b and c might describe the geometrical impact conditions more realistically. 

 

 

 

Figure 4.2. Illustration of the investigated abrasive particle shapes and corresponding 

indenter geometries 

 

The penetration depth of the indenters, which are shown in Figure 4.2, can be 

obtained by expressing their height based on the indentation volume: 

 

ℎ𝑠𝑝ℎ = 𝑑𝑝 −√𝑑𝑝
2 − (

32𝑉𝑖𝑛𝑑𝑑𝑝

 𝜋
)

1/2

 

(4.7) 

 

ℎ𝑝𝑦𝑟 = (
3𝑉𝑖𝑛𝑑

(2 𝑡𝑎𝑛 𝜃)2 
)
1/3

 
(4.8) 

 

ℎ𝑐𝑜𝑛𝑒 = (
3𝑉𝑖𝑛𝑑

𝜋(𝑡𝑎𝑛 𝜃)2 
)
1/3

 
(4.9) 
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ℎ𝑠𝑝𝑖𝑛 = (
𝑑𝑠𝑝

2
− 𝑟𝑒𝑑𝑔𝑒)(

6𝑉𝑖𝑛𝑑

𝜋(𝑑𝑠𝑝/2)
3
𝑐𝑜𝑡 𝜃

)

0.54

 

(4.10) 

 

   

where 𝑑𝑝 is the circle-equivalent diameter of abrasive particle and 𝑑𝑠𝑝 is the diameter of 

the spinning top particle. The latter is calculated as 𝑑𝑝𝐴𝑟 to approximate its volume in 

relation to the volume of the spherical particle, where 𝐴𝑟 = cot 𝜃 is the aspect ratio of the 

abrasive particle. The aspect ratio of alumina particles is 𝐴𝑟 ≈ 0.6, as measured in [268], 

describing an angle of 𝜃 = 60º at the cone apex. The edge of the spinning top is rounded 

with 𝑟𝑒𝑑𝑔𝑒 = 𝑑𝑝/10. For the Vickers pyramid, 𝜃 = 68º. Eqs. (4.7) - (4.9) are derived from 

the indented volume of the corresponding indenter’s geometry, while the origin of eq. 

(4.10) is presented in [266]. 

In this analysis, the author wishes to separate the depths 𝑎 and 𝑏 from the depths 

ℎ𝑖𝑛𝑑  and ℎ𝑐𝑟𝑎𝑐𝑘 . At the same time, it is important to preserve the dependency of the 

elastic–plastic boundary on material properties. To do so, the indentation depth, ℎ𝑖𝑛𝑑, 

from eqs. (4.7) – (4.10) was applied to Hill’s ratio (eq. (4.4)), replacing the cavity depth, 

𝑎. With such a replacement, 𝑏 was no longer representative of the plastic zone depth; it 

was assumed to be the depth of the lateral crack nucleation, ℎ𝑐𝑟𝑎𝑐𝑘 . Mathematically 

speaking, the author modifies the Hill’s ratio to the next form 

ℎ𝑐𝑟𝑎𝑐𝑘
ℎ𝑖𝑛𝑑

≈ (
2𝐸

3𝐻
)
1/2

 

(4.11) 

 

Figure 4.3. illustrates the scenario of indentation fracturing according to eq. (4.11). 

 

 

Figure 4.3. Schema of indentation fracturing according to this analysis 
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4.3 Experimental verification 

 

For comparison of this model with the model previously developed by 

Slikkerveer et al. [77] and modified by Jafar et al. [260], this study applies the same 

experimental input as these authors. Jafar et al. [260] performed grit-blasting of 

borosilicate glass with 22–182-µm angular alumina particles at a gauge pressure of 100–

300 KPa, delivering impact velocity of 45–202 m/s. The comprehensive descriptions of 

abrasive media, blasting conditons, material properties, resulting crater size, surface 

roughness, and erosion rate given in [260] enable full re-use of data in order to estimate 

the error of the proposed model and compare it with those of the original models. 

 

4.4 Results and discussion 

 

Figure 4.4 compares the predicted crater depth with particles’ kinetic energy 

according to various models. It can be seen that applying Hill’s solution (4.11) to the 

particle penetration depth (eqs. (4.7) – (4.10)) allows one to predict the depth of a lateral 

crack quite closely to the measured mean and always within the standard deviation of the 

measured crater depth. The particles’ penetration depth, calculated using eqs. (4.7) – 

(4.10) is roughly 2.2 times shallower then the measured crater depth and nearly 4 times 

shallower then the theoretical plastic depth. Therefore, the lateral crack does not appear 

immediately below the indenter, but at a depth between the tip of the indenter and the 

elastic–plastic boundary. This result aligns with the observations and simulations reported 

by Marshall, Lawn, Evans, and Chiang [78], [79], [265], who developed the original 

model. Chiang et al. [265] stated that the maximum tensile forces occur at a distance of 

𝑏/2 beneath the surface, which appeared to be quite close to the depth of the lateral crack 

nucleation, ℎ𝑐𝑟𝑎𝑐𝑘, predicted by the current model. Marshall et al. [78] observed in situ 

that lateral cracks systematically tended to appear above the bottom of the plastic zone. 

The current model gives a resonably good prediction of the value of 𝑅𝑎 formed 

by particles with up to 10 µJ of impact energy, but then it starts to deviate upward from 

the measurements (Figure 4.5). This may be due to the mathematical formulation of the 

surface profile, which does not include the edge chipping effect. Alternatively, a fixed 

0.25 mm cut-off was applied in [260] for calculation of 𝑅𝑎 on the entire eroded surface, 

irrespective of the topograpical feature size (crater size) formed by different abrasive 

fractions, and connecting the cut-off to the crater size could result in lower measured 



 

79 

 

roughness. As both theoretical and empirical descriptions of surface roughness have 

drawbacks, it is difficult to distinguish the source of divergence in Figure 4.5. 

The predicted erosion efficiency, 𝐸𝑓𝑓, in this study slightly deviates upward and 

downward from the measured trend (Figure 4.6). Importantly, the empirical line of 𝐸𝑓𝑓 

in Fig. 6 features a least-squares power-law fit, with 𝑅2 = 0.39 [260], meaning that the 

actual data points are highly scattered. Jafar et al. [260] stated that the measured erosion 

rate changed suddenly with a change in particle size, and therefore the erosion rate of 

glass is a function of both kinetic energy and particle size. Feng and Ball [261] eroded 

four materials using seven erodents and claimed that particles’ size and kinetic energy 

should be considered to have effects on erosion. Notably, the models based on spherical 

and spinning top indenters incorporate particle size. Figure 4.4 – Figure 4.6 show that the 

trends obtained for ℎ𝑠𝑝ℎ and ℎ𝑠𝑝𝑖𝑛 depend on particle size and velocity in separate ways, 

which can be explained by particles’ penetration depth. Small and fast abrasive particles 

are expected to penetrate deeper than coarse and slow particle, as the latter have larger 

shape radiuses and, likely, blunter edges. However, this effect is not observed when the 

particle edge is modeled as a sharp pyramid or cone. Therefore, descriptions of the 

mechanism of erosion and damage by sharp particles should take into account particles’ 

shape and sharpness. 

This analysis shows that descriptions of erosion damage in brittle materials are 

more accurate when the particle is considered not as a unit of energy, but as a solid body 

with a size, shape, and mechanical properties. Significant improvements in prediction 

accuracy were achieved compared to the model described in [77]. The prediction errors 

of various models are shown in Table 4.2. On average, any of the proposed indenters’ 

geometry performs better than the geometry of an inflating hemisprerical cavity. 

Therefore, particles can be assumed to be spherical (eq. (4.7)) for simplicity or spinning 

tops (eq. (4.10)) when the shape of abrasives is well characterized. Fair to remark, this 

model does not outperphorm greatly the model delivered by Jafar et al. [260]. The radius 

𝑎 calculated from the full impact energy 𝑈𝑘𝑖𝑛  is nearly equal to the value of ℎ𝑐𝑟𝑎𝑐𝑘 . 

However, the presented here formulation benefits three aspects. First, it accounts for the 

energy loss due to particle rebound. Second, it considers a particle with the aspect ratio 

and tip radius. Third, it distinguishes the indentation depth from the depth of crack 

nucleation. Thus, while the current model is quantitatively comparable to previous one, 

it is superior qualitatively.   
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Figure 4.4. Influence of impact energy on crater depth 

 

Figure 4.5. Influence of impact energy on surface roughness 

 

Figure 4.6. Influence of impact energy on erosion efficiency 
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Table 4.2. Prediction error of various models 

 

Depth of crater,  

ℎ𝑠𝑝𝑖𝑛 

Surface roughness,  

𝑅𝑎 

Erosion efficiency,  

𝐸𝑒𝑓𝑓 

Model Av, % Max, % Av, % Max, % Av, % Max, % 

Slikkerveer et al. [77] 88 126 91 155 160 223 

Jafar et al. [260] 16 31 18 31 30 47 

Sphere 9 21 22 45 22 54 

Pyramid 12 20 23 37 22 54 

Cone 14 23 26 49 23 50 

Spinning top 6 17 26 56 23 52 

 

 

4.5 Summary 

 

The current analysis quantitatively argues that a lateral crack in glass does not 

nucleate at the indenter’s tip or at the theoretical plastic depth, but at an intermediate 

depth. This depth can be found by applying the actual particle penetration depth to Hill’s 

ratio. The effects of particle size and impact energy can be simulated separately by 

considering the particle not as a unit of energy, but as a solid body with size, shape, and 

mechanical properties. Several new geometries of impacting tips were offered to achieve 

an adequate particle penetration depth. Either of the proposed geometries can be used 

instead of an expanding hemispherical cavity to predict the depth of lateral crack 

nucleation. The average crater depth, surface roughness, and erosion efficiency of 

borosilicate glass was predicted with 10%, 24%, and 23% error, respectively, using a 

simple analytical routine. 
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5 Investigation on surface roughness 

and area ratio 

 

5.1 Background 

 

The influence of blasting parameters on amplitude roughness parameters is well-

understood and has been reported in many studies (see Table 5.3). Despite this, only few 

studies have considered the influence of technological blast parameters on the spacing 

and hybrid characteristics of surfaces. Moreover, in one report [185], the average height 

of the profile was not proportional to particles’ size and velocity. This result, which may 

be due to the effect of different types of abrasives, contradicts the established pattern of 

topography formation, in which particle size has a direct effect on peaks’ amplitude [184]. 

De Pellegrin et al. [269] examined different abrasives and concluded that sharpness, 

aspect ratio and convexity contributed to the abrasive potential of particles. To avoid 

misconceptions, the values of surface roughness parameters should not be considered 

independent of particles’ shape. If abrasive particles are sharper proportional to their size, 

then micro-blasting with fine abrasives may produce nano-features with a steeper slope 

and a more developed surface area. In addition, application of two-step sequential blasting 

with coarse and fine abrasives may produce large micro-features with a spiky nano-

texture, the topography of which is of great value for osseointegration. This chapter aims 

to analyse the influence of particle size, shape and velocity on amplitude, spatial and 

hybrid surface roughness parameters and to develop tools for managing the characteristics 

of an eroded surface. The analysis delivers answers to the following question: what are 

the size and slope of the eroded features; how much of the interfacial area is developed 

on an eroded surface, and how it can be controlled? 
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5.2 Materials and methods 

 

5.2.1 Particles characterisation 

 

Aluminium oxide powder is the most commonly used abrasive in abrasive jet 

machining and thus is the most relevant to this analysis. Eight abrasive fractions of white 

aluminium oxide (Al2O3) complying with FEPA standards —F1200, F1000, F500, F320, 

F240, F180, F150 and F70—were used in this study. Particles’ size distribution by 

volume was measured using a LA-920 Laser Scattering Particle Size Distribution 

Analyser (Horiba,  apan). Particles’ size distribution by count and shape analysis was 

done using Scanning Electron Microscopy (SEM). Micrographs of fine abrasives 

(F1200–F320) were obtained with FEI–QUANTA SEM 3D FEG. Coarse abrasives 

(F240–F70) were inspected using a Hitachi TM-1000 SEM. The particle shape analysis 

was performed utilising an original software for the microscope. This process is partially 

illustrated in Figure 5.1. We collected 20–170 projections for each abrasive fraction. 

Recorded values greater than three standard deviations from the mathematical 

expectations were excluded from further analyses in order to avoid cases in which several 

particles were extracted as one merged projection. Six shape parameters of the extracted 

projections were calculated: equivalent circle diameter, circumscribed circle diameter, 

aspect ratio, elongation, convexity and circularity. The equivalent circle diameter has the 

same area as the analysed angular projection. The circumscribed circle diameter is the 

diameter of the smallest circle encompassing all the vertexes of the projection. Aspect 

ratio is a function of particle length on the major and minor axes, which are perpendicular. 

The ratio falls from 1 to 0 when a square is transformed to a very long rectangle. 

Elongation shape factor is defined as the square root of the ratio of the two second 

moments of a particle around its principal axes. Convexity is the ratio of the convex hull 

to the actual perimeter of the projection. Circularity (or the isoperimetric quotient) of a 

particle is defined as 4𝜋𝐴/𝑃2, where 𝐴 and 𝑃 are the area and perimeter of the projection, 

respectively. For instance, the circularity of a circle is 1, and that of a star is much less 

than 1. These parameters were discussed in detail and illustrated in [269]. 
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Figure 5.1. Definition of particles’ shape based on a SEM image. 

 

5.2.2 Samples and blasting process 

 

The substrate was a femoral stem of a hip bioimplant billet forged from a Co-Cr-

Mo alloy. The energy dispersive spectrometry analysis of the Co-Cr-Mo substrate is 

shown in Figure 5.2. The stem implant was cut into 10-mm-thick slices and mounted in 

epoxy resin. The mounted sections were lapped using 240, 320, 600, 1200 and 2500 grit 

sandpaper and 3-μm diamond suspension and finished with 0.04-μm colloidial silica to 

achieve a flat surface (Sa = 3.8 nm [Δ3%], Sq = 5.6 nm [Δ1%], Sz = 230 nm [Δ8%]). The 

average result of three Vickers hardness tests conducted with a force of 10 kg was 317 

HV10, or 3.11 GPa. Prepared samples were fixed below the nozzle on the CNC table to 

erode the channels. Erosion tests were conducted using an MV-2 micro-blaster (Crystal 

Mark Inc., USA). Six abrasive fractions of white aluminium oxide were blasted at the 

prepared samples under the conditions shown in Table 5.1. Particle velocity was 

calculated using the semi-numerical model employed by Melentiev and Fang [244]. The 

model continues the analysis of Li et al. [114], incorporating the viscous friction at the 

nozzle wall, gradual change of the drag coefficient and particles’ rotation and deceleration 
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on the jet periphery. The error of the prediction does not exceed 10% for a wide range of 

operational conditions, used in previous experimental studies on particle velocity. The 

model is available in the form of an interactive Excel plot, which is attached as a 

supplementary material to the original study [244]. The mean abrasive fraction by count 

represented particle size in the particle velocity calculation. Abrasive fractions of F1000–

F240 and F150–F70 were blasted through nozzles with internal diameters of 400 μm and 

5 mm, respectively. The feed speed was adjusted to 0.2 mm/s to produce a wide channel 

with a relatively flat bottom. Abrasive flow rates of 2 g/min and 10 g/min for fractions 

F1000–F240 and F150–F70, respectively, were used to reduce the effects of interaction 

inside the jet and between the incident and rebounding particles. As reported in [193], a 

morphological steady state occurs beyond 5 s of projection, after which the roughness 

parameters vary slightly. The feed speed and stand-off distance ensured that the 

machining time of each point on the channel centreline was above 10 s. The centreline 

depth of the channel was larger than the applied particle size. As the depth of particle 

penetration with a single impact is typically a decile of the abrasive size, surface 

roughness formed at the centreline of described channels was steady state. After blasting, 

all samples were cleaned ultrasonically in water for 5 min to eliminate dust and residual 

particles from the eroded surfaces. Morphological characterisation was performed within 

24 hours after blasting. 

 

Table 5.1. Setup parameters used in the erosion experiment. 
 

Test Abrasive mesh Measured mean Stand-off  

distance 

Gauge  

pressure 

Nozzle 

𝑑𝑁 x 𝐿𝑁 

Particle  

velocity 

No FEPA 𝑑𝑝, µm SOD, mm P, MPa mm 𝑣𝑝, m/s 

1 F1000 5 5 0.3 0.36 x 8 217 

2    0.5 0.36 x 8 227 

3    0.7 0.36 x 8 234 

4 F500 13 10 0.3 0.36 x 8 162 

5    0.5 0.36 x 8 180 

6    0.7 0.36 x 8 190 

7 F320 38 10 0.3 0.36 x 8 124 

8    0.5 0.36 x 8 144 

9    0.7 0.36 x 8 158 

10 F240 59 15 0.3 0.36 x 8 107 

11    0.5 0.36 x 8 125 

12    0.7 0.36 x 8 139 

13 F150 98 20 0.2 5 x 30 127 

14    0.6 5 x 30 167 

15 F70 282 20 0.2 5 x 30 85 

16    0.6 5 x 30 118 
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5.2.3 Surface characterisation 

 

A full description of a real surface’s roughness cannot be achieved with a finite 

number of parameters. However, a high number of parameters enables accurate 

description of the surface’s geometry. There are three functional groups of roughness 

parameters: amplitude, spacing and hybrid parameters [270]. Three amplitude parameters 

were used to characterise the height of the profile: average roughness (Sa), root mean 

square (Sq) and peak to valley value (Sz). The spacing between features was evaluated by 

the auto-correlation function (Sal), and the uniformity of features across the surface was 

estimated using the texture aspect ratio (Str). Perhaps the most relevant roughness 

parameter to the area of a real surface is the developed surface area ratio (Sdr). This hybrid 

parameter is expressed as the ratio of the machined area contributed by the micro- and 

nano-features to the planar definition area. To quantify Sdr, the overall sampling area 

should be covered by the smallest sampling quadrilateral. However, Stout et al. [271] 

explained that the four corners of the quadrilateral may not be on the same plane. Thus, 

they proposed defining the interfacial area of the quadrilateral as an average of two 

triangles’ areas. This definition of areal elements in the sampling area is illustrated in 

Figure 5.3. The sloped triangles contribute to Sdr more accurate than the sloped 

quadrilaterals, indicating that Sdr is tightly connected to the RMS gradient and, thus, Sdq 

is measured as well. Sdq and Sdr may not always reflect changes in amplitude and 

spacing, and thus several additional hybrid parameters were calculated beyond those 

defined in ISO 25178-2. The summit density (Sds) indicates the number of summits per 

unit of area, and the mean summit curvature (Ssc) is the average of the principal curvature 

of the local maximums on the surface. The algorithm used to calculate both can be found 

in the literature published by metrological equipment manufacturers [272], [273]. 

The surface topography was evaluated using an NPFLEX optical microscope 

(Bruker, USA). A vertical-scanning interferometry (VSI) mode with 3 nm of z-axis 

resolution was applied for 3D measurement of the surface area. The parameters Sa, Sq, 

Sz and Str are insensitive to spatial resolution but strongly depend on the definition area, 

and thus they were evaluated within a 325 x 246 μm definition area with a 50x objective 

and 0.55x field-of-view multiplier (spatial sampling: 0.4 μm). The parameters Sal, Sdq, 

Sdr, Ssc and Ssc are very sensitive to spatial resolution, and therefore they were evaluated 

within a 88 x 66 μm definition area with a 50x objective and 2x field-of-view multiplier 

at the finest available spatial sampling (0.1 μm). Three topographical measurements were 

performed for each analysed surface. The median statistical filter with a window size of 
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9 x 9 was utilised to suppress noise without losing edges. Missing data were restored with 

20 iterations of the Legacy method performed using Vision64® software. NPFLEX 

incorporates industry-specific analysis routines and ISO standards, and thus surface 

texture analysis was performed in accordance with ISO 25178-2, the standard for 

classification of 3D surfaces. Referring to the hybrid parameters in ISO 25178-2, Stout et 

al. [271] identified the high and long frequency limits as follows: 

𝑓ℎ = (
1

2Δx
) = (

1

2Δy
) (𝑚𝑚−1) 

𝑓𝐿 = (
1

𝑁𝑥Δx
) = (

1

𝑁𝑦Δy
) (𝑚𝑚−1), 

where 𝑁𝑥  and 𝑁𝑦 are the number of points in the sample (definition length / spatial 

resolution) and Δx and Δy are the sample intervals (spatial resolution). The band pass was 

0.0002–0.08 mm (short and long cut-offs, respectively). 

 

 

 

Figure 5.2. Elemental analysis of the target material (Co-Cr-Mo alloy). 
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Figure 5.3. Definition of the areal elements contributing to the developed 

interfacial area ratio (Sdr). The x and y dimensions of the triangles are equal to the 

spatial resolution of the setup or bottom value of the applied band pass. 
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5.3 Results 

 

5.3.1 Particle characterisation 

 

The SEM images demonstrate that all abrasive fractions have roughly the same 

degree of angularity (see Figure 5.4), except the finest mesh, F1200. The boundaries of 

the finest particles were not identified as sharp and were not always recognised in the 

shape analysis procedure. Therefore, the aspect ratio of particles smaller than 3 μm is 

disputable. The average values of different shape factors for the other abrasives are 

presented in Table 4.2. The mean particle size by count, which is reflected by circle 

equivalent diameter, is for around 20% smaller than the mean particle size by volume. 

The distribution of small abrasive fractions is more focused, and large particles are 

distributed more widely. However, the distribution of mean particle size and equivalent 

particle diameter on the logographic scale are expressed with the same curvature for all 

fractions (see Appendix C). The circumscribed diameter is permanently 46–63% larger 

than the equivalent particle diameter, suggesting that the major axis is significantly longer 

than the minor one. The aspect ratios of all scanned particles’ projections are shown in 

Appendix C. The distributions of other particle shape factors analysed from SEM images 

are shown in Figure C.2. Each dot on the graph represents the measured result of a single 

particle, so the number of particles analysed for each abrasive mesh can be seen in the 

figure C.2. All fractions contain a small amount of square and bullet-like particles, and 

the aspect ratio of the majority of the particles is around 0.6. This implies that the particles 

are about 40% longer in the major dimension than in the perpendicular dimension. 

Regarding circularity, only a small number of 5–300 μm particles are round, and the 

perimeter of most particles is almost twice as long as the circumference of circles with an 

equivalent area. All abrasive fractions have the same level of average convexity, although, 

interestingly, the larger particles in each group were more concave, which may result in 

better abrasiveness. However, the portion of such particles in each group is roughly the 

same, and thus the measured convexity would contribute to surface formation to the same 

extent, regardless of which fraction is used. In summary, there is no meaningful variation 

in any shape factor among 5–300 μm alumina abrasives. 
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Table 5.2. Average values of particle shape parameters weighted by count.  
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Figure 5.4.  SEM observation of particles and particle size distribution obtained by laser 

scattering analysis. 
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Figure 4.4 (continue).  SEM observation of particles and particle size distribution 

obtained by laser scattering analysis. 
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5.3.2 Machined surface characterisation 

 

Table 5.3 shows the average of three measurements of each parameter discussed 

above and their standard deviations (in brackets) as well as their dependency on blasting 

parameters. The 3D plots and 2D profiles of surfaces blasted with different abrasives are 

illustrated in Figure 5.5. Note that the scale of the z-axis for the 3D plots of a surface 

eroded with 5 μm particles is almost one order of magnitude different from that of a 

surface eroded with 280 μm particles. It is also important to note that the values of 

roughness parameters displayed in Table 5.3 were obtained from a larger definition area 

than those presented in Figure 5.5. 

The values of amplitude roughness parameters, Sa, Sq and Sz, are proportional to 

particle size and air pressure, but the last factor has a much weaker effect. No local 

maximum was revealed for 100 μm particles or those of any other size, as it was reported 

in [271]. The changes and absolute values of the amplitude parameters obtained here are 

consistent with the conclusions of a number of previous reports, which are presented in 

Table 1.3. The average Sa and maximum Sz surface height of the Co-Cr-Mo alloy 

substrate eroded with 5–280 μm Al2O3 grow from 0.1 to 2 μm and from 3 to 30 μm, 

respectively. 

The texture aspect ratio (Srt) is significantly higher than the conditional border 

(0.5) between surface anisotropy and isotropy. The blasted surface has no repeatable 

pattern in any direction. The Srt of the milled, turned, ground and honed surfaces is 

generally less than 0.3, and thus, it is easy to identify which surface treatment technology 

was applied by looking at the machining signature; if blasting was applied, no machining 

signature is present. Perhaps the only comparable surface isotropy can be achieved by 

using EDM, when Srt is typically larger than 0.5. When sandblasting is applied, Srt is 

around 0.9, regardless of particle size. 

The auto correlation length (Sal) of an anisotropic surface is measured in a 

direction perpendicular to the surface irregularities. However, the eroded surface is 

isotropic (Srt > 0.5) and has similar roughness characteristics with respect to both lateral 

axes. Thus, Sal represents the eroded surface in all directions. A small value of Sal 

indicates that the surface is dominated by high-frequency texture components, while a 

large value of Sal indicates that the dominant components have long wavelengths. The 

larger the particles, the longer the wavelength of the overall surface texture. 

The RMS of the surface slope (Sdq) within the sampling area has a nearly 

logarithmic dependency on particle size. The RMS gradient gently slopes for surface 
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features eroded with fine abrasives and is much steeper for those formed by coarse 

abrasives. The slope increases with particle size from 27–65°. It is worth noting that the 

RMS gradients for bored, ground, milled and honed surfaces are typically below 20° 

[271]. 

The developed interfacial area ratio (Sdr) represents the percentage of 

enlargement of the eroded area compared to the planar area. The eroded surface is 

characterised by up to 170% of the interfacial area increment. However, this value can be 

one order of magnitude smaller if the finest abrasives are used. The fact that prior studies 

use different equipment and setups makes it impossible to compare the Sdr of surfaces 

machined using different technologies. 

The summit curvature (Ssc) is twice as large for surfaces machined with 280-μm 

particles compared to those machined with 5-μm particles. Interestingly, the summit 

density (Sds), defined as the number of summits per μm2, falls only twice instead of 

falling exponentially with the summit curvature. Perhaps Ssc and Sds refer to different 

“eight nearest summits” on the eroded surface. It can imply the presence of different 

levels of surface texture, like roughness and waviness. As shown in the bottom plot of 

Figure 5.5, several levels of surface texture are apparent in the surfaces studied here. The 

roughness and waviness generated by solid particle erosion are discussed in the next 

section. 
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Table 5.3. Influence of particle size and air pressure on the roughness parameters of the eroded surface. 
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Figure 5.5. Influence of particle size on eroded surface topography. The initial (lapped) 

surface is on top. Note that the scale of the z-axis is different for each plot. 
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5.4 Discussion 

 

5.4.1 Abrasive particle parameters 

 

Although the size of analysed abrasive fractions varies within two orders of 

magnitude, the average values of all analysed particle shape factors and their statistical 

distributions are almost identical. These results are congruent to those obtained by De 

Pellegrin and Stachowiak [274], who detected no meaningful variation in particle shape 

factors among eleven abrasive fractions. Other studies supporting these results were 

discussed in [275]. The invariability of particle shape factors can be attributed to one 

dominant mechanism of grit formation during the production of abrasives: in 

polycrystalline materials, the μ-crack propagates along the grain boundary through 

intergranular porosity [276]. An intergranular μ-crack was reported to exist in various 

brittle materials, including alumina ceramics [90]. This implies that the angularity of 

particles is not related to their size if the particles are notably larger than single crystal 

grain. In other words, the shape of crushed fragments is independent of their size. The 

average elongation of alumina particles is fixed at around 40% but can be different for 

other abrasive materials. Similarly, De Pellegrin et al. [269] found that the shape factors 

of abrasives vary for different crystalline structures (e.g. highly geometric single crystals, 

crushed single crystals and polycrystalline diamond particles). 

According to Kragelski’s criterion (1965), particle’s abrasivity is determined by 

the tip radius. Although it is complicated to obtain direct and accurate measurements of 

the tip radius, some evaluations on this matter can be derived from the mechanism of 

intergranular fracture. The surface of a large particle is formed by an intergranular μ-

crack, and thus the tip radius and cutting face of an abrasive particle can be as sharp as a 

single crystalline grain. If a particle approaches the size of a single crystal grain, then the 

μ-crack may propagate across the grain, forming a sharp tip and edges. Morphological 

analysis of the particle surface shown in Figure 5.6 demonstrates the validity of this 

conclusion. The tip radius of large particles is as sharp as a single crystal grain (Figure 

5.6a), and fine particles that are a fraction of a single crystal can be even more pointed 

(Figure 5.6c). This indicates that the tip radius might be correlated to a parameter of 

particles’ crystalline structure. However, analysis of particles’ crystalline structure would 

require for a separate study with different tools, while this study focuses on particles size 

and shape, which are more relevant for the MAJM process.  Our analysis of a number of 

SEM images suggests that the tip radius may be logarithmically related to particles’ 
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diameter (𝑟𝑡𝑖𝑝 ≈ log 𝑑𝑝). The finest micro-abrasives (near 1 μm in diameter) are more 

rounded (see Figure 5.6d), and their morphological appearance is not typical of alumina 

grits due to the mechanism by which they were formed (intergranular crack). Also, while 

large particles’ boundaries seem to be planarly smooth, detailed analysis reveals that they 

have a developed topography with a unidirectional texture. Therefore, cutting or 

ploughing during erosion and abrasion is performed by a plurality of scallops, rather than 

by the idealised cutting tool. 

 

  

a b 

  

c d 

Figure 5.6. Topography of alumina particles: sharp crystal cutting edges (a), 

submicron texture of the ‘smooth’ particle’s surface (b), particle created by a cross-

granular crack (c), rounded particles in F1200 mesh (d). 
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5.4.2 Surface morphology 

 

Two conflicting observations were identified: 1) fine and coarse particles have the 

same shape and 2) fine and coarse particles do not erode features with the same shape. 

Specifically, the surface eroded with coarse particles has a considerably steeper average 

slope than that eroded with fine particles. According to Vickers indentation theory, the 

depth and width of a footprint are proportional to the indentation load. In SPE, the 

indentation load is determined by the kinetic energy of particles, which is half of the 

particle mass multiplied by the square of its velocity. The particle mass can be determined 

by assuming that it is spherical with a diameter equal to the average equivalent circle 

diameter of the measured abrasive fraction. Assuming that the error of particle velocity 

prediction (<10%) is the only deteriorative factor of the prediction, the impact energy can 

be easily determined within a deviation of 21%. The roughness parameters measured in 

this study are plotted against kinetic energy in Figure 5.7. As shown, coarse particles, 

which have higher impact energy, penetrate deeper into the substrate, contributing 

proportionally to both the amplitude and space roughness parameters. The larger the 

distance between valleys, the smaller the number of summits per unit area. Analysis 

provides a consistent picture until the surface slope and area ratio are considered. Under 

static indentation conditions with a sharp indenter, the slope of the footprint should be 

independent of the load. However, this is not the case for erosion, when the RMS surface 

gradient appears to be a function of the indentation load and/or strain rate. Both 𝑆𝑑𝑞 and 

𝑆𝑑𝑟 start to fall as the impact energy drops from mJ to μ . Interestingly, this energy range 

coincides with that of the well-known particle “size effect” on the rate of abrasion and 

erosion. The working hypothesis is that the “size effect” on wear rate and RMS gradient 

are the two aspects of one phenomenon. If the hypothesis is true, both aspects can be 

explained by the same set of physical reasons. The potential reasons are discussed in the 

following subsection. 
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Figure 5.7. Dependence of surface roughness parameters on particles’ impact 

energy. 
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5.4.3 O  “size effect” 

 

The size effect is a well-known phenomenon that occurs during solid particles 

erosion and abrasion. Briefly, the wear rate increases with particle size not linearly, but 

logarithmically. Abrasives above a critical size, often about 100 µm [277], result in almost 

no increase in wear rate. Many explanations for this phenomenon have been proposed 

and disproved over the last six decades. Most studies suit only one case, but the true 

mechanism should be applicable to all manifestations of the size effect in erosion and 

two- and three-body abrasion. For example, the clogging theory proposed by Goddar et 

al. (1960–1962) cannot explain the size effect for erosion and three-body abrasion, in 

which clogging is impossible. Abrasive grit damage is more expressed for large particles 

and cannot explain their superior abrasive performance. The theory of adhesive wear 

particles put forward by Rabinowicz (1961) cannot be applied to erosion since there were 

not adhesive wear particles. Further, the hypothesis of different levels of ploughing 

offered by Malkin et al. (1972) is inconsistent with the fact that the curves of erosion rate 

and impact angle are insensitive to particle size. The dependence of the size effect on 

strain rate was refuted by an abrasion experiment with extremely different speeds (0.2–

200 mm/s) [278], which did not change the critical particle size. The work hardening and 

theory of developed dislocation tangles near the surface offered in [278] do not explain 

why particles with the same shape produce footprints with different slopes. A more 

suitable explanation is the elastic contact hypothesis proposed by Larsen-Basse [279], 

according to which many fine grits have a more elastic nature of the interaction and 

produce only minor plastic damage. The existence of purely elastic interaction during 

erosion was recently proven in [97] for sub-micron abrasives. The elastic–plastic 

transition of the substrate’s response occurs at a much lower impact force than that 

produced by 50–100 µm abrasives. The impact temperature was proven to be sufficient 

for softening materials when large particles are used [23[23]. If the temperature is a true 

reason for the size effect, then the critical particle size should be different for materials 

with the same hardness at room temperature but different hardness at elevated 

temperatures (e.g. carbon steel and Inconel). However, such comparison has not been 

reported. 

With respect to indentation and cutting theory, the most practical concept is the 

relative bluntness theory proposed by Sin et al. [279]. In this theory, all abrasive particles 

have a rounded tip at their summits with a comparable radius. According to this 

assumption, in the first stage of abrasion, the particle contacts a surface as a sphere, and 
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when the penetration depth exceeds the tip radius, indentation of the cone occurs. Misra 

and Finnie [278] argued that abrasives are not conical, but polyhedral, and tip geometries 

sharpen with decreasing abrasive size. Although neither of these arguments falsify the 

relative bluntness theory. The theory would be false if the ratio of the particle radius to 

the tip radius (𝑑𝑟/𝑟𝑡𝑖𝑝) was constant for all abrasive fractions. Pintaude [275] argued that 

a lack of variation in shape factors with particle size contradicts the bluntness theory. It 

can be demonstrated that the contribution of the tip radius to shape factors can be 

negligible. For example, if the aspect ratio of an absolutely sharp 20 µm particle is 0.6, 

then the aspect ratio of a particle with a 1-µm tip radius is just 0.64, which is still within 

the 95% confidence interval for the population mean in this study and in [274]. To our 

knowledge, there are no weighty arguments against this theory, perhaps because 

statistical measurements of the tip radius have never been conducted or correlated to 

particle size. However, targeted experimentation with a well-controlled tip radius (<0.3, 

3 and 9 µm) supported the relative bluntness theory; the authors categorically claimed 

that ‘blunt particles exhibit the size effect, “ideally” sharp do not!’ [277]. In the grinding 

and honing theory, the significance of the tip radius is postulated based on Kragelski’s 

criterion. In a single diamond turning, the tip radius is responsible for the slope of the 

machined profile. The question that arises is whether this factor is responsible for the 

slope variation of the eroded surface. 

 

5.4.4               u   p        ’  mp    

 

The first theoretical model of ductile removal mode was developed by Finnie and 

co-workers for a non-rotational sharp particle. Hutchings et al. [280], [281] measured the 

impact spot and spin of spherical and squared particles to improve the model’s accuracy. 

Papini and Spelt [282], [283] identified the arbitrary shape of sharp particles, the incident 

orientation and the angle of attack, although the formulation of their model required a 

numerical solution. Subsequent analyses of surface formation by angular particles on a 

ductile substrate [88], [89] are mostly based on the mentioned works of Papini and Spelt, 

inheriting the absolutely sharp tip of the particle. No work incorporates the relative 

bluntness of abrasive particles or the hybrid roughness parameters. This is the first study 

attempting to analytically describe the influence of blasting conditions on hybrid 

roughness parameters in the context of relative bluntness theory. 

In the first approximation, the surface formed during normal impact of a relatively 

blunt particle can be considered an evolution of deformation during quasi-static Vickers 
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indentation of a cone with a spherical tip. As the substrate material (3.2 GPa) is 

significantly softer than alumina particles (17 GPa), particle deformation, fragmentation 

and second strike are assumed to have negligible effects on surface roughness. In the 

grinding experiment performed by De Pellegrin et al. [269], the sharpness (proportional 

to aspect ratio) and convexity of the particles was well-correlated with the abrasive wear 

rate. Therefore, I assume that the angle of the particle’s summit is determined by the 

aspect ratio and convexity (tan𝑄 = 𝐴𝑟𝐶𝑣 ≈ 0.6…0.5), where 𝐴𝑟 and 𝐶𝑣 are the aspect 

ratio and convexity, respectively. As shown in Figure 5.6-a and the diffraction contrast 

tomography of polycrystalline alumina in [276], the tip radius of particle (𝑟𝑡𝑖𝑝) can be as 

sharp as a single grain. When the 𝑟𝑡𝑖𝑝 is known, then the base radius and the height of the 

spherical tip are determined as follows: 

𝑟 =
𝑟𝑡𝑖𝑝

√tan2 𝑄 + 1
 

(5.1) 

ℎ𝑡𝑖𝑝 = 𝑟𝑡𝑖𝑝 − 𝑟 tan𝑄 (5.2) 

The parameters are clarified in Figure 5.8. During indentation of the spherical tip, 

the height of the imprint formed in the substrate is derived as follows: 

ℎ𝑠𝑐 ≈ 𝑟𝑡𝑖𝑝 (
𝑉𝑖𝑛𝑑
𝑉ℎ𝑠𝑝

)

0.6

= 𝑟𝑡𝑖𝑝 (
3𝑈𝑘𝑖𝑛

2𝜋𝑟𝑡𝑖𝑝3𝐻𝑤
)

0.6

 
(5.3) 

where 𝑉𝑖𝑛𝑑 = 𝑈𝑘𝑖𝑛/𝐻𝑤 is the indented volume, proportional to the impact energy (𝑈𝑘𝑖𝑛) 

but inverse to workpiece hardness (𝐻𝑤), and 𝑉ℎ𝑠𝑝 = 2/3𝜋𝑟𝑡𝑖𝑝
3 is the volume of the tip 

hemisphere. An exact expression was not established to correlate the height of the 

spherical cup (ℎ𝑠𝑐) to the volume (𝑉𝑖𝑛𝑑). Thus, the exponent 0.6 in eq. 3 was manually 

fitted to the numerically obtained curve. As the particle’s tip turns to the summit body, 

there is a maximum volume of substrate material that can be extruded by the particle’s 

tip: 

𝑉𝑐𝑎𝑝 =
𝜋ℎ𝑡𝑖𝑝

2

3
(3𝑟𝑡𝑖𝑝 − ℎ𝑡𝑖𝑝) 

(5.4) 

If the impact energy is high and the particle keeps penetrating into the substrate 

after the tip is fully indented, 𝑉𝑖𝑛𝑑 surpasses 𝑉𝑐𝑎𝑝 and further indentation corresponds to 

the shape of the summit’s body. If the summit has, for instance, conical geometry than 

the volume of the indented summit equal to the volume of the truncated cone (𝑉𝑐𝑜𝑛𝑒 =

𝑉𝑖𝑛𝑑 − 𝑉𝑐𝑎𝑝) with the height: 
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ℎ𝑡𝑐 =
√(3𝑉𝑐𝑜𝑛𝑒 tan𝑄 /𝜋) + 𝑟3
3

− 𝑟

tan𝑄
 

(5.5) 

Then, the total depth and radius of the indentation are, respectively: 

ℎ𝑖𝑛𝑑 = {
ℎ𝑠𝑐                  𝑓𝑜𝑟  𝑉𝑖𝑛𝑑 ≤ 𝑉𝑐𝑎𝑝
ℎ𝑡𝑖𝑝+ℎ𝑡𝑐         𝑓𝑜𝑟  𝑉𝑖𝑛𝑑 > 𝑉𝑐𝑎𝑝

 (5.6) 

𝑅𝑖𝑛𝑑 = {
√𝑟𝑡𝑖𝑝2 − (𝑟𝑡𝑖𝑝 − ℎ𝑠𝑐)

2
        𝑓𝑜𝑟  𝑉𝑖𝑛𝑑 ≤ 𝑉𝑐𝑎𝑝

𝑟 + ℎ𝑡𝑐 tan𝑄                        𝑓𝑜𝑟  𝑉𝑖𝑛𝑑 > 𝑉𝑐𝑎𝑝

 

 

(5.7) 

A conical particle summit was assumed for simplicity’s sake, but any algebraically 

determined geometry can be used. In such cases, more complicated expressions are 

required to correlate the size of the indentation to the volume. Plotting hind against Rind 

and Ukin (see Figure 5.9), shows that an increase in penetration depth inevitably increases 

the average slope of the feature. As penetration depth is governed by impact energy, 

particle size affects the height, width and average slope of the feature. Particles with low 

energy produce smoother surfaces, such as the impact conditions are similar to those in a 

shot-blasting process. If the indented volume is predetermined by particles’ kinetic energy 

and substrate properties, then the tip radius, aspect ratio and convexity of the particles are 

the parameters that determine the slope of the impact spot. As aspect ratio and convexity 

are constant for one type of abrasives, the tip radius is the only particle parameter that 

remains responsible for the size effect. Till a method for 𝑟𝑡𝑖𝑝 estimation is not offered, a 

reasonable value can be assumed or fitted to the measured slope of the surface. For this 

purpose, several roughness parameters are extracted from the model: 

𝑆𝑧 = ℎ𝑖𝑛𝑑 , (μm) (5.8) 

𝑆𝑑𝑞 = tan−1 (
ℎ𝑖𝑛𝑑
𝑅𝑖𝑛𝑑

) , (deg) 
(5.9) 

𝑆𝑑𝑟 =
100

cos 𝑆𝑑𝑞
− 100, (%) 

(5.10) 

In the paper [114] introducing the relative bluntness theory, the tip radius was 

assumed to be 1 μm, which is an adequate value to produce the size effect based on [277] 

and consistent with the radius of the grain vertex of Al2O3. In this study, 2 μm was 

manually fitted to achieve the best correlation with the measurements. The predicted 

height of the profile (ℎ𝑖𝑛𝑑) shows around 50% conformity to the value of 𝑆𝑧 obtained here 

and in [184] for a wide range of abrasive fractions (5–500 μm). The predicted and 
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measured slopes of the surface are shown in Figure 5.10. As can be seen, the theoretical 

𝑆𝑑𝑞 explains the measurements much better than logarithmical approximation. The slope 

produced by 5 μm particles (𝑈𝑘𝑖𝑛 = 10 𝑛𝐽) is deflected upwards from the theoretical 

curve, indicating that the tip radius of small particles is sharper (1–1.5 μm). The critical 

point is close to 𝑈𝑘𝑖𝑛 = 10 𝜇𝐽, which corresponds to 100 μm alumina particles at 100 m/s. 

Above this size, the slope of the surface approaches the maximum (tan𝑄) asymptotically. 

Additionally, the measured 𝑆𝑑𝑞 starts to deviate from the prediction when particles are 

larger than 50 μm, probably due to imperfections in the measuring technique and the 

complexity of impact dynamics. The real impact is characterised by particles’ rotation, 

scalloped cutting edge, size distribution in each fraction and other factors that may result 

in several levels of surface roughness.  

 

  

Figure 5.8. Asperity 

parameters of a blunt particle. 

Figure 5.9. Profile of the footprint produced by a 

blunt particle. 

 

 

Figure 5.10. Evolution of the average surface slope in the context of the relative 

bluntness theory. 
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5.4.5 Roughness vs. waviness 

 

If particles’ morphology is independent of their size (see section 4.1), then the 

finest eroded texture should be independent of particle size as well. To check this 

supposition, the high and low frequencies of the surface topography were considered 

separately in this section. Since the tip radius of the alumina crystals and other protrusions 

on the particles’ surface do not exceed 5 μm (see Figure 5.6), this value was incorporated 

into a robust Gaussian regression filter to extract the finest texture on the eroded surface. 

It is worth noting that particle irregularities of the same size (1–5 μm) were considered 

by Sin et al. [279]. As shown in the profiles on the left of Figure 5.11, the sub-micron 

texture varies within Ra = 0.1…0.3 μm for abrasives of any size. This variation is a defect 

of the filtration technique, as proven below. In addition, the feature spacing and surface 

uniformity are comparable. The only difference between surface formation by fine and 

coarse abrasives is that coarser particles penetrate deeper into the substrate, forming steep 

surface waves. The finest texture (roughness) is characterised by a relatively constant 

value of the average slope, but its superposition over surface waviness significantly 

amplifies 𝑆𝑑𝑞  and 𝑆𝑑𝑟 . The combination of roughness and steep waviness makes the 

surface slope slightly higher than that predicted in Figure 5.10. Roughness depends on a 

fine profile of the particle, which is determined by the tip radius and nano-irregularities 

on the particle`s surface. Waviness depends on impact energy and a heavy profile of the 

particle, which is determined by the aspect ratio and convexity. It can be argued that the 

same high frequencies for all blasted samples are due to nothing more than noise. 

However, three facts contradict this supposition: 1) the spatial resolution of the setup (0.1 

μm) is two times finer than the high frequency limit and the vertical resolution ( ̴ 3 nm) is 

two orders of magnitude finer than the profile height; 2) noise was suppressed with a 

proven algorithm and 3) the eroded nanofeatures can be seen using SEM and AFM. The 

sharp distinctive spikes and cavities of the high-frequency profile in Figure 5.11. are due 

to the ‘phase shift’ effect that occurs during filtering. The 3D topography of the surface 

formed by 282 μm particles is split into roughness and waviness in Appendix D. It is clear 

that extreme features (red peaks and blue valleys in the bottom figure of Appendix D) 

appear in locations previously occupied by steep walls. After masking these artefacts, the 

Ra of all eroded surfaces demonstrates no relation to particle size. 
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5.5 Implications for osteo-treatment of bio-implants 

  

This study reveals that the 50–100 μm abrasives, which are typical in the dental 

industry, have insufficient impact energy to erode the distant cavities recommended to 

maximise the rate of osseointegration in the early implantation stage [180]. The 

mentioned size of abrasives choice is based on the design of miniaturised dental implants, 

as the edges of these can be notably deformed by multiple impacts of coarser abrasives. 

On the other hand, application of aluminium oxide particles with a mean size of 60 μm 

(Ukin = 5–10μ ) offers an effective compromise between the maximum surface area and 

minimum particle size, as seen in Figure 5.10. The surface area of the implants treated 

with angular abrasives larger than 60 μm is nearly two times larger than the surface area 

after lathe machining. To form large surface irregularities with a space greater than 50 

μm, which are typically required for bone formation and maintenance [180], coarse 

abrasives with an impact energy above 1 mJ should be used. This can be achieved with 

aluminium oxide particles larger than 300 μm with an impact velocity higher than 100 

m/s.  

This study disproves the idea of surface area development by performing two-step 

sequential blasting with coarse and fine abrasives. As shown in Figure 5.11, small 

abrasives do not create notably sharper submicron features on the eroded surface. Blasting 

with a single abrasive fraction ensures that the submicron roughness is as fine as possible 

when performing micro-blasting. The potential reason for post-blasting with smaller 

abrasives is to recover the initial surface integrity after coarse erosion. Bombardment with 

hard particles is accompanied by high pressure and temperature at the impact spot [23], 

resulting in compressive residual stress, phase transformation and surface oxidation 

[121], [123]. The influence of these factors on osseointegration is discussed [180] and 

can be controlled by gentle post-blasting. This, however, results in a smooth profile and 

a smaller surface area. 
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Figure 5.11. Profiles of the eroded surface filtrated with different cut-offs  

(the roughness parameters on the top were evaluated with a larger definition area). 
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5.6 Summary 

 

This chapter delivers an extensive experimental study and physical-mechanical 

understanding of the influence of particle size, shape and velocity on formation of 

roughness parameters by MAJM. Six shape parameters of eight abrasive fractions and 

nine roughness parameters of Co-Cr-Mo surfaces eroded under sixteen MAJM conditions 

were analysed and interconnected in this study. The main conclusions are drawn as 

follows: 

1) The mean aspect ratio, convexity and circularity of alumina particles are 

comparable for a wide range of fractions (F1000–F70). Flat, elongated and sharp 

abrasives should be used to maximise the surface area ratio.  

2) The overall height and spacing of the eroded features are linearly proportional to 

particles’ kinetic energy. Coarse particles result in higher, distant and steeper 

surface features compared to fine particles. 

3) The area and average slope of the eroded features are logarithmically proportional 

to particles’ kinetic energy. The area of a surface eroded with 100 μm alumina 

powder can be developed by 150%, but further increase of particle size has a 

relatively weak effect. This observation can be explained and predicted in terms 

of the relative bluntness theory of abrasive particles.  

4) The multi-scale roughness suitable for osteointegration (micro-features large 

enough for bone formation covered with nano-features) can be achieved by 

eroding the surface of the implant with alumina particles larger than 300 μm at 

speeds of 100 m/s and faster 

5) An effective compromise between low surface profile and large area (e.g. for thin-

walled structures and micro-heat exchangers) can be achieved using alumina 

powder with a mean size of 60 μm. 

The results of this study may have implications for issues related to adhesion, 

wettability, heat transfer and other area-related processes in numerous contexts. 
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6 Investigation on coating adhesion enhanced by 

micro-blasting  

 

6.1 Background 

 

Recently developed antimicrobial epoxy-based coatings shown an excellent 

performance against bacterial colonization and the most common BAI Staphylococcus 

aureus [195]. The following issue is that the orthopaedic and dental implants are often 

inserted or screed into the bone under high mechanical load and work under cyclic loading 

conditions [197]. High contact stress causes coating delamination [198], exposing the 

implants’ surface to the surrounding environment. The improved coating quality is 

repetitively requested in the current biomedical device sector [176], [177], [199]. At the 

same time, the manufacturing chain of the relatively simple geometry of a hip joint 

consists of up to 60 individual machining steps [284]. Design innovations, requiring for 

further expending of the production process, face a strong industrial scepticism. In this 

regard, coating quality assurance must be either non-consumptive or inherited from the 

antecedent operations. 

Baldan [200], conducting a literature survey on adhesion-related studies, 

concluded that “the surface pretreatment is, perhaps, the most important process step 

governing the quality of an adhesively bonded joint”. However, in-depth studies devoted 

separately to the effect of surface topography on coating quality after a particular 

treatment offer contradictive trends. It is evident that pretreatment is not about “rough 

and clean” solely, but about most of the concept of surface integrity [204], [285]. Due to 

high number of physical factors, narrow studies are doomed to describe local phenomena 

only. A wide scope experimental study is required to address the current interests in 

surface preparation:  

1) The relation between surface area and roughness when common treatments 

applied; 

2) Roughness parameters affecting coating strength;  

3) The effectiveness of specialized pretreatments and its responsible physical factors;  

To highlight these aspects, this chapter delivers an extensive characterization of 

Ti-6Al-4V surface, generated with various milling, polishing, acid-etching and micro-

blasting process parameters, in terms of surface topography, microstructure, chemistry, 
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wettability and delamination of epoxy coating. Particular attention is given to 

fundamental aspects of MAJM process and influence of surface texture on scratch 

resistance of the epoxy-based coating. 

 

6.2 Material and methods 

 

6.2.1 Samples preparation 

 

Various automated process chains were developed to optimize the manufacturing 

process of orthopaedic implants. A general process is to use milling or grinding and then 

polishing [176], [199], [284]. Grit blasting and acid etching are the cost-effective and 

widely used techniques for surface pretreatment [211]. The mentioned machining 

technologies were utilized to generate a range of surface topographies on Ti-6Al-4V 

specimens (15mm x 15mm x 3mm plates). Three surface topographies were generated by 

milling with 20mm in diameter 4-flutes end-mill WIDIA PA2140. The spindle speed and 

feedrate were set at 500, 1000 and 4000 rpm and 60, 40 and 10 mm/min, respectively, to 

generate surface features with various amplitude and space parameters.  The depth of cut 

for all samples was fixed at 100μm. Three topographies were produced by polishing with 

the sandpapers #220, #320 and #600 at 240 rpm and continues water flow. Next three 

topographies were chemically etched in 10% (v/v) hydrofluoric (HF) acid with distilled 

water. The samples were initially polished with a set of sandpapers from #100 to #2000 

to achieve a surface roughness less than 0.05 μm in Ra. The etching was performed by 

immersing the Ti-6Al-4V samples in HF solution at normal angle to the surface of the 

solution for 10s, 60s and 240 s. The topographies of three samples were produced by 

micro-blasting. Angular particles of Al2O3 (CUMI, India) with the average grit size 10, 

50 and 80 μm were blasted at the polished (Ra < 0.05 μm) titanium samples under 0.6 

MPa of gauge pressure. The described set of 12 surface topographies was replicated twice. 

All 24 samples were washed with distilled water and cleaned ultrasonically with ethanol 

for 3 min, followed by air drying at 30ºC for 20 min immediately after the treatment. As 

far as chosen treatments and coating steps can be separated by other operations or 

production facilities, the ageing effect is applied. Turger et al. [284] mentioned that their 

production chain for a single batch of implant samples took between 2–3 weeks. To 

approach manufacturing conditions, the samples were wrapped in a desiccant paper and 

stored in a dry and dark environment at 23 ºC for 10 days before any characterization. 
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6.2.2 Surface characterization 

 

A full characterization of the surface topography cannot be achieved with one or 

several roughness parameters [270]. However, an appropriate set of parameters may 

highlight the association of the investigated functional performance of the surface to its 

topographical features. Several parameters of surface roughness, including Ra, Rlo, Rsk, 

Rmr, Rdq, and Rpc were already evidenced [184], [205], [206], [208], [209] to affect the 

surface wettability and coating quality. In this analysis, equivalent and several additional 

3D roughness parameters were measured. The set consisted of average height Sa, surface 

skewness Ssk, summits spacing Sal, texture uniformity Str, average slope of features Sdq, 

area ratio Sdr and summits density Sds. The geometrical sense and calculative algorithms 

of the parameters were described in [270]. Wenzel’s roughness factor 𝑟 was derived as 

𝑟 = 1 + 𝑆𝑑𝑟/100 . The surface topography was quantified using white light 

interferometer NPFLEX (Bruker, USA). The optical lenses, measurement setting, digital 

postprocessing, short and long cuts-off are identical to those used in our previous 

experiment [29].  

Optical diffraction may induce errors in roughness measurements by light 

microscopy, particularly when steep features or elements with a significantly different 

reflective index are present on the surface. For the data reliability purpose, the 

measurements by light interferometry were confirmed with the contact stylus 

profilometer MarSurf PS1 (Mahr, Geormany). Also, the topographical analysis was 

complemented with morphological observations. Field emission scanning electron 

microscope equipped with the X-MaxN Silicon Drift Detector (Oxford Instruments, UK) 

for energy-dispersive x-ray spectroscopy provided morphological and elemental 

information of the prepared surfaces.  

XRD has been used for the monitoring of microstructural changes of superficial 

layer. XRD patterns were recorded on a Siemens D500 X-ray Diffractometer with a Cu 

Kα anode (λ = 0.1542 nm) operating at 40 kV and 30 mA. The diffraction patterns were 

collected at 23 °C and over an angular range of 10 to 90° with a step size of 0.04° and a 

dwell time of 2 s per step. Line broadenings at half the maximum intensity (FWHM, β), 

averaged from two most intense peaks, were compared in order to check whether the 

microstructure is a constant factor. 
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6.2.3 Wettability and surface free energy 

 

The apparent CA data was generated using Theta Light optical tensiometer (Biolin 

Scientific, Sweden). All droplets were 4 μL and deposited symmetrically by the syringe 

from 5 mm dropping height. The drop size was of several millimetres, while the 

irregularities on the samples’ surface are in micro-scale. It ensures that the assumption of 

surface homogeneity in Cassie and Wenzel wetting models is satisfied. After the 

recording of one drop’s behaviour (2068 fps) the stage was moved horizontally for the 

distance that allows depositing another liquid drop on the dry area of the sample, without 

detaching it from the stage. First, three drops of de-ionized water were placed on each 

sample. Following the drying on air, three drops of glycerol were placed on each sample. 

The samples were cleaned ultrasonically in methanol and distilled water for 3 minutes 

and dried on air to prepare the sample for repetitive test. The full experiment was repeated 

twice, resulting in 6 droplets (12 CA) of each liquid on each surface. The Theta Light 

optical system comes with OneAttension control software for automatic detection of 

baseline and drops profile fitting by the Young-Laplace equation. The intersection of the 

baseline with Laplace curve forms CA at both sides of a liquid droplet, which were 

recorded over the first 10s of liquid spread (Figure E.1). A conventional tangent fitting 

and trigonometrical drop size analysis (Figure E.2) were used to confirm the measured 

CAs. 

The energy components approach of Owens and Wendt [286] was used to quantify 

the SFE. Based on the Fowkes equation, Owens and Wendt assumed that the energy of 

adhesion in solid/liquid contact can be represented by a geometric mean equation 

containing both the dispersion and polar components. Combining this assumption with 

Young’s equation, they obtained 

𝛾𝐿𝑉(1 + cos 𝜃) = 2(√𝛾𝑆𝑉
𝑑 𝛾𝐿𝑉

𝑑 +√𝛾𝑆𝑉
𝑝 𝛾𝐿𝑉

𝑝 )                                (5.1) 

where γLV  and γSV  are the surface energies at the liquid/vapour and solid/vapour 

interfaces, respectively, θ is the contact angle and the superscripts d and p represent the 

dispersive and polar components, correspondingly. By plotting 𝛾𝐿𝑉(1 + cos 𝜃)/

2(𝛾𝐿𝑉
𝑑 )0.5 versus (𝛾𝐿𝑉

𝑝 /𝛾𝐿𝑉
𝑑 )0.5, the dispersive and polar energy components 𝛾𝑆𝑉

𝑑  and 𝛾𝑆𝑉
𝑝

 

are represented by intercept and slope of the obtained linear graph, respectively. Values 

for the polar and dispersive components for the liquids used in the calculations are given 

in Table 6.1. 
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Table 6.1. Surface energy components of wetting liquids  

Liquid type Surface energy (mJ/m2) 

𝛾𝐿𝑉
𝑑  𝛾𝐿𝑉

𝑝
 𝛾𝐿𝑉 

De-ionized water 21.8 51 72.8 

Glycerol 37 26.4 63.4 

 

 

6.2.4 Coating process 

 

All the coating steps were performed in the clean room to prevent precipitation of 

dust and contaminants into the phenolic layer. The samples were again ultrasonically 

cleaned with methanol and de-ionized water for 3 minutes with consequent drying on air. 

Epoxy phenolic resin powder (Rishabh resins and chemicals, India) was dissolved in 

methanol in proportion 2/10 (w/w), respectively. Each sample was fixed on the vacuum 

holder of a spin coater and wetted by the prepared phenolic solution using a syringe. Spin 

coating was performed using commercial spinner NXG-P1A (Apex Instruments, Russia) 

at 1500 rpm for 60 seconds with the acceleration during the first 10s. After obtaining a 

thin uniform viscous film, the samples were cured in the oven at 180C for 2 hours. Several 

pilot experiments were conducted to establish the described conditions ensuring 8 – 10 

µm thick coating.  

 

6.2.5 Scratch test 

 

Different techniques of adhesion testing often give contradictory results [198]. For 

example, seven methods used in [287] failed to provide consistent data on one coating 

system. Scratch test is often concluded as the most reliable one [288], despite a certain 

amount of subjectivity of this method [198]. The test consists in drawing a diamond tip 

along the coated surface under an increasing or constant load while recording the trucking 

force, noise and post observing the residual scratch. Scratch tests were carried out using 

a scratch tester TR-101 (Ducom Instruments, USA) with a Rockwell C-type conical 

indenter (120° cone with 200 µm hemispherical tip radius). The tester is equipped with 

Winducom software allowing the recordings of normal and traction forces. During the 

test, the indenter was drawn in constant load mode, the sliding speed was 0.1 mm/s with 

an applied load of 2N and 10N, sequentially. The scratch length was 3 mm. The tests were 

conducted in compliance with the ASTM C1624 standard. The most commonly applied 
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index for normalizing the delamination value induced at different loading conditions is 

delamination factor 𝑓𝑑 [289], [290]. In scratch test, 𝑓𝑑 can be defined as the ratio between 

the average width of the delaminated zone (𝑊𝑑) and the width of residual scratch on 

substrate (𝑊𝑠). A high value of 𝑓𝑑 reflects a wide spallation, while 𝑓𝑑 = 1 indicates that 

the delamination does not exceed the contact zone. Optical microscope Keyence VHX-

5000 was used to take high-resolution images of residual scratch and delamination size. 

Commercially free software ImageJ was used to identify boundaries of the delaminated 

coating and quantify the delaminated area. FESEM was used for analysis of delaminated 

interface at the substrate/coating boundary. 

 

6.3 Results and discussion 

 

6.3.1 Surface morphology and topography 

 

The surface morphologies generated by various pretreatments are shown in Figure 

6.1. SEM images are informative for acid-etched and blasted surfaces, but of no use for 

milled and polished surfaces. This gap was filled with 3-d topographical plots recorded 

by the white light interferometer, which are shown in Figure 6.1. The standard deviations 

of measured values of surface roughness parameters, obtained with both light 

interferometry and contact stylus profilometer, overlapped each other. It implies that the 

light interferometry characterisation is applicable for the given surfaces. The measured 

values and their standard deviations obtained with light interferometry are given in Table 

6.2. The surface skewness Ssk of all machined topographies keeps around zero, signifying 

that the topographies are well symmetrical with respect to z-axis. The value of average 

height of the profile, Sa, can be characterized into three, relatively similar, levels for each 

group of samples. The spacing between μ-features, Sal, gets larger with the increase of 

feed rate, abrasive size or etching time. Milling and polishing produce unidirectional and 

highly repeatable surface pattern as it follows from the low value of texture aspect ratio 

Str < 0.1. On the other hand, Str > 0.8 on the etched and blasted surfaces implies that the 

pattern is highly random. These surfaces also contain the highest summit density Sds. HF-

etching produces multiple oxide needles which are crystalline on the a-phase and 

amorphous on the b-phase [211]. Longer etching time generates more needles and a 

higher surface waviness, that is reflected in higher Sa and Sal. 

Micro-blasting with large particles produces less summits, but these summits are 

higher and steeper than those after blasting with fine abrasives. It was shown in the 
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previous study [29], that large abrasives form craters with steeper walls, thus the average 

slope of features Sdq and surface area Sdr are proportional to the blast media size. The 

average slope repeatably reached 60°, that provides up to 140% of additional surface area. 

However, abrasive size in the polishing process does not affect these parameters as strong. 

The area was developed for 7.2%, 9.5% and 13% when sandpapers #600, #320 and #220 

were used, respectively. The area development by milling is negligible at any process 

parameters. Longer etching time affects the roughness height but not the area. It evidences 

against the popular assumption wherein surface area is proportional to average roughness 

height. This study shows that Sdr ∝ Sa is valid only for eroded or abraded roughness. In 

addition, the correlation is valid only when abrasives < 100μm are used. Use of larger 

abrasives results in particles “size effect”, which limits the area development [29]. It also 

explains the experiment of Harris and Beevers [210], where no improvement in SFE was 

achieved using 300-µm blast media after 80-µm. Because the surface areas after blasting 

with 80-µm and 300-µm particles are comparable [29].  
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10 mm/min and 4000 rpm Sandpaper #600 Etching time 10s Alumina particles 10μm 

    
40 mm/min and 1000 rpm  Sandpaper #320 Etching time 60s Alumina particles 50μm 

    
60 mm/min and 500 rpm Sandpaper #220 Etching time 240s Alumina particles 80μm 

Figure 6.1. SEM images of surface morphology generated on Ti-6Al-4V samples by milling, polishing, HF-etching and micro-blasting  

(All photos are made at 10000x magnification and 45º of surface slope, scale bar is 5 μm). 
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60 mm/min and 500 rpm Sandpaper #220 Etching time 240s Alumina particles 80μm 

 

Figure 6.2. White Light Interferometer 3D plots of surface topographies generated on Ti-6Al-4V samples  

by milling, polishing, HF-etching and micro-blasting 
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Table 6.2. Measured values of surface roughness parameters generated on Ti-6Al-4V samples  

by milling, polishing, HF-etching and micro-blasting. Values in brackets are the standard deviations in %.  

Parameters Sal, Sdq, Sdr and Sds were obtained from 88 x 66 µm definition area as on Figure 6.2.  

Parameters Sa, Ssk and Str were obtained from larger 325 x 246 µm definition area. 

The amplitude parameters were confirmed using contact stylus profilometer. 
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a) Summary of SEM-EDX data  

 

  

          

     
d) P600 e) B50μ f) B50Si 

Figure 6.3. Results obtained with Energy-dispersive X-ray spectroscopy. Elemental composition of Ti-6Al-4V specimens  

pretreated by milling, polishing, HF-etching and micro-blasting (a), angular Al2O3 blast media (b) and spherical SiO2 blast media (c),  

EDX-ray spectrum of the polished surface (d), blasted with Al2O3 (e) and blasted with SiO2 (f).  

The magnification of accompanying SEM images of blast media and surfaces topographies is 1,000x and 10,000x, respectively.  
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6.3.2 Surface chemistry 

 

The SEM-EDX averaged data is illustrated in Figure 6.3a. Milling and polishing 

introduce no chemical modification to the surface, except a small amount of hafnium, 

which is apparently came from the chemical vapour deposited hafnium carbide milling 

tool. Etched surfaces contain a small amount of fluoric, which came from hydrofluoric 

etching solution. A significant change of the elemental composition of Ti-6Al-4V surface 

was observed after micro-blasting. The surface blasted with aluminum oxide particles 

demonstrated elevated content of oxygen (32 – 42%) and aluminum (6.4 – 18%). To 

confirm whether these elements came from the used blast media, we repeated the 

experiment with 50-μm SiO2 particles instead of 50-μm Al2O3 particles (Figure 6.3 b and 

c). A noticeable difference can be seen on the left side of the corresponding EDX-ray 

spectrums (Figure 6.3, d-e). While blasting with Al2O3 brings high peaks Al (18%) and 

O (42%), blasting with SiO2 brings high peaks of Si (3.2%) and O (21%). Other elements 

like Na, Ca, Ni and Mg were also present on the surface, however in a negligible amount. 

Presented evidence of chemical modification are in a good agreement with experiment 

[210], where a similarly high concentration of O and Al was found on the grit-blasted 

mild steel. Chemical impact reactions were recently considered as a novel polishing 

method [25], however its application for adhesion purposes was not discussed. An 

important note is that the content of these elements depends on technological factors of 

the blasting process. Establishing of the responsible physical factors may enable to 

control the process of chemical modification by micro-blasting. The variable 

technological factor was the kinetic energy of particles’ impact. Impact energy affects to 

such physical factors like contact pressure and temperature. The contact pressure and 

temperature were proven to affect material removal rate and micro-structure of Ti-6Al-

4V during abrasive jet machining [55], and here, the author hypothesises that these factors 

also affect the surface chemistry. I used the numerical model of particle velocity 

developed in the Chapter 2 [244] to calculate the kinetic energy of the particle and input 

it to the theoretical model of erosion temperature developed in the Chapter 3 [23] to obtain 

the temperature rise generated by a single particle’s impact. An instant temperature at 1 

µm below the surface reached 293°, 1156° and 1574°C when 10 µm, 50 µm and 80 µm 

alumina particles were modelled, respectively. Combination of such temperatures with 

high contact pressure may result in formation of new chemical bonds (see Figure 6.4). 

Atoms of Ti are strongly bounded in the hexagonal lattice with Al and V. When Al2O3 

particles approaches Ti-lattice, Al – O bonding (512 kJ/mol) is dissociated and atom of 
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oxygen migrates to Ti atom, forming high energy Ti – O bonding (662 kJ/mol) [291]. 

Since the bond dissociation energy of Al – Ti and Al – Al are comparable, some atoms 

of Al are taken to the titanium substrate together with O. The higher content of O and Al 

after blasting with 50 µm blast media can be explained though the fact, that 50 µm 

particles impact the substrate four times more frequent than 80 µm particles at the same 

abrasive flow rate. Multiple impacts at the same spot replicate the conditions of atomic 

deposition at the particle/substrate interface, creating more consistent film of the 

adsorbate. Perhaps another relevant factor would be the material removal rate, such as the 

adsorbate film is continuously removed and reformed during the erosion process. Due to 

superior energy bonding of Ti – O compared to Al – O, all the samples blasted with Al2O3 

were significantly enriched with oxygen (32 – 42%). As far as Ti – O and Si – O bond 

dissociation energies are comparable [291], only 21% of oxygen were detected after 

blasting with SiO2 particles. Surface chemistry is a known factor affecting wettability, 

SFE and work of adhesion. Therefore, a closer look must be given for selection of blast 

media in pretreatment stage of adhesive joints. In addition, chemical residuals coming 

from micro-blasting give a prospect in the area of surface bio-functionalization [292]. 

Future efforts can be addressed to controll modification of topography-chemistry using 

biocompatible, osteoconductive and resorbable blasting materials such as hydroxyapatite 

or beta-tricalcium phosphate in line with titanium and zirconium oxides. 

 

 
 

Figure 6.4. Formation of new chemical bounds during micro-blasting of Ti-6Al-

4V substrate with Al2O3 particles. 
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6.3.3 Surface microstructure 

 

It is evident from Figure 6.5, that the degree of crystalline orientation within the 

samples depends upon the physical method used to fabricate them. The high-intensity, 

isolated and well-defined peak <002> on the milled surfaces shows that the crystals were 

reoriented from initial crystallographic plane <101>. In hexagonal close packing, these 

planes have different densities of nodes, that affects adsorption and reactivity of the 

surface. For the polished, etched and blasted surfaces peak <101> remained dominant, 

however, the intensities are variant. Higher <101> peak intensities on etched samples 

indicate the presence of relatively large and uniform crystals. Note that etching with even 

10 seconds could narrow down the pattern of the peaks for twice (from β = 0.36 to β = 

0.18). Longer etching time does not affect much. The peak broadening on the 

diffractogram of blasted samples signifies a crystallite size reduction, microstrain, and 

other defects in the crystal structure. The effect is particularly notable when large and 

spherical particles are used. It can be explained by the cold hardening effect coming from 

the plastic work of deformation. Conventional grit blasting and shot peening are known 

to form a subsurface layer with agglomerated dislocations’ tangles and produce grain 

refinement, resulting in residual compressive stress. However, the work hardening 

produced by 10 – 50 μm particles was a dubious and often neglected subject. Recently, 

Bouzakis et al. [201], [293], [294] shown by simulations and tribological tests, that the 

wear resistance of cutting tools can be significantly improved by work hardening using 

micro-blasting with particles as small as 5 – 15 μm. This study confirms the presence of 

work hardening effect for micro-blasting with 10 – 80 μm particles referring to XRD. In 

addition, I found that subsurface modification with 50-μm spherical SiO2 particles is more 

expressed compered to 50-μm angular Al2O3 particles. Another aspect is the appearance 

of a new peak at 2θ = 58° after blasting with 50-μm and 80-μm Al2O3 particles. 

Interestingly, aluminium oxide has an intense peak <116> at the same angle [295]. The 

chemical modification of Ti-6Al-4V with Al2O3 during micro-blasting detected by EDX 

is therefore confirmed by XRD. 

For the sake of clarity, it should be kept in mind that the Ti-6Al-4V samples used 

in this study were processed being in the state of as received from the manufacturer. The 

cold rolling applied for fabrication of the titanium sheet might induced some residual 

stresses. Therefore, the spectra on Figure 6.5 reflect the effect of different surface 

treatments methods for the current, as received workpiece only, and it may not be valid 

to represent the effect of pretretments on microstructure of perfectly relaxed Ti-6Al-4V.
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Figure 6.5. The X-ray diffraction patterns for Ti-6Al-4V alloy obtained after different pretreatments (β is the full width half maximum of peaks). 
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6.3.4 Wettability and surface free energy 

 

The apparent contact angle (CA) of water and glycerol droplets on polished and 

blasted surfaces decrease for around 6 and 9 degrees, respectively, during the first 10 

seconds. However, most of the descent is recorded within the first few seconds. Further, 

the CA is stabilizing, and at 7 - 10 seconds fairly reaches an equilibrium state (see 

Appendix E). The droplets on milled and etched surfaces achieved the equilibrium state 

immediately after the wetting. The equilibrium CAs averaged from 6 measurements of 

each liquid on each sample are shown on Figure 6.7. Milled and etched samples are 

hydrophobic with water, but slightly hydrophilic with glycerol. Polished and blasted 

samples are in opposite wetting with water, but neutral or repellent with glycerol. The 

rough-polished surface appeared more hydrophilic than fine-polished. The variation of 

average CA within each group does not exceed 17 degrees, however the maximum 

variation between the groups reaches 51 degrees. The lowest water CA among the 

surfaces pretreated by milling, polishing, HF-etching and micro-blasting was achieved by 

blasting with 50-μm silica particles. 

Low repeatability of CA on etched samples could be explained by the incomplete 

wetting mode known as a Cassie-Baxter state [296]. The liquid/vapor interface, moving 

down from summits, may incarcerate some volume of air in valleys. Consequently, the 

droplet does not fully contact a solid phase, that results in high CA. However, such 

scenario is likely to take place on the topography with negative skewness, while etched 

surface is in opposite has frequent sharp needles (Figure 6.1) to overcome the surface 

tension on liquid/vapor interface. It is unlikely, the water droplet is hanged on above the 

topography in Cassie-Baxter state. An alternative explanation is that those closely located 

flattened needles (Sds = 0.25 summits/μm2) work as barriers for progressive motion of 

the three-phase contact line. The three-phase contact line [214], [215] of a liquid with 

lower surface tension would penetrate between the needles easier compared to that of a 

high surface tension liquid. It is coherent with measurements in this study, where glycerol 

droplets having lower surface tension 𝛾𝐿𝑉 compared to water (63.4 mJ/m2 vs 72.8 mJ/m2, 

respectively) spreads better on the etched topography (83-94° vs 94-110°, respectively). 

This case shows that phenomena taking place at the three-phase contact line can 

significantly detract the repeatability of CA. 

The total SFE quantified using Owens and Wendt approach were plotted against 

its area and a general positive correlation is apparent, yet with distortions (Figure 6.6). 

The measured low value of SFE of the etched topography is attributed to the presence of 
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relatively large and uniform crystals, as follow from the narrow and intense diffraction 

peaks on Figure 6.5. Scattering of SFE values after micro-blasting with various Al2O3 

particles is due to changed chemistry as evident from EDX analysis. The outstandingly 

high value of SFE (93 mJ/m2) after micro-blasting with spherical 50-μm SiO2 particles, 

despite the weak area development (Sdr = 26%), is due to finer micro-structure as it 

follows from broadened XRD peaks Figure 6.5. It explains the superior adhesion after 

blasting with 50µm spherical particles compared angular, reported in [209]. The general 

trend on Figure 6.6 also confirms that the proportionality of cleavage strength to effective 

surface area, observed in [205], is due to elevated SFE. 

 

 
Figure 6.6. Surface free energy versus surface area 
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Figure 6.7. Measured apparent equilibrium contact angle of sessile water and glycerol droplets on Ti-6Al-4V samples  

pretreated by milling, polishing, HF-etching and micro-blasting. 
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6.3.5 Delamination 

 

The width of the residual scratch track on Ti-6Al-4V substrate was 58.1 μm and 

82 μm at 2N and 10N of scratching loads, respectively. The variation of scratch width did 

not exceed 11% and no trends were identified between or within the groups of samples. 

It is due to low plasticity of titanium alloys. Jardret et al. [297] presented that the surface 

elastic deflection around the contact zone and elastic recovery of the scratch groove 

dominate over plastic deformation during the scratching of materials with a low modulus-

to-hardness ratio. Considering the low E/H ratio of Ti-6Al-4V and 200-µm spherical tip 

of used indenter, the variation of scratch width within 11% for various pretreatments is 

an adequate outcome.  

Both scratching loads were enough to initiate delamination starting from the 

indentation point of a spherical tip. The cap of the tip acts like a cutting tool. The shear 

stress, generated by the imposed traction force, overcomes the interfacial adhesive 

strength and induces the breaking of the adhesive bonds at the coating/substrate interface 

[298]. Increasing the contact pressure during the scratch test leads to higher traction force 

and wider delamination. The area of the delaminated coating depends drastically on the 

scratch direction relatively to texture orientation. Optical 3D plots on Figure 6.8 illustrate 

this dependency. Gross spallation of coating occurs along the texture direction (Figure 

6.8 a and b). When the scratch direction is perpendicular to the texture, the spallation runs 

sideways (Figure 6.8 c). The scratch diagonal to the substrate striation results in the gross 

spallation in a diagonal direction (Figure 6.8, d). The dependency of delamination to 

texture direction was valid for all milled and polished samples, yet, the magnitude was 

different. The delamination pattern was strongly subjected to the texture direction with a 

high amplitude of surface roughness, while shallow trenches govern the delamination 

pattern in a weaker extend. It is hypothesized, that the interfacial crack finds an exit to 

the coating surface at the guiding asperity. The guiding asperity can be the one which 

obstructs crack propagation and redirects it towards the surface. The guiding potential of 

the asperity is proportional to its slop and height. A steep asperity, closely approaching 

the surface, offers the shortest crack length with minimum energy for crack propagation. 

In terms of roughness parameters, the potential of surface topography to give a fast egress 

for interfacial crack is proportional to Sa, Sdq and Str. It is consistent with measurements 

Table 6.2. Etched and blasted samples, having higher Sdq and Str, were notably less 

delaminated compared to milled and polished samples. 
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a) Sample M6x5. Scratch along the texture (stitched size 3 mm x 0.3mm) 

  

 

 

 

 

 

 

 

 

b) Sample P220 

Scratch along the texture 

 

 

 

 

 

 

 

 

 

 

c) Sample P220 

Scratch across the texture 

 

 

 

 

 

 

 

 

 

d) Sample M6x5 

Scratch diagonal to the texture 

 

 

 

 

 

 

 

 

 

e) Sample B10μm 

 

 

 

 

 

 

 

 

 

f) Sample B50μm 

 

 

 

 

 

 

 

 

 

g) Sample B80μm 

Figure 6.8. Influence of Ti-6Al-4V surface texture on delamination pattern of epoxy coating resulted from scratch test at the constant load (2N) and 

speed (0.1 mm/s) by diamond indenter with a spherical tip (R = 200μm). 
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A shift in coating failure type from gross spallation to wedging and buckling was 

observed within the group of blasted samples (Figure 6.8, e – g). The contact zone of the 

samples blasted with 50-μm angular particles and larger was delaminated only partially 

at 2N of scratching load. The epoxy resin was extracted selectively from within and 

outside the contact zone. Such scenario is representative for chipping, buckling and 

wedging failure types. The failure types are substantiated by different conditions of crack 

origination and may signify a cohesive failure. In fact, a vast part of the delaminated area 

had a distinctive amber color (see Appendix E), suggesting that at some point crack run 

not through the interface, but within the epoxy layer. In other words, the crack propagates 

from summit to summit straight thought rather than fallowing a convoluted interface. It 

particularly applies for interfaces with high SFE and developed area. Flat topography with 

low SFE in opposite can be fraught with latent delamination. A closer look was taken 

through SEM to the substrate/coating delamination boundary (Figure 6.9). It was found 

that the milled samples after scratch test replete with latent interfacial cracks. Latent crack 

spreads beneath the coating without delaminating it. A small number of latent cracks was 

also observed at the delamination boundary of etched samples. Among the polished 

group, only interface of the smooth sample (P600) was slightly exposed by the latent 

delamination. No latent cracks were detected on samples blasted with any size and type 

of particles. Comparing the initial surface topographies on Figure 6.9 with those on Figure 

6.9, b – c it can be noticed, that the exposed features on the substrate after delamination 

are plastered with epoxy resin. SEM-EDX analysis shown from 11 to 24% of carbon 

content on the Ti-6Al-4V surface after the coating was delaminated. Higher carbon 

content was inherent to blasting pretreatment, particularly to blasting with 50 μm 

spherical SiO2 particles, which is due to refined micro-structure and superior SFE as 

discussed earlier. 

Due to complexity of the delamination boundary and limitations of SEM setup, it 

is hard to quantify the latent delamination, therefore only apparent delamination was 

analyzed. The average width of delamination 𝑊𝑑  depends significantly on applied 

pretreatment and scratch load (Figure 6.10). A large 𝑊𝑑 deviation on milled and polished 

samples is due to texture orientation as discussed earlier. The scratch is narrow along the 

texture and wide across. 𝑊𝑑  on the unidirectional texture is very sensitive to scratch 

loading. However, the scratch load becomes less important if the substrate has no texture 

pattern. 𝑊𝑑  can differ for more than twice when comparing the performance of 

unidirectional and non-directional surface textures. However, larger 𝑊𝑑  is not always 

accompanied with a higher tracking force 𝐹𝑡. I calculated a specific delamination force, 
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as 𝐹𝑑 = 𝐹𝑡/𝑊𝑑, which is a force required to form 1-mm wide delaminated track on a 

given substrate/coating system. It can be seen on Figure 6.11, that 10μ-thick epoxy 

coating on micro-blasted surface requires for a substantially higher force to be 

delaminated in the same extend as after other pretreatments. Delamination factor 𝑓𝑑 

appears proportional to SFE, however inaccuracy in SFE determination (incomplete 

wetting of etched samples) can distort this proportionality (Figure 6.6). As it was 

hypothesized above, the potential of topography to guide the crack towards the surface 

must be proportional to slop of the asperities. I plotted 𝑓𝑑 against Sdq and received a more 

accurate correspondence (Figure 6.12). Since Sdq and Sdr are tightly connected, 𝑓𝑑 is also 

well correlated with Sdr. It is worth to remark that Sdq and Sdr represent two different 

and important geometrical values, which are surface angle and area, respectively. Angle 

of the asperities is obvious to be responsible for mechanical interlocking, while area 

contributes to SFE (Figure 6.6) and thus to chemical adhesion. It is therefore claimed, 

that the correlation of 𝑓𝑑 to roughens parameters Sdq and Sdr represents two physical 

causations of coating strength. One may argue, that the such a purely topographical 

dependency of adhesion strength can be distorted by altering microstructure or chemistry. 

Hence, a reliable indicator for coating quality assurance should be a combination of 

topography indicators (Sdq and Sdr) and SFE. 
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a) Sample M6x5 b) Sample P220 

  

c) Sample E60 d) Sample B10μ 

Figure 6.9. SEM analysis of coating interface at the delaminated boundary after 

various pretreatments 

 

 

 
Figure 6.10. Influence of Ti-6Al-4V surface pretreatment on delamination width of 

epoxy coating resulted from scratch test at the constant loads (2 and 10N) and speed 

(0.1 mm/s) by diamond indenter with a spherical tip (R = 200μm). 
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Figure 6.11. Influence of Ti-6Al-4V surface pretreatment on traction force and specific 

delamination force of epoxy coating resulted from scratch test at the constant load (2N) 

and speed (0.1 mm/s) by diamond indenter with a spherical tip (R = 200μm). 

 

 
Figure 6.12. Influence of surface area and average features’ slope on delamination 

factor of epoxy coating on Ti-6Al-4V substrate 

 

6.4 Summary 

 

This investigation deals with the influence of titanium surface integrity on scratch 

resistance of epoxy coating. The role of pretreatment in terms of surface topography, 

microstructure, chemistry and wettability was studied. The experimental findings allow 

for the derivation of the following conclusions: 

1) A “rough surface” does not always mean it has a larger area. The common 

assumption that Sdr ∝ Ra appeared to be only valid for micro-blasting. In addition, 

the widespeculation regarding the effects of the developed surface area after 

milling and polishing is quite questionable, such as the area enlargement by these 

operations barely exceeds 10%. The parameter Ra alone is not representative for 

wettability or coating strength. It has been demonstrated that different 
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topographies with the same Ra have substantially different contact angles, free 

energies, and delamination size. The data where these factors are consistent with 

Ra is somewhat fortunate to exhibit corresponding changes of other roughness 

parameters.  

2) The two roughens parameters RMS gradient of surface slope Sdq and developed 

interfacial area ratio Sdr – were found to reflect the two physical factors 

responsible for coating strength. Value of Sdq characterizes the locking “ability” 

of the surface and the potential of its summits to dictate the direction of crack 

propagation. Value of Sdr correlates with the surface nergy, which is responsible 

for improved chemical adhesion and turning an adhesive failure mode into a 

cohesive one during delamination of epoxy coating. 

3) The outstanding effectiveness of grit-blasting in surface preparation before 

coating is due to unique energy conditions of solid particles erosion process. 

Kinetic energy of the particles during the impact turns to deformation and work 

hardening, resulting in steep and large area topographical micro-features with 

refined crystalline microstructure. Such surface stores a large amount of energy 

facilitating adsorption and chemical reactivity. High contact pressure and 

temperature rise in a single impact cause modification of surface chemistry. 

Dopant elements and its percentage on the eroded surface are determined by the 

elemental composition of blast media and its impact energy, respectively. The 

values of surface area, surface energy and specific traction force after micro-

blasting are almost twice as large as after polishing or milling and HF-etching. 

The current study, therefore, clearly demonstrates the strong potential of micro-

blasting as pretreatment technique to enhance the adhesion strength and scratch-

resistance of epoxy coating on titanium implants. 

To design the optimal surface topography for adhesively bonded joints, coating 

can be explicitly understood as a climber on a cliff. If the ledges are shallow and rounded, 

then the grip will be weak and the climber will slide along the rock ridges. However, 

deep, steep and non-directional protrusions on the cliff’s surface that help a climber get a 

firm grip corresponds to Sz, Sdq and Str, respectively, for interlocking of coatings. It 

should be noted that deep but rounded ledges or well-arranged, but shallow ledges are 

useless for developing superior coating strength. In other words, the parameters Sz, Sdq 

and Str work jointly. In terms of surface topography, the pretreatment must be oriented 

on area enlargement (reflected by both Sdr and Sdq) by non-directional texture (Str) 

within the maximum roughness height (Sz) allowed by the coating system. 



 

135 

 

7 Fabrication of tribological micro-channels by 

direct writing 

 

7.1 Background 

 

Hip and knee artificial joints, primarily failing due to friction-induced wear [21], 

[22], can be improved by the application of tribological micro-texture on the bearing 

surface of the implants [231]. Dozens of in vitro studies confirmed friction and wear 

reduction when micro-texture is applied to AAJ [299]. To ensure the effect of 

hydrodynamic pressure and access of lubricant to the bearing area, the fluid retaining 

reservoirs (micro-texture) must be shallow, typically from 0.5 to 50 µm deep and 100 to 

1000 µm wide [177]. Despite many surface texturing techniques were offered, the micro-

texturing step has not debuted to AAJ industry yet. It is feasible to texture a coin-size 

sample for the pin-on-disk test, but it is difficult to scale up the technology to industrial 

demand. Thousand of metres square of micro-texture per year would need in the US solely 

for knee and hip AAJ (authors estimation based on reports [13], [19])  and hectares of 

micro-texture worldwide (based on [10]). Each technology has its advantages and 

limitations, for instance, the drawbacks of laser texturing are well documented in [299]. 

Rapid fabrication of shallow micro-channels (aspect ratio of 0.01 …0.1) with a constant 

depth on hard and brittle materials is still a challenge. Eroding micro channels on metals 

is another research gap. Having the highest erosion resistance amoung brittles, 

elastomers, and photo-resists [175], metals were considered as mask materials and not as 

the substrate. The volumetric erosion rate of these alloys was for one order of magnitude 

lower than that in glass and polymers. Based on that Ally et al. [188] suggested that 

AJMM of metals could suit for etching of relatively shallow features, or in cases where a 

high degree of control of etch depth is desired. Such pecularities would be beneficial for 

tribological texturing, where both, shallow features and a repeatable depth, are required. 

The studies on micro-machining and AJM are consistently increasing [300], [301] 

and the next stage of MAJM development can be focused on process productivity and 

implementability, making the technology more industry-friendly. The purpose of this 

study was to evaluate the feasibility of MAJM for tribological surface texturing of AAJ. 

Therefore, the influence of pressure and nozzle angle under small SOD on the evolution 

of micro-channels depth, width and fabrication speed on Co-Cr-Mo were in focus. 
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7.2 Materials and methods 

 

7.2.1 Experimental setup 

 

The custimized MAJM automated setup consisted of commercial blaster MV-2 

(Crystal Mark, USA), dust collector DustPRO 400 (BOFA International, UK), CNC 

router MonoFab SRM-20 (Roland, Japan) and controlling PC (Figure 7.1, a). The blaster 

had vibration-assisted powder container with a customised orifice plate having 16 holes 

254-μm in diameter each. The flow rate was calibrated by filtered catch jar and adjusted 

to the required value by opening a small number of holes in the orifice plate and varying 

the vibration amplitude of the powder container. The bearing shafts of the CNC table 

were dust-sealed by wrapping in loose polyethylene film to preserve the 10-μm motion 

repeatability declared by the manufacturer.  

 

7.2.2 Target and abrasives 

 

A commercial hip implant, made of Co-Cr-Mo (ASTM 1537) was cut in 10-mm 

thick sections, mounted in epoxy resin and polished to control the cylindrical parallelism 

between top and bottom planes within 50 μm tolerance (Figure 7.1, b). The top planes 

were lapped using 240 - 2500 grit sandpaper and 3-μm diamond suspension and finished 

with 0.04-μm colloidal silica to achieve a mirror-like surface roughness (30 nm in Sa ). 

The average result of three Vickers hardness tests conducted with a force of 10 kg was 

317 HV10, or 3.11 GPa. 

The blast media was aluminium oxide (Al2O3) powder complying with FEPA 

standards F320. Particles’ size distribution by volume was measured using a LA-920 

Laser Scattering Particle Size Distribution Analyser (Horiba,  apan). Particles’ size 

distribution by count and shape analysis was done using Scanning electron microscopy. 

The mean particle size and circle equivalent diameter were 37.6 μm and 27.5 μm, 

respectively (Figure 7.1, d). Other details on these measurements are omitted for brevity 

and can be found in [29]. As reported earlier [23], larger particles generate higher 

temperature during the impact, resulting in alumina residuals on the implant’s surface. 

Application of alumina powder smaller than 27 µm was found to produce minimal 

negative consequences [23]. 
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7.2.3 Process parameters 

 

The circular nozzle lined with tungsten carbide insert having an internal diameter, 

𝑑𝑁 = 0.5 mm, external diameter 1.2 mm and length 8 mm was used in all the experiments. 

The relative (gauge) pressure, P,  applied to the nozzle was varied from 0.1 to 0.8 MPa. 

The stand-off distance, SOD, was investigated in the range from 0.5 to 3.5 mm, which 

corresponds to 1 – 7 𝑑𝑁. The SOD, also known as nozzle tip distance (NTD), was defined 

as the distance along the nozzle axis between the planes of nozzle’s flat-faced and target’s 

surface. I used the numerical model of particle velocity in the free air jet developed in 

chapter 2 to calculate the velocity of abrasives in the described above 

nozzle/pressure/SOD conditions. The model was developed especially for micro-nozzles, 

including the viscous friction at the nozzle wall. According to this model, the particle 

velocity varied from 97 to 186 m/s. The nozzle angle, α, was varied from 90° to 30°, 

where 90° means that the nozzle’s axis is normal to the target’s surface, and 30° is 

illustrated on Figure 7.1, c. The lower angle appeared to be impractical, such as it requires 

for a notable increase of SOD. In this case, there was only 230 µm clearance between the 

edge of the nozzle’s flat-faced and workpiece, when the nozzle positioned at SOD = 1.5 

mm and sloped at 30°. Unfortunately, even with the vibratory powder feeder, the flow 

rate was proportional to air pressure (due to increased volumetric airflow rate) and slightly 

to the level of abrasives in powder container, as discussed in [188]. Therefore, the value 

of flow rate was calibrated at different pressure with a particular powder level in the 

bunker, which was replenished each 30 min (100g of powder). In all experiments, the 

flow rate was from 2.0±0.2 to 3.5±0.3 g/min. To exclude the effect of flow variation, each 

channel was formed by 10 passes of the nozzle with the scanning speed 1 mm/s. 

 

7.2.4 Channels characterization  

 

The surface topography was quantified using an NPFLEX optical microscope 

(Bruker, USA). Examination of channels geometry was conducted on 3.2 x2.4 mm 

definition area (spatial sampling: 0.36 μm). A number of such recordings were stitched 

to examine larger areas. To measure the channel’s width, the edge was assumed at the 

conventional 10% of the channel’s maximum depth [111]. The displaced volume 

(channel’s void) was calculated using the analysis toolkit inbuild to Vision64 software. 

The displaced volume was multiplied by the density of Co-Cr-Mo alloy (8.4 g/cm3) to 

obtain the mass of removed material. The removed mass of the channel was divided by 
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the mass of blast media used to erode that channel to calculate the erosion rate, 𝐸 (mg/g). 

The dependence of erosion rate on impact angle was comprehensively studied by Oka et. 

al [254], [302]–[304]. In the latest revision, they wrote this dependence as follow [303]: 

 𝐸(𝛼) = g(𝛼)𝐸90 (6.1) 

 g(𝛼) = (𝑠𝑖𝑛𝛼)𝑛1 + (1 + 𝐻𝑣(1 − 𝑠𝑖𝑛𝛼))𝑛2 (6.2) 

 𝑛1 = 0.717(𝐻𝑣)0.145 (6.3) 

 𝑛2 = 2.57(𝐻𝑣)−0.931 (6.4) 

where, 𝐸(𝛼) and 𝐸90 is the erosion rate at arbitrary and normal impact, respectively, g(α) 

denotes the impact angle dependence of normalized erosion expressed by the two 

trigonometric functions and by Vickers hardness in GPa, and the exponents 𝑛1 and 𝑛1 

are determined from the best fit to the measured erosion rates at different impact angles. 

Based on extensive measurements, Oka et. al. [302] provided linear fitt of 𝑛1 and 𝑛2 for 

targets with hardness from 0.1 to 20 GPa. Here the author tests wheater this expression 

can be applied to MAJM operating at small SOD. 

 

 
Figure 7.1. Experimental details 
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7.3 Results and discussion 

 

Figures 6.2 - 6.4 illustrate a part of the recordings, which have been used to 

accumulate data of micro-channels evolution during MAJM with various air pressure, 

stand-off distances and nozzle angles. Note, that the vertical dimension (depth) was 

expanded to highlight differences in channels depth, slope, edge radius, uniformity of the 

bottoms, etc. The figures are discussed further in the corresponding sections. 

 

7.3.1 Channel depth 

 

In the first experiment, a simple test was performed where each next channel was 

machined at a higher level of air pressure (0.1 – 0.8 MPa) and the same SOD (1 mm). 

The channels get almost three times deeper when the pressure increases from 0.15 to 0.4 

MPa shown in Figure 7.2. However, an interesting phenomenon can be observed further 

at 0.4 – 0.6 MPa. These channels are of the same depth and further deepening was 

achieved only when pressurising the nozzle above 0.6 MPa. The machining sequence was 

randomised in other replicas to reduce the systematic errors associated with the flow rate. 

Although, the described dependency remained the same. This observation contradicts to 

the established understanding of AJM process controlling, where air pressure by default 

must result in higher productivity and channel’s depth. 

In the second experiment, 5 levels of pressure at 6 levels of SOD were used to 

check whether the observed phenomenon is related to pressure only. An illustration of 

one of the samples obtained with such a procedure and the cross-sections of other samples 

are shown in Figure 7.3. It can be seen, that the channels’ profiles get slightly deeper with 

an increase of SOD at 0.15 MPa – 0.4 MPa, but the depth of those blasted at 0.6 MPa and 

0.8 MPa follow a different pattern. The depth of channels machined at SOD = 1 mm and 

0.4 MPa and 0.6 MPa is indeed the same. Also, 1 mm of SOD resulted in the shallowest 

channel among the whole range of SODs (0.5 – 3 mm) when blasted at 0.6 MPa. The 

shallowing was also observed when blasting at 0.8 MPa, but it appeared at 1.5 mm of 

SOD (see dashed curves in Figure 7.3). As it follows, the observed phenomenon is related 

to the combination of SOD and pressure. 
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Figure 7.2. Influence of air pressure on channel’s profile (𝐹𝑟 = 3.0±0.3 g/min, SOD = 2 𝑑𝑁) 

 

 

 
Figure 7.3. Influence of air pressure and stand-off distance on channel’s profile 

 

 

 
Figure 7.4. Influence of nozzle angle on channel’s profile (𝐹𝑟 = 2.1±0.2 g/min, P = 0.4 

MPa, SOD = 3 𝑑𝑁) 
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In the third experiment, the longitudinal scanning motions of the nozzle was 

combined with vertical motion in each pass to erode the channels at gradually increased 

SOD. Four levels of pressure were used in three replicas (Figure 7.5, a). Having the ratio 

of horizontal to vertical distance increment, SOD at each section of the channel was 

calculated. An important observation, which coincides with those made from previous 

two experiments, is that the height of channels blasted at 0.6 MPa and 0.8 MPa has a local 

minimum at around 1 mm and 1.5 mm of SOD, respectively, which are highlighted by 

the dashed ellipses in Figure 7.5, b. To show these features more explicitly, the centreline 

depths along these 12 channels were plotted in Figure 7.7. It can be seen, that the channels 

blasted at 0.2 and 0.4 MPa get deeper with the increase of SOD, while those blasted at 

0.6 and 0.8 MPa first become shallower till 1 mm and 1.5 mm of SOD, respectively, and 

only then get deeper. To sum up, the depth of the channel eroded at small SOD is 

generally proportional to pressure (Figure 7.8) except for the case when SOD is 2 – 3 

times of 𝑑𝑁. 

Another worth noting phenomenon, which always appears just after the shallow 

region, is the change of channels shape. One may see that the centreline of the channels 

blasted at 0.6 MPa and 0.8 MPa is characterized by a slightly brighter shade after the 

shallow regions (see Figure 7.5). Dedicated measurements show that at the very 

beginning of the channels blasted at 0.8 MPa, where SOD is comparable to 𝑑𝑁 (0.5 mm), 

the bottom is essentially V-shaped. However, the bottom becomes U-shaped in the 

shallow region (SOD = 1.5 mm) and then slightly W-shaped afterwards (SOD = 2 …2.5 

mm). The magnitude of the central peak of the W-shaped profile is relatively small and 

did not exceed 10% of the channel’s depth. Nevertheless, the fact of the presence of this 

W-shaped bottom, and not its magnitude, is important for the understanding of the 

physical factor behind the origination of shallow region. 
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Figure 7.5. Evolution of channels geometry at increased SOD. 
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To our knowledge, the shallow regions shown in Figure 7.5, b, have not been 

reported. At the same time, there is some evidence of the W-shaped profile. Li et al. [30] 

observed the transition of blind hole profile from V- to U- to W-shape when blasting with 

𝑑𝑁 = 0.28 mm and SOD = 0.5 mm at various pressure and flow rate. They conclude, that 

the flow bounce back and the stagnation effects can cause the distribution to become brim 

concentrated, or nearly evenly distributed, or centre concentrated distributions, depending 

on the abrasive particle flow rate, and the air pressure. To remind the reader what the 

stagnation effect is the author reffers to the CFD results of Matsumura et al. [41] shown 

on the original figure (see Figure 7.6). To support the explanation, Li et al. [30] referred 

to the aerosol study of Burwash et al. [305], which shown that at SOD = 2…4𝑑𝑁, the 

particles depositon pattern exhibited a ring-like form around the stagnation zone. 

However, the experiment [305], where 5  m fluorescent particles (1.05 g/cm3) were 

injected in a slow air stream (10 m/s), is not representative for MAJM, where 30 µm 

alumina particles (3.9 g/cm3) fly with the velocity of over 100 m/s. The kinetic energy of 

the particles in [305] was for three orders of magnitude lower then in [30] or in this 

experiment. High kinetic energy would allow particles to ignore the air stagnation zone. 

On the other hand, there are many smaller particles in the used abrasive fraction, that 

might be affected by the lateral air flow. Therefore, it is not clear whether the stagnation 

effect in MAJM can move the effective erosion zone outward from the impinging jet 

centre.  

 

 

Figure 7.6. CFD simulation of hydrodynamic flow. Fluid velocity at the jet nozzle is 180 

m/s. The scale shows the magnitude of fluid velocity. Borrowed from [41]. 
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Figure 7.7. Development of channel’s depth with gradually increased SOD 

 

 
Figure 7.8. Influence of pressure and SOD on channels’ depth 
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7.3.2 Channel width 

 

The channel width is always larger than the nozzle diameter due to two factors: 

natural jet divergence and lateral airflow near the target’s wall. As it follows from 

previous figures, the last one can be affected by SOD and pressure. The records partially 

shown in Figure 7.5, were used to collect the cross-sections of channels eroded at different 

SOD and pressure levels (Figure 7.9). The shape of the channel transits from radial-like 

to bell-like with the increase of SOD. Higher pressure results in slightly blunter bottoms. 

Figure 7.10 shows that at small SOD (0.5 mm = 1𝑑𝑁), channels can be as accurate as 

1.1𝑑𝑁, but this accuracy fall to 1.5 – 1.9 𝑑𝑁 when SOD = 6𝑑𝑁. The effect of pressure is 

insignificant at small SOD, contributing around 0.1𝑑𝑁 to the channel’s width, however, 

the effect of pressure grows with SOD. In other words, there is a symbiosis of these two 

factors, giving strong channels widening effect. A remark must be added that there is a 

slight widening of the channel as it gets dipper. The reason for that is the frosted region 

(roughened periphery of the erosive footprint) gradually gets deeper and finally starts 

contributing to the channel’s width. Kowsari et al. [32] reported that the hole eroded in 

paper increased by about 20% after 5 min of blasting time. Therefore, the true effect of 

pressure on the channel’s width might be slightly smaller than shown here.  

It is hypothesized that the nozzle inclined at 30° may produce a weaker stagnation 

zone, in which the airflow largely preserves its axial velocity, instead of diverging in the 

lateral direction. It would result in a smaller channel’s width, compering to that made at 

90°. Yet, measurements demonstrate that the effect of nozzle angle on channel width is 

negligible (Figure 7.11) and the channel width is still proportional to air pressure even at 

30° (Figure 7.12). Worth mentioning that the channel machined at 30° and 0.8 MPa is 

deeper than that at 0.6 MPa, while it is not the case at 90°. In other words, stagnation zone 

can affect channels depth. 

An important aspect of MAJM is the dependency channel widening angle on air 

pressure. Channels widening is associated with the jet divergence and it is typically 

assumed at 7 – 10° [25], [111], [114], [244] when predicting the geometry of eroded 

features. Here, the author confirms that this value is correct for the channels eroded at 

small SOD, making 6 – 9° when the channel edge is assumed at 10% of the channel’s 

maximum depth. Importantly, the range of 3° is due to the different pressure. The most 

probable scenario is that higher pressure crates stronger air divergence, which moves 

particles further away from the jet centre. The second possible scenario of the channel’s 

widening lies in particles second-strikes. Kowsari et al. [32] tracked massed particles in 
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CFD model of MAJM process to show that the higher rebounds at larger standoffs caused 

the second-strikes to occur farther away from the centreline which enlarged the erosive 

footprint.  

 

 

Figure 7.9. Influence of pressure and SOD on channels profile 

 

Figure 7.10. Influence of pressure and SOD on channel width 

 

Figure 7.11. Influence of nozzle angle on channel width (SOD = 3 𝑑𝑁) 
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Figure 7.12. Influence of pressure on channel width when nozzle is sloped (SOD = 3 𝑑𝑁) 

7.3.3 Erosion rate 

 

The volumetric loss of Co-Cr-Mo is proportional to SOD (Figure 7.13). At higher 

SOD, abrasive particles have a longer acceleration path, that results in higher kinetic 

energy of the projectile, and consequently, in more material removed by the same dose 

of abrasives. Large horizontal error bars on Figure 7.13 are due to the 10% deviation in 

abrasive flow rate. Within this error the volumetric loss undergoes linear dependency to 

abrasive dose. 

The erosion rate grows from 0.3 to 1 mg/g when pressure is increased from 0.2 to 

0.8 MPa (Figure 7.14). In other words, to remove one gram of Co-Cr-Mo, at least 1 kg of 

38-µm alumina powder must be loaded. This range well coincides with the results 

obtained by previous researchers [54], [188], [306], [307], for instance, in this study, 

38µm particles at 0.4 MPa resulted in 𝐸90 = 0.6 mg/g, while Ally et al. [188] reported 𝐸90 

= 0.6, 0.9 and 0.7 mg/g for Al 6061T6 (0.83 GPa), 316L SS (0.87 GPa) and Ti-6Al-4V 

(2.37 GPa), respectively, using 50µm alumina particles with the same pressure. Minimal 

consumption of abrasive powder necessitates high pressure and large SOD. The erosion 

rate is generally proportional to SOD and pressure, however, this proportionality is 

somewhat disrupted at 0.6 – 0.8 MPa (Figure 7.14). For various SOD, the best fit of 

erosion rate to particle velocity, 𝐸 ∝ (𝑣𝑝)
𝑘, was achieved with the velocity exponent 𝑘 

ranging from 1.91 to 2.12. It coresponds to previous measurements [188], [308], were 

𝑘 = 2.04…2.35 was reported for Ti-6Al-4V. As far as air pressure contributes to particle 

velocity stronger than SOD (see appendix A), a good compromise between feature 

accuracy and process productivity can be achieved through the increase of pressure, while 

keeping a minimum SOD.  
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Despite the high hardness (3.1 GPa) and a frequent mentioning of the investigated 

alloy as a “hard-to-cut” material, Co-Cr-Mo demonstrates distinctive ductile behaviour 

during MAJM (Figure 7.15). According to Oka et. al. [302], erosion rate dependency on 

impact angle (see eq. 1-4) for Co-Cr-Mo (3.1 GPa) must be described by 𝑛1 = 0.85 and 

𝑛2 = 0.9, which predict for 30% higher erosion rate at 30° comparing to 90°. However, 

in the investigated condtions, the erosion rate was doubled at 30°. A more accurate fitt 

was acheived with 𝑛1 = 0.29  and 𝑛2 = 0.98 . Worthnoting, somewhat different 

exponents from those predicted by eqs. 3 and 4 were also obtained in [188], [307] 

presumably due to different strain-hardening capacity of various alloys [307]. An 

additional explanation of this discrepancy can lay in the stagnation zone, which induces 

particles deceleration when it approaches the target. In the conditions of small SOD, the 

stagnation zone may notably decrease the particle velocity. However, this deceleration 

can be insignificant when the nozzle is sloped. Note, that Oka’s espression does not 

include particle velocity change and should be applied carefully when small SOD is used. 

 
Figure 7.13. Influence of abrasive dose on the volumetric loss of Co-Cr-Mo at various 

stand-off distances (𝐹𝑟 = 3.0±0.3 g/min, P = 0.4 MPa) 

 
Figure 7.14. Influence of pressure and SOD on erosion rate (𝐹𝑟 = 2.7-3.5±0.3 g/min) 
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Figure 7.15. Influence nozzle angle on erosion rate  

(𝐹𝑟 = 2.1±0.2 g/min, SOD = 3 𝑑𝑁, P = 0.4 MPa) 

 
Figure 7.16. Fabrication speed of 5-µm deep channel on Co-Cr-Mo 

 (𝑑𝑁 = 0.5 mm, SOD = 3 𝑑𝑁) 

 

7.3.4 Process efficiency 
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7.17, a and d) under moderate MAJM conditions. The same time was spent to cover 

another sample with 550-µm x 5-µm channels with the same step but crossed at 30°, 

forming repeatable plato-like rhomboidal structures with 10-µm deep rhomboidal 

depressions between them (Figure 7.17, b). Such texture covers 70% of the surface area, 

while the optimal coverage of tribological texture is 10-20% [177], meaning that the 

bearing surface of a hip or knee prostheses can be textured within several minutes by 

using only one nozzle. Development of 3D topographical features by AJMM spot 

interference received meticulous attention in the works by Papini’s group [134]–[136], 

[309], although, the models might first require adjustments for small SOD, where 

nonlinear dependencies take place. In this case, a semi-empirical first pass-based model 

by Ghobeity et al. [134] might reflect a more accurate erosive power distribution 

compared to that calculated from free jet characteristics. One kilogram of 30-µm alumina 

abrasives can remove up to 1 g of Co-Cr-Mo, which is equivalent to over 50 metres of 

550-µm x 5-µm channels and can be enough for texturing of more than 100 femoral heads. 

Furthermore, the worked-out abrasives become polluted with Co-Co-Mo for less 0.1% in 

one cycle, therefore can be recycled at least 10 times. In this way, 1000g of abrasives can 

be used to texture 1000 parts, or in other words, 1 g of abrasives is required for texturing 

of 1 femoral head. High aspect ratio rectangular nozzles can be applied to fabricate 

narrower channels at higher fabrication speed. The drawback of the method consists of 

the formation of the frosted region on the periphery of the micro-channels. The frosted 

regions of Co-Cr-Mo act as sandpaper to the softer frictional counterpart (typically 

UHMWPE in AAJ) and must be post-treated. Note that other approaches, like µ-

cutting/rolling/indentation, μ-EDM, laser texturing and masked AJMM are also 

associated with various edge defects, and must be post-polished to remove the abrasive-

edge factor. The bell-shaped profile of the channel ensures that polishing does not create 

sharp borders (Figure 7.17, c) that is beneficial for lubricant migration to the bearing 

surface. Channels with lower roughness can be obtained by blasting or post-blasting with 

finer abrasives as shown in [89]. Alternative polishing technologies, e.g. electropolishing, 

can be used to smoothen the channels bottoms and the bearing surface around.  
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Figure 7.17. Texturing of Ø30-mm Co-Cr-Mo disks (a) with cross-hatched 550-µm x 5-

µm channels (b), straight 550-µm x 10-µm channels (d) and the same after polishing (c) 
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7.4 Summary 

 

This chapter quantified the influence of air pressure and nozzle angle under small 

SOD on the evolution of micro-channels width, depth and fabrication speed on Co-Cr-

Mo. The conclusions are drawn as follows (published in [310]): 

1) The channels width can be fabricated as narrow as 110% of the nozzle diameter. 

The width is strongly proportional to SOD, moderately to air pressure and 

negligibly to nozzle angle. Channels section profile transits from circle-like to 

bell-like with an increase of SOD. 

2) The depth variation is within 12% for 10 µm deep channels. The depth is strongly 

proportional to pressure, moderately to nozzle angle and slightly to SOD. 

However, this dependency is unreliable when high pressure is used at small SOD. 

The strongest effect of stagnation zone does not take place at the smallest SOD, 

but at a specific SOD, which can be identified by a more U-shaped bottom, or W-

shaped bottom immediately after. 

3) The erosion rate of Co-Cr-Mo is at least one order of magnitude lower than that 

of glass and polymers, allowing a high degree of depth control. The erosion rate 

is proportional to pressure and SOD and inverse to the nozzle angle. A good 

compromise between process productivity and resolution can be achieved through 

an increase of pressure while keeping a minimum SOD and nozzle angle.  

4) When the fabrication speed of 550-µm x 5-µm channel reaches 260 mm/min, the 

femoral head of a hip joint can be textured in a few minutes using only one circular 

nozzle. One gram of abrasives is required for texturing of 1 femoral head. 

Overall, the accuracy, machining efficiency and cost-effectiveness of MAJM suits 

tribological surface texturing of artificial joints. Smaller nozzles must be investigated to 

identify the minimum feature size by this method. The reduction of friction coefficient 

achieved with the offered texture will be reported shortly (search for “Gang Shen,  ufan 

Zhang, Ruslan Melentiev, Fenghzou Fang, Study on tribological performance of groove-

textured bioimplants”). 
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8 Tailoring of surface topography for 

tribological purposes 

 

8.1 Background 

 

Friction-induced wear is the main reason for failure of artificial articular joints 

[22]. Our prior review [177] identified multiple in vitro studies that prove the advantages 

of micro-patterning in bio-tribological applications. However, the optimal size, shape and 

depth of micro-pockets remain subjects of detailed discussion and further study. It is 

anticipated [228] that the micro-pattern in the lower end of the micro-scale will be able 

to prolong the working period of an AAJ to 30 years. However, as discussed earlier in the 

section 1.7.3, the micro-texturing in the lower end of the micro-scale by using single tool 

approaches is neither productive of commercially viable. A multitool approach for rapid 

fabrication of millions of micro-dimples on the bearing surface is need. 

In the author’s consideration, if the micro-dimple created by the impact of a single 

particle is of satisfactory shape and dimensions for tribological purposes, then the cost-

efficient and productive method of tribo-texturing can be achieved through the scattered 

mask-less micro-blasting. This chapter proposes a method based on the advantages of the 

discrete nature of the erosion process: Tribo-blast, while each particle is regarded as a 

separate cutting tool, meaning that thousands of cutting tools can be used per second. The 

problem is that those thousands of cutting tools per second are very hard to control. Solid 

particles erosion is a highly randomised process. However, as the nature of friction 

depends on  average characteristics of a surface, uniform distribution of 5–50-μm features 

may be less significant than the distribution of 100–1000-μm features. In other words, at 

the lower end of the micro scale, an array pattern may no longer be better than a random 

pattern. This hypothesis is supported by the design of natural tribo-surfaces, on which μ-

features are distributed randomly rather than in arrays [311]. 

The purpose of this study is to apply mask-less micro-blasting for rapid fabrication 

of μ-pockets (5–50 μm) and tailoring of bearing indexes. The research question in this 

chapter consist in identification of the process parameters of MAJM to obtain the 

topography with a predetermined bearing index. Therefore, shapes, dimensions and 

concentration of craters formed by spherical and angular particles and its influence on 

bearing parameters of the surface topography are in focus. 
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8.2 Controlling the texture parameters 

 

To control the parameters of the texture generated  by random impacts of angular 

or spherical particles, it is necessary to identify such a set of blasting conditions, which 

ensures the desired shape, dimensions and concentration of μ-pockets. Here, a μ-pocket 

is defined as the crater induced by the impact of a single spherical or angular particle, 

excluding the pile-up around the crater. Numerous investigators have studied the 

dimensions of craters formed by the impact of a solid particle impact. Fully plastic 

analyses have notably overestimated the impact depth for materials with low ductility. 

For instance, fully plastic analysis of Hutchings et al. [312] overestimated the depth of 

craters on an epoxy target by about twofold for all impact angles [85]. Later, Hutchings, 

Rickerby and MacMillan [313], [314] combined an accurate calculation of the contact 

area with an iterative numerical procedure to solve the equation of motion of sphere and 

compute the volume it sweeps out during an impact event. However, they neglected 

elastic forces, and the model cannot account for rebound from a normal impact. 

Tirupataiah and Sundararajan [315] included particles’ rebound velocity in their energy 

balance equation, using Tabor’s 1951 version of the theoretical expression originally 

proposed by Hertz in 1891. The expression of Tabor requires for dynamic hardness, which 

can be calculated using the crater size. The problem of dynamic hardness also appeared 

in the elastic-plastic analysis of Papini and Spelt [85], the prediction power of which was 

validated using crater size measured after a normal impact. For the past two decades, solid 

particle impact was studied using FEM, smoothed particle hydrodynamics (SPH), the 

finite volume particle method (FVPM) and combinations thereof, which are often 

cumbersome and a long amount of time for calculation with commercial software. For 

instance, in one study [316], a FVPM calculation took 575 hours to complete using a 

supercomputer. More detailed excurse to the research field of solid particle impact is 

given in aforementioned references. The solutions with complex computational routines 

are of little use in industry, where problems are typically solved by pilot experimentation 

and empirical fitting. In fact, it is easier to measure craters’ size than to extract it from 

most of the models. An alternative method of prediction that is easier and faster than 

measurements is needed. Thus, the author returns to the energy balance approach and 

attempts to predict the dimensions and concentration of craters created by spherical and 

angular particles at normal impact angle with metallic target analytically. 
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8.2.1 Formation of a single micro-pocket by a spherical particle 

 

The crater formed by the impact of a spherical particle below the surface plane 

(excluding pile-up), is defined as the regular μ-pocket. The irreversible deformation of 

the substrate during impact is equated to the energy of plastic work produced by the 

impinging particle, 𝑈𝑝𝑚 . The portion of kinetic energy associated with plastic 

deformation in the target material can be determined based on the coefficient of 

restitution, 𝑒𝑅, which is written by Levin et al. [84] as follows: 

𝑈𝑝𝑚 = 𝑈𝑘𝑖𝑛 · (1 − 𝑒𝑅
2) =

𝑚𝑝𝑣𝑝
2

2
· [1 − (

3.06·𝐻5/4

𝜌𝑝
1/4

·𝑣𝑝
1/2) · (

(1−𝜇𝑚
2 )

𝐸𝑚
+
(1−𝜇𝑝

2)

𝐸𝑝
)], 

(8.1) 

where 𝑚𝑝, 𝑣𝑝 and 𝜌𝑝 are the particle’s mass, velocity and density, respectively; 𝐻 is the 

hardness of the target; and 𝐸𝑚, 𝐸𝑝, 𝜇𝑚 and 𝜇𝑝 are the elastic modulus and Poisson’s ratio 

of the target material and particle, respectively. A large quotient of Poisson ratio / Elastic 

modulus results in a stronger rebound effect. For materials like Ti-6Al-4V, the elastic 

response can absorb up to 40% of the initial impact energy (𝑈𝑝𝑚 = 0.6 𝑈𝑘𝑖𝑛). Particle 

mass can be determined based on its density and the mean particle diameter by count: 

𝑚𝑝 = 1/6𝜋𝑑𝑝
3𝜌𝑝 . The mass of an angular particle can be obtained by inputting the 

circle-equivalent diameter instead of the mean diameter. The circle-equivalent diameters 

of angular Al2O3 particles ranging from 5–300 μm were reported in [29]. Particle velocity 

can be found using the semi-numerical model developed in our earlier work [244].The 

model in [244] builds upon the work of Li et al. [114], incorporating viscous friction at 

the nozzle wall and gradual change of the drag coefficient. The prediction error did not 

exceed 10% for the wide range of operational conditions applied in previous experimental 

studies on particle velocity. The model is available as an interactive plot attached as a 

supplementary material to our previous study [244].  

The high strain rate during impact causes immediate hardening of a metallic 

subsurface. Thus, the actual penetration depth is lower than that predicted by quasi-static 

indentation theory. Tirupataiah and Sundararajan [315] used the average dynamic 

hardness, 𝐻𝐷 , during the impact instead of static hardness, 𝐻 , to balance the impact 

energy with the volume of residual imprint, 

𝑈𝑝𝑚 = 𝐻𝐷𝛿𝑉 (8.2) 

The residual indentation volume, 𝛿𝑉, after the impact event can be easily obtained by 

rearranging eq. 1. Unfortunately, most of the models for determining dynamic hardness 
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(𝐻𝐷), such as [85], require the size of crater formed by spherical particle at a normal 

impact angle. Since the present model aims to predict the crater size at the writing desk, 

the author approximated the value of dynamic hardness using data from the literature. 

Specifically, the author draw upon the work of Isupov [317], who reported the hardening 

coefficient, 𝐶ℎ, for a wide range of steels with 𝐻 of 3–8 GPa at impact velocities typical 

for sand blasting. Isupov concluded that 𝐶ℎ  asymptotically approaches the maximum 

value, 3.4, at around 200 m/s. We fitted a logarithmic curve to his empirical data, as 

shown in Figure 8.1, to obtain a rough but explicit expression describing the value of 

dynamic hardness: 

𝐻𝐷 = 𝐻𝐶ℎ = 𝐻(0.58 ln 𝑣𝑝 + 0.4) 
(8.3) 

In this study, I check whether the 𝐶ℎ acceptably predicts the size of craters in a 

non-ferrous-based alloy with comparable 𝐻.  

 

Figure 8.1. Dependency of the hardening coefficient of various steels on particle 

velocity (experimental data adopted from [317]). 

 

Inserting eq. 8.1  and 8.3 into eq. 8.2 and re-arranging for the linear dimensions of the 

indented volume 𝛿𝑉, the height and diameter of the μ-pocket formed in a substrate by a 

spherical particle with a radius of 𝑟𝑝 are, respectively, 

ℎ𝑖𝑛𝑑 = 𝑟𝑝 (
𝛿𝑉

𝑉ℎ𝑝
)

𝑛

≈ (
3𝑈𝑝𝑚

2𝜋𝑟𝑝3𝐻𝑑
)

0.54

 

(8.4) 

𝐷𝑖𝑛𝑑 = 2(𝑟𝑝
2 − [𝑟𝑝 − ℎ𝑖𝑛𝑑]

2
)
1/2

 
(8.5) 
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where 𝑉ℎ𝑝  is the half volume of the impinging particle, for spherical particle 𝑉ℎ𝑝 =

2/3𝜋𝑟𝑝
3 . In chapter 5 [29], the author found that 𝑛 =  0.6 fits well when ℎ𝑖𝑛𝑑/𝑟𝑝 

approaches 1. However, for the present case, where 0.05 < ℎ𝑖𝑛𝑑/𝑟𝑝 < 0.2, the exponent 

𝑛 = 0.54 gives a more accurate prediction (see Figure 8.2). It can be seen that 𝑛 = 0.54 

gives better fit to the theoretical relationship at ℎ𝑖𝑛𝑑/𝑟𝑝 < 0.2  compared to 𝑛 =  0.6, 

which was used in [29]. 

 

Figure 8.2. Correlation of the normalized penetration depth with the normalized 

indentation volume ℎ𝑖𝑛𝑑/𝑟𝑝 = (𝛿𝑉/𝑉ℎ𝑝)
𝑛. 

 

8.2.2 Formation of a single micro-pocket by an angular particle 

 

The crater formed by an angular particle below the surface (excluding pile-up) is 

determined here as the irregular micro-pocket. Most analyses of angular particle impact 

include three rough simplifications: an absolutely sharp vertex (1) of a flat particle (2) 

impacts the substrate exactly by the tip (3) [282], [283]. The first assumption can be 

justified by the statement that the tip radius of coarse particles contributes negligibly to 

crater formation. However, the tip radius can play a crucial role in crater formation by 

fine particles (< 50 μm), when the penetration depth approaches the tip radius [29]. The 

second assumption makes the problem essentially two-dimensional, with particle mass, 

the moment of inertia and the volume of the crater all expressed on a per-unit-thickness 

basis [282], [283]. The third assumption is inconsistent with the fact that the craters 

generated at normal impact angle are elongated and have non-constant cross-sectional 

profiles (see the results section). In our first approach (chapter 5) [29], we dealt with the 
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first assumption, substituting the sharp vertex of angular particles with a tip radius. In the 

second approach (described here), I attempt to fix the second assumption by adding a 

third dimension. The 3D geometry of the particle (i.e. a spinning top) is considered to 

impact the substrate by its rounded peripheral edge as shown in Figure 8.3. The radius of 

the edge, 𝑟𝑡𝑖𝑝, represents the bluntness of the particle. An 𝑟𝑡𝑖𝑝 value of 2 μm was found to 

be suitable for 25–250-μm alumina particles [29]. The attack angle, 𝑄, can be extracted 

from the particle’s aspect ratio, tan𝑄 = 𝐴𝑟 . The average aspect ratio of Al2O3 is 

independent of particle size (𝐴𝑟 ≈ 0.6 ± 0.05), as measured in [29]. The indentation 

formed by the hypothetical spinning top particle can be characterised by height, ℎ𝑖𝑛𝑑; 

length, 𝐿𝑖𝑛𝑑; width, 𝑊𝑖𝑛𝑑; and top area, 𝐴𝑖𝑛𝑑 (see Figure 8.3), which can be derived from 

the volume of the indentation as follows: 

ℎ𝑖𝑛𝑑 ≈ (𝑟𝑝 − 𝑟𝑡𝑖𝑝) (
𝛿𝑉

𝑉ℎ𝑝
)

𝑛

≈ (𝑟𝑝 − 𝑟𝑡𝑖𝑝) (
6𝑈𝑝𝑚

𝜋𝑟𝑝3𝐴𝑟𝐻𝑑
)

0.54

 (8.6) 

𝐿𝑖𝑛𝑑 = 2√ℎ𝑖𝑛𝑑(2𝑟𝑝 − ℎ𝑖𝑛𝑑) (8.7) 

𝑊𝑖𝑛𝑑 = 2(𝐴𝑟ℎ𝑖𝑛𝑑 − 𝐴𝑟𝑟𝑡𝑖𝑝 + 𝑟𝑡𝑖𝑝√1 + 𝐴𝑟
2) (8.8) 

𝐴𝑖𝑛𝑑 =
𝜋

4
𝐿𝑖𝑛𝑑𝑊𝑖𝑛𝑑 

(8.9) 

The half volume of the spinning top particle is 𝑉ℎ𝑝 = 1/6𝜋𝑟𝑝
3𝐴𝑟 . In these 

formulations, the target material is characterised by its dynamic hardness, elastic modulus 

and Poisson’s ratio, while the particle is characterised by its size, density, impact velocity, 

aspect ratio and edge radius. The 3D spinning top geometry of the particle deals with 

several of the most common simplifications in analytical models of angular particle 

impact: a blunt particle (1) with volume and mass (2) impacts a substrate by the edge (3). 

However, the present analysis describes only the perpendicular impact. 

 

 



 

159 

 

 

   (a)  (b) (c) 

Figure 8.3. 3D representation of the spinning top particles (a), a 2D cross-section (b) 

and a schematic representation of the impact spots produced by the spinning top 

particles (c). 

8.2.3 Controlling the concentration of micro-pockets 

 

The curve of surface coverage by impact craters was described as early as in 1939 

by Avrami and in 1952 by SAE J443. Both descriptions are essentially the same [318], 

using the measured coverage after the first pass to predict the coverage after subsequent 

passes. In practice, the coverage after the first pass is measured by eye [318] or by phase 

separation in ImageJ [319]. A long FEM simulation of area coverage after multiple 

random impacts was developed by Xiao et al. [320]. The authors indicated that the 

random peening coverage can be accurately calculated with probability theory if a 

universal relationship between the average dimple size and peening parameters is 

established [320]. As this relationship was addressed in sections 2.1 and 2.2, I intend to 

determine the area coverage with stochastic analysis. 

Cylindrical nozzles generate axis-symmetrical normal distribution of abrasive 

flow density. This is partially due to the natural air jet divergence, which causes particles 

to receive slight tangential velocity in addition to normal motion. As a result, the 

machined area is always larger than the cross area of the nozzle aperture. In micro-

blasting, the particles’ divergence angle, 𝜃𝑝, is typically 7–10° [110], [115] for nozzles 

ranging from 0.36–1.5 mm and pressure levels of 0.4–0.7 MPa. As stated in [110], 𝜃𝑝 

determines the border behind which erosion depth is less than 10% of the centreline 

erosion depth. As cylindrical nozzles generate an axis-symmetrical normal distribution of 

abrasive flow density, the function of particle distribution 𝑓𝑝𝑑, with the value of 10% at 

the border can be written as follows: 
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rp 
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𝑓𝑝𝑑 = 𝑛 ∙ exp (−𝑛 [
𝑦

𝑟𝑗
]

2

) 
(8.10) 

where 𝑛 = 2.3 was fitted to provide 𝑓𝑝𝑑(𝑦=0)/𝑓𝑝𝑑(𝑦=𝑟𝑗) = 0.1,  𝑟𝑗 is the radius of the jet 

spot and 𝑦 is the local radius. The pockets’ density is 𝑛 times higher on the centreline and 

significantly smaller on the jet periphery. To ensure uniform density of the pockets, the 

machining passes should have a predetermined amount of overlap. If the pockets’ density 

at the centre is appropriate, then the scanning step, 𝑆𝑠 , between the nearest passes should 

provide the intersection of pocket density curves at half of their maximum (see Figure 

8.4). Solving eq. 8.10 for 𝑦 = 1/2𝑛 provides the following: 

𝑟𝑗 =
𝑑𝑁
2
+ 𝑆𝑂𝐷 𝑡𝑎𝑛

 𝜃𝑝

2
 (8.11) 

𝑆𝑠 ≈
0.88𝑟𝑗 

√𝑛
, (8.12) 

where 𝑑𝑁 is the nozzle diameter and 𝑆𝑂𝐷 is the stand-off distance (nozzle tip distance). 

In practice, the scanning step for uniform distribution of pockets is often about 𝑆𝑠 =

0.6𝑟𝑗.  

A particular goal of this study is to predict the texture aspect ratio, 0 < 𝑇𝑟𝑎𝑡𝑖𝑜 >

1, which is the area ratio of the pockets’ projection to the total plane area. There are 

several unforeseen factors as the actual number of μ-pockets is always smaller than the 

number of particles impacting a surface. The first is the probability that incoming particles 

would interact with the rebound particle, which can be eliminated by using a low particle 

flow rate. The second factor is the probability that particles would impact the same site, 

which grows logarithmically with pocket density. For a low texture aspect ratio, 𝑇𝑟𝑎𝑡𝑖𝑜 <

0.1, overlapping of craters has a low probability, while at 𝑇𝑟𝑎𝑡𝑖𝑜 = 0.5, each second 

particle statistically hits an existing μ-pocket. According to probability theory, 𝑇𝑟𝑎𝑡𝑖𝑜 

approaches a value of 1 asymptotically. In other words, the blasted surface would never 

be fully covered by craters. However, this theoretical scenario does not correspond to the 

real blasting process, in which a complete surface layer is eroded just in a few seconds. 

A more realistic scenario of pocket overlapping can be obtained using the log-function, 

where the texture aspect ratio 𝑇𝑟𝑎𝑡𝑖𝑜, at any distance from the centreline is as follows: 

𝑇𝑟𝑎𝑡𝑖𝑜 = 2 log (1 + 𝑓𝑝𝑑
𝐴𝑖𝑛𝑑

2𝑟𝑗𝑆𝑣

𝐹𝑟

𝑚𝑝𝑣
), (8.13) 
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where 𝐹𝑟  is the particle flow rate and 𝑆𝑣  is the scanning velocity of the nozzle. It is 

important to note that a small number of large particles in each blast media fraction may 

occupy a dominant portion of the mass. To calculate the number of particles emitted from 

a nozzle, the mean particle diameter by volume, 𝑑𝑝𝑣, should be used to represent particle 

mass, 𝑚𝑝𝑣, in eq. 13. This can be easily justified by the fact that two times larger particle 

is ten times heavier, yet produces only a slightly wider crater. Incorporation of 𝑑𝑝𝑣 is 

crucial for obtaining an adequate number of craters. When the number of craters is known, 

then the distance between them can be estimated. In probability theory, the central limit 

theorem states that if the number of events is large, their normalised sum tends toward a 

normal distribution, even if the original variables are not normally distributed. In this 

regard, a large number of randomly allocated pockets after micro-blasting should have 

the arithmetic mean distances with a close-to-normal distribution. The pockets’ interval 

𝐼𝑝, which is the average linear distance between the centres of the two nearest pockets, 

can be calculated as follows: 

𝐼𝑝 = (
8𝑟𝑗𝑆𝑣

𝜋𝑓𝑝𝑑

𝑚𝑝𝑣

𝐹𝑟
)

1/2

 

(8.14) 

The scanning step for uniform pocket density across the machining spot can be 

calculated using eq. 12. The textured area ratio, 𝑇𝑟𝑎𝑡𝑖𝑜, and pocket interval, 𝐼𝑝, can be 

adjusted by changing the particle size, velocity, flow rate, stand-off distance and scanning 

velocity using eq. 13 and eq. 14, respectively.  

 

 

Figure 8.4. Determination of scanning step to provide uniform pocket density 
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8.3 Materials and methods 

 

8.3.1 Samples preparation 

 

The three most popular alloys for manufacturing tribo-functional bio-implants—

stainless steel 316 L, Co-Cr-Mo (ASTM F75) and Ti-6Al-4V (grade 5)—were used as 

the target materials for testing Tribo-blast. The mechanical properties of the target 

materials are presented in Table 8.1. Hardness was estimated based on three Vickers 

hardness tests conducted with a force of 10 kg. Johnson’s (1985) ratio of the elastic 

modulus to yield stress at 0.2% offset, varies widely—100 < E/σy < 1000—suggesting 

that the selected alloys behave differently and are representative to validate the approach 

for a wide range of engineering materials. The heads of artificial hip joints were cut into 

5-mm-thick slices and mounted in epoxy resin. The mounted sections were lapped using 

240, 320, 600, 1200 and 2500 grit sandpaper and a 3-μm diamond suspension and then 

finished with 0.04-μm colloidial silica to achieve a flat surface with an average height of 

the profile of 0.02 μm in Sa.  

 

8.3.2 Blasting parameters 

 

Erosion tests were conducted using an MV-2 micro-blaster. Prepared samples 

were fixed below the nozzle on a CNC table. To achieve the predicted texture ratio, the 

flow rate of the blast media was precisely controlled. The micro-blaster was customised 

by the manufacturer with a small nozzle kit orifice plate assembly, which has 16 254-μm-

diameter holes. The flow rate was calibrated by filtered catch jar and adjusted to the 

required value by opening a small number of holes in the orifice plate and varying the 

vibration amplitude of the powder container. Since the abrasive flow rate depends on the 

volumetric flow rate of air, the nozzle diameter and pressure could also be used to adjust 

the flow of abrasive mass. The process parameters set for this study are presented in Table 

8.1.  
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8.3.3 Blast media 

 

Two blast media were used to generate craters on the target surface: angular white 

aluminium oxide F240 (Al2O3 > 99.99%) and Zirshot Z100 spherical zirconium oxide 

beads. Particles ’  size distribution by volume was measured using a LA-920 laser 

scattering particle size distribution analyser. Analysis of particles’ size distribution by 

count and shape was performed using a Hitachi TM-1000 Tabletop SEM equipped with 

software for defining shapes. The SEM images and parameters of the blast media are 

given in Figure 8.5 and Table 8.1, respectively. More details about these measurements 

and results are presented in [29]. After blasting, all samples were ultrasonically cleaned 

in water for 3 min to eliminate dust and contamination from the blasted surfaces. 

Characterisation of surface topography was performed within 24 hours after blasting. 

 

 

  Figure 8.5. SEM images of the used blast media 

Angular alumina 

(F240) 

Spherical zirconia 
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8.3.4 Bearing indexes  

 

Traditionally, the tribological potential of surface topography is characterised by 

the Abbott-Firestone curve (or the bearing ratio curve). This curve represents a 

cumulative probability density function of the surface profile’s height, which is obtained 

by integrating the measured profile of the surface. It illustrates three important values: (1) 

the percentage of the surface that is affected by the first contact, (2) the percentage of the 

bearing area and (3) the percentage of the void area (see Figure 8.6). The region of the 

first contact and bearing region are determined by the first and second surface material 

ratios, 𝑆𝑀𝑟1 and 𝑆𝑀𝑟2. For a better tribo-performance, 𝑆𝑀𝑟1 has to be low, while the 

optimal 𝑆𝑀𝑟2 is typically 80–90%. The peak height, 𝑆𝑝𝑘, and core height, 𝑆𝑘, represent 

the first contact and base (working) regions, respectively. Low values of 𝑆𝑝𝑘 and 𝑆𝑘 

result in better sliding. A large valley depth, 𝑆𝑣𝑘, is responsible for a good fluid retention, 

which directly affects the void volume, 𝑉𝑣 . These values allow one to derive two 

important tribological indicators: the fluid retention index, 𝑆𝑣𝑖 = 𝑉𝑣/𝑆𝑞, and the surface 

bearing index, 𝑆𝑏𝑖 = 𝑆𝑞/𝑆𝑘, where 𝑆𝑞 is the root mean square deviation of the profile’s 

height. Traditionally, high values of 𝑆𝑣𝑖 and 𝑆𝑏𝑖 are desired in a tribological treatment. 

 

 

Figure 8.6. Illustration of Abbott-Firestone curve (bearing ratio curve) 
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8.3.5 Topography characterisation 

 

The surface topography was quantified using an NPFLEX optical microscope. A 

vertical-scanning interferometry (VSI) mode with a z-axis resolution of 3 nm was applied 

for 3D measurement of the surface. Detailed examination of the μ-pockets was conducted 

on a definition area of 88 x 66 μm with a 50x objective and 2x field-of-view multiplier 

(spatial sampling: 0.1 μm). Statistical data regarding the μ-pockets’ depth, width, length, 

diameter and spatial distance was collected from a definition area of 325 x 246 μm with 

a 50x objective and 0.55x field-of-view multiplier (spatial sampling: 0.36 μm). To 

calculate the mathematical mean and standard deviation, σ, 50 measurements of each 

parameter of the μ-pockets were taken. The median statistical filter, with a window size 

of 3 x 3, was used to suppress noise from the signal. Missing data were restored with 20 

iterations of the Legacy method performed using Vision64® software. Surface roughness 

analysis was performed in accordance with ISO 25178-2, the standard for classification 

of 3D surfaces.  

The impact of an angular and spherical particle on a substrate at a normal angle 

inevitably produces a pile-up around the craters. These features stand above the bearing 

plane and must be removed to finalize the micro-pockets formation. To remove the pile-

up means to achieve the edge where the crater walls intersect with a ‘zero level’ surface 

plane. To do so, the topography of the blasted surface (with pile-up) was measured in 5 

locations to calculate the average value of 𝑆𝑀𝑟2 (see Figure 8.6). After that, the surface 

was gently lapped with a 3-μm diamond suspension and then with 0.04-μm colloidial 

silica until the left-hand-side tail of the Abbott-Firestone curve become flat. The 

quantitative criterion for “flat” was the equality of 𝑆𝑝𝑘 + 𝑆𝑘 of blasted-lapped surface, 

and 𝑆𝑧 of the initial mirror-like surface. It ensures that the pile-up height does not exceed 

the maximum height of the initial surface. The polishing with 0.04-μm colloidial silica 

was always the final step providing the surface with an average height of the profile Sa < 

0.02 μm (the micro-pockets were masked in post-processing for calculation of this Sa). 

Several lapping-measuring cycles were used to achieve the described equality for the first 

sample of each alloy. The topographies and Abbott-Firestone curves of the surface at each 

stage are shown in Appendix F. All the samples were ultrasonically cleaned in water for 

3 min to eliminate polishing media and dried naturally. 
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Table 8.1. Characteristics of the target material, blast media and parameters of the 

micro-blasting process 

Property Symbol Unit Target material 
  

  316 L SS Co-Cr-Mo Ti-6Al-4V 

Density 𝜌𝑚 kg/m3 7800 8400 4500 

Static hardness 𝐻 GPa 1.6 3.2 3.4 

Elastic modulus 𝐸𝑚 GPa 200 230 110 

Poisson’s ratio 𝜇𝑚   0.27 0.29 0.34 

   Blasting media 

Composition   Al2O3 ZrO2 

Shape   angular spherical 

Density 𝜌𝑝 kg/m3 3960 3850 

Elastic modulus 𝐸𝑝 GPa 375 330 

Poisson’s ratio 𝜇𝑝   0.27 0.26 

Count mean size 𝑑𝑝 μm 38 82 

Volume mean size 𝑑𝑝𝑣 μm 60 123 

Impact velocity 𝑣𝑝 m/s 115 101 

Aspect ratio 𝐴𝑟   0.6  

Tip radius 𝑟𝑡𝑖𝑝 μm 2  

   Blasting conditions 

Blast media   Al2O3 ZrO2 

Nozzle diameter 𝑑𝑁 mm 0.36 1 

Nozzle length 𝐿𝑁 mm 8 8 

Absolute pressure P MPa 0.5 0.5 

Abrasive flow rate 𝐹𝑟 g/min 0.3 0.3 

Stand-off distance 𝑆𝑂𝐷 mm 50 50 

Scanning velocity 𝑆𝑣 mm/s Variable Variable 
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8.4 Results  

 

8.4.1 Size of the micro-pockets 

 

The target surfaces after lapping are illustrated in Figure 8.7. The left part shows 

the irregular μ-pockets formed by angular particles, while the right part shows the regular 

μ-pockets formed by spherical particles. The mechanical properties of the target material 

are the primary drivers of crater size. The profiles of the target surface with its regular 

and irregular μ-pockets can be seen in Figure 8.8. Note that the profiles may not 

necessarily be based on the deepest zone of the μ-pockets. The values of the deepest zones 

and linear dimensions of the μ-pockets were manually collected from many 3D plots. The 

angular and spherical particles barely penetrated the Co-Cr-Mo and Ti-6Al-4V targets, 

with crater depths of 3 μm and 2 μm, respectively, while the values can be twice as large 

for the 316L target. Since the size of the crater is closely connected to its depth, the 

influence of substrate properties is reflected in the linear dimensions of μ-pockets. Due 

to the size variation in blast media, the dimensions of the μ-pockets varied greatly. The 

standard deviations of the depth and diameter of regular μ-pockets formed in different 

target materials did not exceed 25% and 18%, respectively, and the standard deviations 

of the depth, length and width of irregular μ-pockets were 39%, 35% and 53%, 

respectively. Despite these large standard deviations, the average measured value of each 

parameter of the μ-pockets was very close to the predicted value. The differences between 

the measured and predicted depth and the diameter of regular μ-pockets did not exceed 

16% and 11%, respectively. An accurate convergence was also achieved for μ-pockets 

formed by angular particles; the maximum discrepancies between the measured average 

and predicted depth, length and width of irregular μ-pockets were 20%, 4.1% and 10.6%, 

respectively. The cleavage of the predicted μ-pockets dimensions and empirically 

expected dimensions, which were averaged from 50 measurements, can be seen in Figure 

8.9. The error bars in Figure 8.9 indicates the standard deviation based on 50 

measurements. It can be seen that the predicted values are always within one standard 

deviation. 
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Figure 8.7. Angular and spherical craters after blasting and lapping a SS 316L target 

 

Figure 8.8. Influence of the target material and blast media on the profile of the textured surface: angular particles (left) and spherical beads (right) 
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Figure 8.9. Comparison of predicted and measured dimensions  

of regular (left) and irregular (right) μ-pockets  

produced by spherical and angular particles, respectively. 
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8.4.2 Concentration of micro-pockets 

 

The distance from the centreline of the blasting jet is the primary factor governing 

the concentration of μ-pockets under constant blasting conditions. The difference in μ-

pockets’ concentration at the centreline and the periphery of the blasted band is illustrated 

in Figure 8.10. In the example, the linear distance between neighbouring μ-pockets, 𝐼𝑝, 

differs by nearly 200%, while the specific area occupied by μ-pockets, 𝑇𝑟𝑎𝑡𝑖𝑜, falls almost 

threefold at the periphery of the blasted band. The pockets’ interval, 𝐼𝑝, is determined 

solely by the specific number of particles (particles/area) blasted at the target surface and 

therefore is independent of the target material’s properties. Nevertheless, the target 

material has a strong influence on the 𝑇𝑟𝑎𝑡𝑖𝑜. Due to the elevated hardness and low elastic 

modulus of Ti-6Al-4V, both angular and spherical particles generate craters that are 

significantly smaller than those generated in stainless steel. The influence of the target 

material’s hardness can be analysed by comparing the texture generated on stainless steel 

with that on a Co-Cr-Mo surface. As their elastic moduli and Poisson’s ratios are very 

close (200 GPa and 0.27 vs. 230 GPa and 0.29, respectively), the effect of substrate 

hardness is evident (see Figure 8.11). Although 𝐼𝑝 = 36 μm for both plots, 𝑇𝑟𝑎𝑡𝑖𝑜 differs 

by 40%. It is also evident in both Figure 8.10 and Figure 8.11 that the distribution of μ-

pockets is homogeneous across the definition area. The uniformity of the texture is 

determined by the standard deviation of the spacing between features. The probability 

function in Figure 8.12 shows that the pocket intervals are distributed normally, with a 

standard deviation ranging between 8.2% and 13.9% for all target materials and shapes 

of μ-pockets. Texture ratio, measured as the material ratio point, 𝑆𝑀𝑟2, from the Abbot-

Firestone curve based on 325 x 246 μm definition area shows excellent repeatability 

( 𝑇𝑟𝑎𝑡𝑖𝑜 ± 0.02 ) from plot to plot within the same latitude of the blasted band. 

Unfortunately, a high 𝑇𝑟𝑎𝑡𝑖𝑜 does not coincide well with the predicted one. It can be seen 

in Figure 8.13 that the deviation of the predicted texture ratio grows with the measured 

one. This is particularly notable for irregular μ-pockets at 𝑇𝑟𝑎𝑡𝑖𝑜 > 0.3. Fortunately, the 

optimal 𝑇𝑟𝑎𝑡𝑖𝑜 was reported to be below 0.2 [229], [230].  
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Figure 8.10. Texture ratio at the periphery (top) and centreline (bottom) of a machined 

spot on the SS 316L target; 𝑇𝑟𝑎𝑡𝑖𝑜 = 0.12 and 0.33, respectively 
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Figure 8.11. Effect of target material hardness on texture ratio for Co-Cr-Mo (left) and 

SS 316L (right) targets; 𝑇𝑟𝑎𝑡𝑖𝑜 = 0.22 and 0.37, respectively 
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Figure 8.12. Probability functions of μ -pocket parameters on SS 316L 

 

 

 

Figure 8.13. Prediction error of texture ratio on Co-Cr-Mo target 
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8.4.3 Surface bearing parameters 

 

The initially lapped surface had an extremely small number of sharp peaks and 

valleys, which made 98% of the surface the bearing area. I adjusted the scanning velocity 

of the nozzle according to eq. 7.13 to obtain the surface with regular μ-pockets that can 

be characterised by an Abbott-Firestone curve with a 70% bearing area (𝑇𝑟𝑎𝑡𝑖𝑜 = 0.3). 

The curves for the different target materials are presented in Figure 8.14. The purpose 

was accomplished with great accuracy (𝑇𝑟𝑎𝑡𝑖𝑜 = 0.3±0.03). Next, I aimed to provide a 

customised Abbott-Firestone curve with a predetermined percentage of bearing area. The 

scanning velocity of the nozzle was adjusted according to eq. 7.13 to receive irregular μ-

pockets with 𝑇𝑟𝑎𝑡𝑖𝑜 = 0.1, 0.2, 0.3 and 0.4 on a Co-Cr-Mo surface. The resulting curves 

and measured 𝑇𝑟𝑎𝑡𝑖𝑜 are shown in Figure 8.15. Although there was some discrepancy 

between the desired and measured 𝑇𝑟𝑎𝑡𝑖𝑜 , the ability of micro-blasting to tailor the 

Abbott-Firestone curve is obvious. It is also worth to note the slope of the curve below 

the base level. The bearing curves of the surfaces with a regular texture have a constant 

slope, while the curves of surfaces with an irregular texture follow a circle due to the 

shape of μ-pockets. The shape of the features below the bearing level determines the 

volume of fluid that can be retained. The initial surface (Sq = 40–70 nm) achieved by 

lapping retains 1.5–1.8 nm3/nm2. The measured void volume and other parameters for a 

surface containing irregular μ-pockets are shown in Figure 8.16. For example, a Ti-6Al-

4V surface with a 𝑇𝑟𝑎𝑡𝑖𝑜 = 0.2 is capable of retaining 74 nm3/nm2. As the μ-pockets in 

the stainless steel target are almost two times deeper than those in the other targets, the 

void volume increased to about 150 nm3/nm2 at the same 𝑇𝑟𝑎𝑡𝑖𝑜. The fluid retention index, 

𝑆𝑣𝑖 , was measured to be between 0.2 and 0.3 for any target material and 𝑇𝑟𝑎𝑡𝑖𝑜 . The 

bearing index, 𝑆𝑏𝑖, fell from 2.3 to 1.7 when the 𝑇𝑟𝑎𝑡𝑖𝑜 increased from 0.1 to 0.35. At the 

same time, the surface skewness, 𝑆𝑠𝑘, fell from -8 to -3. The decreases in 𝑆𝑣𝑖, 𝑆𝑏𝑖 and 𝑆𝑠𝑘 

were due to their dependency on 𝑆𝑞 parameter, which increased proportionally to 𝑇𝑟𝑎𝑡𝑖𝑜. 
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Figure 8.14. Influence of the target material on the bearing area curve with regular μ-

pockets and a texture ratio of 0.3 

 

 

Figure 8.15. Influence of the texture ratio (Tratio) on the bearing area curve of a Co-Cr-

Mo target with irregular μ-pockets 
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Figure 8.16. Influence of the target material and texture ratio on the bearing 

parameters of surface roughness with irregular μ-pockets 
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8.5 Discussion 

 

Micro-blasting is a randomised process with particles of random size, shape and 

incident orientation impacting the target by random site and produce irregular craters 

having random spacing. Despite the high degree of randomisation, a large number of 

normally distributed events (see Figure 8.12) makes the process predictable. 

Inclusion of energy of plastic work, 𝑈𝑝𝑚, and dynamic hardness, 𝐻𝑑, into a simple 

indentation model allows one to predict the dimensions of craters formed by spherical 

particles with a 16% error, which is likely due to inaccurate estimation of 𝐻𝑑. The data 

presented in Figure 8.1 were obtained for various steels with a body-centred tetragonal 

lattice, while the targets used in this study have face-centred cubic (SS 316L and Co-Cr-

Mo) and close-packed hexagonal (Ti-6Al-4V) lattices. The difference in the number of 

slip planes in the crystal structures results in different degrees of hardening during plastic 

deformation. Therefore, it is better to more accurately determine dynamic hardness.  

The craters generated by angular particles are elongated, as shown in Figure 8.10. 

This was predicted for angular and spherical particles impacting the target at an oblique 

angle, but not for those with a normal impact angle. The indentation model of spinning 

top particles introduced in this study allows one to predict craters’ depth, length and width 

in a metallic substrate by angular particles at a normal impact angle with an error of less 

than one standard deviation of the corresponding measured values. 

The predicted pocket interval deviates from the measured interval by 17%. The 

measured 𝑇𝑟𝑎𝑡𝑖𝑜 is predicted accurately when it is below 0.25, but it deviates by up to 

30% for 𝑇𝑟𝑎𝑡𝑖𝑜 > 0.3. This means that 40% of the area of a surface may feature μ-pockets 

instead of the desired 30%. This is likely due to the particle size distribution, which results 

in different top areas of the craters (although it is worth noting that, in this study, the 

average crater was estimated by linear dimensions, not area), or to particles’ impact on 

pile-ups and shallow craters generated by fine particles, which could be eliminated during 

lapping. In general, particle size distribution is a critical factor that strongly affects the 

prediction error. Determining the mean particle size by count and by volume is necessary 

for adequate functioning of the controlling algorithm.  

The void volume of the textured surface was about one hundred times higher than 

that of the smooth surface, and the fluid retention index and surface bearing index 

increased more than twofold. The amount of material that is destroyed during the first 

contact of frictional counterparts is determined by the number and shape of asperities. 
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Since the pile-ups around the craters were lapped, the left tail of all curves in Figure 8.14 

and Figure 8.15 is comparable to the tail of the untextured surface. Thus, the nature of the 

first contact of μ-pocketed counterparts is similar to that of mirror-like surfaces. 

Tribo-blast has several significant advantages over conventional texturing 

techniques. Laser and micro-EDM are thermal energy-based machining technologies, and 

they inherently result in tensile residual stress, which facilitates micro-cracking and 

deteriorates the wear resistance of a textured surface. Tribo-blast, in contrast, produces 

compressive residual stress, which improves the wear resistance of the surface. Besides, 

obtaining a micro-blaster, simple CNC actuator and accessories (blast media, nozzles, 

hoses, etc.) does not require a sizable investment. Perhaps the most remarkable advantage 

of Tribo-blast is its process productivity. As the 104–106 particles contained in one gram 

of the blast media can be blasted in one second by one nozzle, millions of μ-pockets 

ranging in size from 5–50 μm can be generated each second. Assembling several circular 

or rectangular nozzles in a compact system may result in a texture fabrication rate above 

1 m2/min, which is comparable to that recently achieved by direct laser interference 

patterning [321]. The productivity of micro-blasting compared to other texturing 

technologies in terms of feature size is shown in Figure 8.17. The length of the Tribo-

blast ellipse depends on particle size and nozzle diameter, and its thickness is connected 

to particles mass flow rate and texture ratio. If this approach is expanded to conventional 

sandblasting or shot-peening with large nozzles and blast media, the maximum feature 

size can approach one millimetre. Due to its high productivity, minimal required financial 

investment and simplicity, Tribo-blast has the potential to be adopted in many industries.  

 

Figure 8.17. Productivity of surface texturing technologies in terms of feature size (data 

regarding other technologies adopted from [321]) 
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8.6 Summary 

 

This chapter presents Tribo-blast, a novel technique to tailor surface topography 

for tribological purposes. It is based on mask-less micro-blasting, in which each particle 

is considered a separate tool. Thousands of tools per second enables rapid fabrication of 

micro pockets (5–50 μm) on free form metallic surfaces. Several conclusions regarding 

Tribo-blast can be highlighted as the following. 

1) The energy-based impact model, incorporating the coefficient of restitution, 𝑒𝑅, 

and the roughly fitted hardening coefficient, 𝐶ℎ , allowing for an accurate 

prediction of crater size on a range of engineering materials (100 < E/σy < 1000).  

2) The developed 3D spinning top geometry of an angular particle allows accurate 

prediction of the length, width and depth of irregular craters at formed normal 

impact angle.  

3) The micro-pockets were spread homogeneously across the surface with a standard 

deviation of 8.2–13.9% for any μ-pocket target or shape. 

4) The average dimensions of both regular and irregular micro pockets can be 

predicted with less than 20% error using a simple analytical routine.  

5) The ratio of the textured area to the total area can be predicted with typically less 

than 30% error. In other words, 13% of the surface area may be occupied by μ-

pockets instead of the desired 10%.  

6) The bearing index of the tailored surface was increased two times, and fluid 

retention was increased one hundred times compared to that after lapping.  

All the discussed parameters can be instantly calculated in a spreadsheet and 

integrated into setup to monitor the process.  Tribo-blast is considered to be the most 

productive and cost-effective of the currently available micro-texturing technologies.  
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9 Conclusions and perspectives 

 

9.1 Scientific and technological deliverables 

 

The objective of this project was to develop the capabilities MAJM for tailoring 

of surface integrity aspects related to osseointegration, adhesion strength, and wear-

resistance of AAJs surfaces. Fundamental and applied studies conducted in this project 

allow to draw the following conclusions: 

 

1) The optimal nozzle length for MAJM ranges between 20𝑑𝑁 and 30𝑑𝑁.  

The narrower and shorter the nozzle, the slower the air and particles. It is due to 

viscous friction at the internal wall of the nozzle. Because of that, there is a significant 

head loss, especially for high-aspect-ratio nozzles. Incorporation of viscous friction 

factor in the model allows reducing the error of the prediction of particle velocity 

down to 10% for a wide range of operational conditions. 

2) No meaningful temperature generated in macro-scale during MAJM.  

The temperature of the steady-state thermal field generated on the machining spot 

does not exceed one hundred degrees celcius, even when blasting a submillimetre 

part. On the other hand, the theoretical temperature rise generated by a single 

particle’s impact can rise beyond a thousand degrees celcius, which is dissipated over 

several μs within a subsurface region that is a few microns thick. It is impossible to 

measure this temperature directly, but melted metal chips and metal adhered to 

abrasive particles, in some extend, support this hypothesis. 

3) The surface roughness and erosion rate can be predicted analytically within 24% 

error.  

The current analysis quantitatively argues that a lateral crack in glass does not 

nucleate at the indenter’s tip or at the theoretical plastic depth, but at an intermediate 

depth. This depth can be found by applying the actual particle penetration depth to 

Hill’s ratio. The effects of particle size and impact energy can be simulated separately 

by considering the particle not as a unit of energy, but as a solid body with size, 

shape, and mechanical properties. Several new geometries of impacting tips were 

offered to achieve an adequate particle penetration depth.  
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4) The surface area of the as-received implant can be doubled by micro-blasting.  

Coarse abrasives result in higher, distant and steeper surface features compared to 

fine abrasives. Importantly, while the amplitude and spacing roughness parameters 

are linearly proportional to particles’ kinetic energy, the surface area is proportional 

to the same factor logarithmically. This observation can be explained and predicted 

in terms of the relative bluntness theory. This founding advocates that the well-

known “size effect” in various cutting operations is related to the sharpness of the 

cutting tool.  

5) The scratch resistance of brittle coatings can be doubled by micro-blasting.  

Delamination of the epoxy coating was found proportional to several roughness 

parameters, which can be well developed by micro-blasting. Additionally, micro-

blasting induces beneficial modification to surface chemistry and subsurface 

microstructure. Such surface stores a large amount of energy facilitating adsorption 

and chemical reactivity, that drastically distinguish micro-blasting from other 

pretreatments. 

6) Tribological micro-channels can efficiently be formed by MAJM direct writing.  

Application of micro-nozzles allows eroding micro-channels without the use of 

masks. It simplifies, accelerates and reduces the price of the texture fabrication 

process. The femoral head of a hip joint can be textured withing a few minutes using 

only one circular nozzle. One gram of abrasives is required for texturing of 1 femoral 

head. 

7) The bearing index of the frictional surface can be doubled by Tribo-blast.  

In Tribo-blast each particle forms a separate micro pocket (5–50 μm). Thus, 

thousands of randomly distributed tribological μ-pockets can be machined per second 

on freeform metallic surfaces without mask or precision CNC. The dimensions and 

density of micro pockets, the Abbott-Firestone curve and texture coverage ratio can 

be tailored according to one’s intended design by the developed algorithm.  
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9.2 Final remarks 

 

MAJM possesses some unique advantageous characteristics, which are inherent 

to neither of the micro-machining techniques, particularly concerning difficult-to-

machine free-form components. MAJM suits finishing all three functional surfaces of 

bio-prosthesis. It can be used to facilitate fixation and osseointegration of the implant, 

adhesion of the coatings, tailor surface bearing parameters and fabricate tribological 

micro-channels. The tribological texture can be fabricated by scattered blasting and by 

MAJM direct writing without the use of masks. The resolution of micro-channels formed 

by direct writing is now within the sub-millimetre scale. Further miniaturization of AJM 

is complicated by fluid dynamics in the μ-nozzle and reduction of material removal rate. 

Difficult-to-machine materials become easy-to-machine by using MAJM. The more 

brittle the materials – the faster it can be machined. However, the application of smaller 

μ-nozzles with nano-particles would decrease such an advantage. Thus, the superior 

productivity of MAJM exists only in sub-millimetre and upper micro-scale surface 

texturing. MAJM can fabricate channels as shallow as just a few microns on any size free-

form parts made of biomedical or superalloys. To do so, there is no need for precise CNC 

actuators. The variation of nozzle distance within ±100 μm affects neither the depth or 

width of micro-channels. MAJM can be an excellent replacement for conventional cutting 

operations or laser processing where it does not satisfy the requirements for cost-

effectiveness and machining efficiency. Additionally, contrary to conventional cutting 

and laser ablation, MAJM does not leave tensile residual stress and surface cracks in 

metals, in the opposite, it forms a compressive layer responsible for improved wettability, 

adhesion, lubrication and fatigue resistance. Overall, MAJM is a versatile and highly 

suitable solution for various surface treatment challenges in biomedical device 

manufacturing. Such factors as efficiency, simplicity, availability and cost-effective, 

makes MAJM a strong candidate for industrial implementation in the manufacturing 

chain of life-prolonged AAJ. 
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9.3 Perspectives 

 

Firstly, the dissertation shows that the 50-years old AJM method still holds some 

superiority compared to the expansive and sophisticated novel texturing techniques. 

Authors’ calculations show that texturing of one implant is the matter of just a few 

minutes and Euros. Thus, the productivity and cost-effectiveness of texturing of 

articulating prostheses is not an issue anymore. There are a couple of minor issues 

regarding the offered method, that are discussed below, but those are just the eliminable 

technical moments. Overall, the texturing issue is solved. In case articular protheses 

remain polished for the next decade, the attention should be given to other aspects of 

production cycle (design, manufacturing chain, QA, marketing). 

Secondly, this project was focused on factors of machined surface integrity which 

affect the performance of artificial articular joints, but it did not evaluate those 

performances itself. Among primary future steps, one is the collaboration with 

biomedical and health researchers to gain more specific manufacturing requirements for 

these parts. Up to date, the heath literature devoted to performances evaluation of 

bioimplants provides an inadequate description of applied machining and obtained 

surface integrity. It is, therefore, difficult to comprehend, that an effect was only due to 

“rough surface”, particularly, when “rough surface” reflected by Ra only. Collaboration 

and co-education are strongly advised in the field. A comprehensive experimental bio-

tribological investigation of the optimization of micro pockets parameters is necessary. 

The test may start with pin-on-disk in the lubricated regime, to confirm whether the 

random distribution of lubricant micro-reservoirs at the lower-and of the micro-scale is 

effective for friction and wear reduction. The consequent experiments must proceed on 

specialized application-related bearing setup (e.g. hip or knee-joint simulators) 

incorporating the natural conditions of device exploitation (e.g. motion kinematics, 

dynamic loading, temperature, bovine serum, etc.). 

Thirdly, a drawback of the proposed technique is the need to deal with pile-ups 

around the craters and micro-channels. However, this does not reduce the competitiveness 

of Tribo-blast compared to micro-milling, laser ablation or μ-EDM; all of these methods 

also generate undesired features, including pile-ups, burrs and bulges [30], [161], [232]. 

It is easy to polish pile-ups on a flat surface, but not on a free-form surface, like a knee 

joint. One potential strategy to get rid of pile-ups is perform the blasting process before 

the final polishing. It would require integrating the blasting nozzle inside the grinding 
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chamber, so the workpiece can remain fixed during the whole finishing process grinding-

blasting-polishing. Other potential methods are electro-polishing, abrasive flow 

machining, and fluid jet polishing as well as their combinations. 

Interestingly, the topography obtained by Tribo-blast with spherical particles is 

very close to that of the natural articular cartilage in the human knee joint, shown in SEM 

images in [311]. The tertiary hollows, which are intrinsic to articular cartilage surfaces, 

are typically 20–50 μm in diameter and 0.5–2 μm deep, distributed over 500 units/mm3 

[311]. They occur in clusters and may be frequent in some areas and sparse in others, 

similar to the hollows generated by Tribo-blast with spherical particles. The potential for 

Tribo-blast to imitate the topography of the articular cartilage of a knee joint can be 

investigated in the future. 

Both grit-blasting and shot-peening are known to have a cold work-hardening 

effect. This is an advantage of Tribo-blast over μ-EDM, lasering or chemical etching. 

Since hardness is a primary factor determining the wear resistance of surfaces, future 

work could be focused on ways to maximise the work-hardening of the textured surface. 

In particular, studies should be concentrated on the formation of residual compressive 

stress to improve the average hardness of the bearing area. 

Last but not least, the method of AJM is easy to scale up. Most of the development 

forming the skeleton of today’s civilization are often nothing more than the multi-scaled 

composition of the trivial things, e.g. brick, rail, cable, etc. Assembling hundred nozzles 

in one system would allow to drill hundred holes just in one second, texturing implants 

with speed of bottle corking. There is no need for hundred spindles and CNC aligners, 

but only one powder containers, tube splitter and needle-like nozzles. Worth to recall the 

times when the idea of railway was unthinkable or outrageous. Later, the trio of rail-stick-

stone replicated billion times sourced the industrial revolution. 
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Appendix B. Statistical data of particle velocity 

 

The multiple non-linear regression for particle maximum velocity given in eq. 

2.21 was fitted to 512 points obtained from the numerical model. The factors and levels 

used to obtain a statistical database are presented in Table B.1. Regression residuals (in 

percentage) of the numerical results from the tested range are shown in Figure B.1. As 

illustrated, when extreme levels (1st and 4th levels) are combined, the regression error 

increases. The regression in eq. 2.21 leads to an error of no more than 5% when at least 

three factors are not at an extreme level. The regression in eq. 2.22 works within a 20% 

error range, which is fairly acceptable, considering that particle velocity reaches 

maximum almost asymptotically at point 𝑥(𝐷𝑅𝑇) and falls at a similar rate. 

 

Table B.1. Design of numerical model test 

Levels Nozzle  

diameter, 

𝒅𝑵 , [𝒎] 

Nozzle 

length, 

𝑳𝑵 , [𝒎] 

Particle 

diameter, 

𝒅𝒑 , [𝒎] 

Particle 

density, 

 𝝆𝒑 , [𝒌𝒈/𝒎
𝟑] 

Air 

pressure, 

𝒑, [𝑷𝒂]  

1st  90*10-6 10𝑑𝑁  5*10-6 2*103 3*105 

2nd  180*10-6 20𝑑𝑁  10*10-6 4*103 5*105 

3rd  360*10-6  20*10-6 6*103 7*105 

4th  720*10-6  40*10-6 8*103 9*105 

 

 

Figure B.1. Particle velocity residuals of regression equation fitted to numerical model 
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3 



 

206 

 

Appendix C. Statistical data of particle size and 

shape factors 

 

 

 

 

Figure C.1. Size distribution by frequncy (top) and undersize (bottom) of 7 abrasive 

fractions of white aluminium oxide. Data obtained from a LA-920 Laser Scattering 

Particle Size Distribution Analyser (Horiba, Japan). 

 

 

0

5

10

15

20

25

1 2 2 3 5 8

1
2

1
7

2
6

3
9

5
9

8
9

1
3
3

2
0
0

3
0
1

4
5
2

6
7
9

F
re

q
u
en

cy
 (

%
)

Particle size, μm

F1200 F1000 F500 F320 F240 F180 F150 F70

0

10

20

30

40

50

60

70

80

90

100

0.1 1.0 10.0 100.0 1,000.0

U
n
d
er

si
ze

 (
%

)

Particle size, μm

F1200 F1000 F500 F320
F240 F180 F150 F70



 

207 

 

 

 

 

 

Figure C.2. Distribution of shape factors of various abrasive fractions of white 

aluminium oxide analysed using SEM images. 
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Appendix D. Imperfections of Gaussian filter 

 

 
 

 
Initial data 

 

 
Waviness (λL > 10 µm) 

 

 
Roughness (λC < 5 µm) 

 

 

Figure D.1. Imperfections of filtering technique (robust Gaussian regression filter of 

2nd order). The surface was eroded with F70 (282 µm) alumina abrasives. 
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Appendix E. Contact angle and scratch 

recordings 

 
Figure E.1. Recordings of the contact angles on various surfaces over the contact time.  

Theta Light optical tensiometer equipped with OneAttention control software  

(Biolin Scientific, Sweden). 

 

 

Figure E.2. Tangent fitting and trigonometrical determination of contact angle. Photo 

by Theta Light optical tensiometer equipped with OneAttention control software  

(Biolin Scientific, Sweden). 
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Figure E.3. Recordings of the traction force over the scratch length made by 

Rockwell C-type conical 120° indenter with 200 µm hemispherical tip at constant load 

mode 2N and sliding speed 0.1 mm/s. TR-101 scratch tester equipped with Winducom 

software (Ducom Instruments, USA) 
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Figure E.4. Residual scratch and delamination pattern on Ti-6Al-4V surfaces 

pretreated by micro-blasting with alumina particles of different size fractions. Cohesive 

failure of the coating and epoxy residuals on Ti-6Al-4V substrate are evident on 

samples B50µm and B80µm. 
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Appendix F. Proof to methodology of pile-up 

removal  

 

The methodology of pile-up removal was discribed in section 6.35. This appendix 

demonstrates that the methodology used to remove the pile-up around the craters does not 

affect their true dimensions. Figure F.1 shows the topographies and Abbott-Firestone 

curves of the surface at three stages: initial mirror-like surface, blasted surface with pile-

up, blasted-lapped surface without pile-up. It can be seen that the used pile-up removal 

methodology makes left-hand-side tail of the curve fairly flat withiut affecting the right-

hand-side tail. The right-hand-side tail is sligtly different on the middle and bottom curves 

such as it hard to find the exact spot twice, but the average value of 𝑆𝑀𝑟2 remains 

constant (73% on the middle and bottom curves). 

 

 

 

 

 

 

 

 

 

 

 

 
   

Figure F.1. Topographies and Abbott-Firestone curves of the surface at three 

stages: initial mirror-like surface (top), blasted surface with pile-up (middle), blasted-

lapped surface without pile-up (bottom). 
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