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Abstract 

 
Magnesium alloys have received extensive recognition as 

orthopedic materials. They possess mechanical qualities identical to those of 

bones that no other biomaterial has, and they resolve within the body by 

promoting bone production. However, the corrosion rate of magnesium 

alloys is accelerated when they are present in bodily fluids with high 

concentrations of chloride compounds. Moreover, the rapid change in 

hydrogen gas and pH that occurs at the beginning of corrosion can cause 

excessive inflammation and fibrosis in the surrounding tissue, which limits 

its use as a human body implant. As a result, surface treatment and coating 

of the material are critical for controlling early stage corrosion reactions. 

Laser surface engineering is emerging as a useful tool for the 

surface modification of materials owing to its simplicity and effectiveness. 

Surface modification engineering using lasers is possible for non-contact 

machining and selective processes depending on the conditions of the laser, 

such as the laser beam size, wavelength, and power. Different effects can be 

expected; therefore, it is used in a variety of fields. In this study, 

femtosecond (fs) and nanosecond (ns) laser surface modification or coating 

processing of Mg and Mg alloys was performed in three different ways to 

improve the bio-corrosion properties.  

In the first part, galvanic corrosion was reduced by controlling the 

laser power and repetition rate, resulting in a significant decrease in the 
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corrosion rate of the Mg alloy. The initial corrosion rate decreased by 65% 

compared to the non-treated samples due to Mg ion elution and the amount 

of hydrogen gas analysis under hank’s balanced salt solution (HBSS). 

Therefore, we observed surface and phase changes with scanning electron 

microscopy (SEM) and X-ray diffraction (XRD). By fs laser surface 

modification, we can control the corrosion rate more precisely, which will 

allow biomaterials to be used in various fields through optimization of laser 

treatment on diverse metals. 

In the second part, the Mg surface was modified to achieve super-

hydrophilic wettability with a micro–nanotextured surface so that the 

adhesion ability of the biodegradable coating layer was improved to control 

the corrosion rate. The laser treatment and non-laser treatment groups were 

compared after coating with the biodegradable polymer PLGA (poly lactic-

co-glycolic acid). In the immersion test, the Mg ion assay showed that 

coatings on laser-treated Mg had fewer Mg ions than the control group. The 

cross-section of the laser-treated group showed coating layers that infiltrated 

deeper into the surface. These data indicate that the adhesion strength was 

improved physically owing to the embedded coating layer between the pits 

and grooves.  

In the third part, hydroxyapatite (HAp) was coated on Mg using 

nanosecond laser coating, combining the advantages of chemical and 

physical treatments. The photothermal heat generated in the liquid precursor 

by the laser improved the adhesion of the coating through the precipitation 
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and growth of HAp at the localized nanosecond laser focal area and 

increased the corrosion resistance and cell adhesion of Mg. Physical, 

crystallographic, and chemical bonding were analyzed to explore the 

mechanism through which the surface adhesion between Mg and the HAp 

coating layer increased. The applicability of the coating to Mg screws used 

in clinical devices and the improvement of its corrosion properties were 

confirmed. The liquid-environment-based laser surface coating technique 

offers a simple and quick process that does not require any chemical 

ligands; therefore, it overcomes a potential obstacle in its clinical use. 

Laser surface engineering is emerging as a useful tool for surface 

modification of materials due to its simple and effective process. Surface 

modification engineering by laser is possible for non-contact machining and 

selective process depending on the conditions of the laser such as laser beam 

size, wavelength, power and so on. It is possible to expect different effects, 

therefore it is used in variety of fields. In this study, femtosecond (fs) and 

nanosecond (ns) laser surface modification or coating processing to Mg and 

Mg alloy in three different ways to improve bio-corrosion properties.  

In first part, by controlling the laser power and repetition rate, the 

galvanic corrosion was reduced, resulting in significantly decreasing the 

corrosion rate of Mg alloy. Initial corrosion rate was decreased as 65% 

compared to non-treated samples by Mg ion elution and amount of 

hydrogen gas analysis under HBSS(Hank’ s solution). Therefore, we 

observed the surface and phase change with SEM (Scanning Electron 
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Microscope) and XRD (X-ray diffraction). By fs laser surface modification, 

we can control corrosion rate more precisely, which will allow biomaterials 

to be used in various fields through optimization of laser treatment on 

diversity of metal. 

In second part, Mg surface was modified to super hydrophilic 

wettability with micro- nano textured surface so that adhesion ability of 

biodegradable coating layer was improved for controlling corrosion rate. 

Laser treatment group and non-laser treatment group were compared after 

coating with biodegradable polymer PLGA (poly lactic-co-glycolic acid). In 

immersion test, Mg ion assay showed that coatings on laser treated Mg have 

less Mg ion than the control group. The cross-section of laser treated group 

showed coating layers infiltrate deeper onto the surface. From these data, 

adhesion strength was improved physically due to imbedded coating layer 

between pits and grooves.  

In third part, hydroxyapatite (HAp) was coated on Mg using ns laser 

coating, combining the advantages of chemical and physical treatments. 

Photothermal heat generated in the liquid precursor by the laser improved 

the adhesion of the coating through the precipitation and growth of HAp at 

the localized ns laser focal area and increased the corrosion resistance and 

cell adhesion of Mg. The physical, crystallographic, and chemical bonding 

were analyzed to explore the mechanism through which the surface 

adhesion between Mg and the HAp coating layer increased. The 

applicability of the coating to Mg screws used for clinical devices and 
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improvement in its corrosion property were confirmed. The liquid 

environment-based laser surface coating technique offers a simple and quick 

process that does not require any chemical ligands, and therefore, 

overcomes a potential obstacle in its clinical use. 
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Chapter 1. Introduction 
 

 

1.1 Study Background 
 

1.1.1 Outline about biomaterials 

 

Biomaterials are used to compensate for morphometric and 

functional faults in the human body and comprise artificial organs, 

rehabilitation instruments, and implants that replace wound tissue [1]. These 

materials play an essential role in fixing and replacing faulty tissues. As an 

expanding concept, it means biomaterials are materials in contact with the 

biological function such as bio-sensor, drug-delivery systems, and 

orthopedic applications. 

From a material perspective, biomaterials can be grouped into three 

major classes: metals, polymers, and ceramics. Here, a chemically inert 

polymer is biocompatible but is to be vulnerable to wear resistance and has 

low strength. Compared to polymers, ceramics are more suitable for hard 

tissues because they have superior wear and thermal resistance. However, 

ceramics are brittle and can be easily broken and damaged, even with a 

weak external impact. In contrast, metals have a high mechanical strength 

and elastic modulus. In addition, permanent materials can release toxic ions 

or products when they corrode and wear in the human body.  
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Currently, widely used biodegradable materials have drawbacks. 

The polymer has poor mechanical properties and can degrade acids in the 

living body. Ceramics have the shortcoming of low fracture toughness. 

However, degradable metal has been considered a prime candidate material 

in living systems for its appropriate mechanical property, biocompatibility, 

and corrosion and wear property. Each material needs to be used in the field 

with a sufficient understanding of the material.  

Among these materials, metals have been evaluated as attractive 

applications because of their benefits in orthopedic operations owing to their 

compatible mechanical properties with bone. Metals can be classified into 

inactive and active metals based on their stability. Stainless steel, Ti alloy, 

and Co-Cr alloy are inactive metals, whereas Mg, Zn, and Ca are active 

metals. The use of inactive metal implants in orthopedic surgery could result 

in their separation owing to side effects and chronic inflammation, which 

causes problems because the implant has better mechanical properties than 

human bone. For these reasons, patients who need to be cured of their faulty 

bone are usually recommended to eliminate inactive metal implants used for 

curing following the recovery of wound tissue. Secondary surgery is 

accompanied by psychological stress, financial burden, and risks. In contrast, 

active implants in a living system, namely, biodegradable metallic materials, 

heal fractures, replace broken bone, and degrade themselves. The use of 

biodegradable metallic materials for implantation is advantageous because it 
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does not require secondary surgery after implantation. Therefore, research 

on biodegradable metals has been conducted for several years. 

 

1.1.2 Metallic biomaterials and their limitation 

 

A variety of metallic elements, including iron (Fe), chromium (Cr), 

cobalt (Co), nickel (Ni), titanium (Ti), and magnesium (Mg), have been 

used in implantable biomedical devices. These metallic materials are used 

for the manufacturing of metal alloys that are mostly utilized for treatment-

related hard tissue owing to their outstanding mechanical properties and 

compatibility. For example, 316 L stainless steel (316LSS), cobalt-

chromium alloys (Co-Cr), and titanium alloys (Ti alloys) are widely used as 

inert orthopedic implant materials [2]. 

However, these alloys can excrete toxic components, such as Ni, Cr, 

and Co, when degrading themselves in the human environment. It has been 

reported that Ni is detrimental to the skin, resulting in skin ailments and 

promoting an alleged reaction [3, 4]. In addition, 316LSS, Cr-Co alloys, and 

Ti have a higher modulus of elasticity than natural bone, resulting in a 

stress-shielding effect that causes a difference in the elastic modulus 

between the metal and hard tissue. Most of the forces are transmitted to an 

object that has a high modulus of elasticity under the same conditions so 

that the circulation of the load is restricted to one side. When this effect 
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occurs in the human system, the hard tissue, which has a lower elastic 

modulus than metal implants, becomes vulnerable due to anaplasia. It could 

lead to osteolysis and osteoporosis by diminishing the density or weight of 

the bone. For these reasons, secondary surgery to remove inactive implants 

after fixation is indispensable for patients but also has many drawbacks [1]. 

 

1.1.3 Magnesium and Mg alloy as biomaterials 

 

Magnesium has an atomic number of 12 and is the eighth-most 

abundant element on earth. The common oxidation number of Mg is +2, and 

Mg ions have high solubility in water. The crystal structure of Mg is 

hexagonal close-packed (HCP), and the c/a value is 1.624, which is close to 

the ideal structure of HCP.  

It has been reported that the density of Mg is 1.74–2.0 g/cm3, which 

is similar to that of hard tissue (1.8–2.1g/cm3) in humans and lower than that 

of Ti (4.4–4.5g/cm3) [2, 5]. The fracture toughness of Mg is higher than that 

of ceramic. With an elastic modulus similar to that of bone, Mg-based alloys 

prevent the stress-shielding effect.  

In addition, Mg is an essential element that occupies a large amount 

of the fourth mineral that makes up the human body. In addition, calcium 

ions and phosphoric acid in body fluid also react to form calcium phosphate, 

which is a material similar to bone [2]. 
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For these reasons, among biodegradable metallic materials, Mg is 

considered a potential candidate for orthopedic applications because of its 

excellent biocompatibility and mechanical properties, which are similar to 

those of the human bone [6]. Mg has not only these benefits but also the 

characteristics of degradation in the living system, which meets the essential 

requirements of biodegradable implants [7]. 

 

1.1.3.1   Mechanical property 

 

The mechanical properties of Mg-based alloys, such as strength, 

elastic modulus, and elongation, are similar to those of natural bone. The 

tensile strength and elongation of the Mg alloy were 86.8–280 MPa, and 3–

21.8%, respectively. These properties have been improved by an advanced 

casting process and the design of alloying-added elements. In a previous 

study, it was reported that the mechanical properties of alloys were 

improved by including components such as Al, Ag, Si, Sn, Zn, and Zr. By 

applying an effective process, the elongation of the alloys is enhanced as 

well [8]. 

 

1.1.3.2   Biocompatibility 

 

The total amount of Mg stored in the body is estimated to be 1 mol 

of a normal adult (70 kg), with approximately half of the Mg in the natural 
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bone. The concentration of Mg ions in the extracellular fluid ranges between 

0.7 and 1.05 mmol/L. A serum Mg concentration exceeding the permitted 

limit can lead to excretion of the element in urine to maintain homeostasis 

[9]. Mg is biocompatible, and additional elements for reinforcing the 

mechanical properties of Mg alloys should be nontoxic. Typical alloying 

elements in Mg-based alloys are calcium (Ca), zinc (Zn), manganese (Mn), 

and zirconium (Zr), which are present in the human body. While Ca is a 

major ingredient of bone, the alloys that contain Ca have a density of 

1.55g/cm2 resulting in a lessening gap in that of natural bone. It has been 

evaluated that the addition of Zn, Mn, and Zr enhances mechanical and 

corrosion properties by changing microstructure such as grain sizes and 

phases [10].  

 

1.1.3.3   Corrosion resistance  

 

It has been reported that the period of healing wounds such as hard 

tissue and making new bone on fracture ranges from three to four months in 

orthopedic applications. Degradable implants are required to maintain the 

mechanical properties of the application. It fulfills the purpose of fixation to 

prevent fractures and breaks before degradation [11]. 
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Mg is one of the active metals with a standard reduction potential of 

–2.37V with regard to the standard hydrogen electrode. The corrosion of Mg 

during dissolution occurs via the following reaction [12]: 

 

2H2O + 2e- → H2 + 2OH- (cathodic reaction) 

2Mg → 2Mg+ +2e- (anodic reaction) 

2Mg+ + 2H2O → 2Mg2+ +2OH- +H2 (chemical reaction) 

2Mg + 4H2O → 2Mg2+ + 4OH- + 2H2 (overall reaction) 

Mg2+ + 2OH- → Mg(OH)2 (product formation) 

 

The radical formation of hydrogen gas in the corrosion reaction 

leads to a change in pH. Such behavior of Mg causes excessive 

inflammation and fibrosis progression around the tissues. 

The major mechanisms of Mg are classified into three typical 

forms: galvanic, pitting, and intergranular corrosion [13]. Galvanic 

corrosion occurs when two different metals with different electrochemical 

potentials are in physical (electronic) contact and soaked in ionic conducting 

fluid media, such as serum or interstitial fluid. This is also referred to as 

coupled corrosion.  

Galvanic corrosion is a major obstacle to the use of Mg in an 

aggressive environment. Because Mg was the most active metal in the 
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galvanic series, an Mg-based alloy implant was always an active anode if it 

was in contact with the other metal. Even in the same materials, galvanic 

corrosion can occur between the matrix and intermetallic particles.  

Pitting corrosion occurs at the free corrosion potential of Mg when 

it is exposed to chloride ions in a medium. Pitting corrosion occurs when 

discrete areas of a material undergo a rapid attack, whereas the majority of 

the surface remains virtually unaffected [14]. 

Intergranular corrosion occurs at the grain boundaries owing to 

precipitation of the second phase. Grain boundaries are the preferred sites at 

which precipitation and segregation occur in alloys. It is generally 

considered that alloys with intermetallic phases or compounds are highly 

susceptible to intergranular corrosion. Corrosion tends to be concentrated in 

the area adjacent to the grain boundary until the grain may eventually be 

undercut and fall out. 

Therefore, controlling the corrosion properties of Mg is important to 

retain its mechanical properties and biocompatibility in the human body. It 

has been studied to solve the problem of the corrosion rate. Many studies 

have been conducted to control the corrosion properties of Mg-based alloys, 

including alloy design and surface modifications such as coating, laser 

melting, and chemical treatment [15-18].  
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Fig. 1.1 Schematic diagram of galvanic corrosion process [19]. 
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1.1.4 Laser surface modification 

 

1.1.4.1  Advantages of laser surface modification 

 

Surface modification using laser has the following advantages [20, 

21] : 

- With simple operation, it is possible to induce various engineering 

applications, such as laser surface hardening, surface annealing, shocking 

peening, surface texturing, cladding, alloying, and cutting. 

- It was utilized by localized heating from the laser beam, resulting in 

reduced thermal distortion and size of the heat-affected zone (HAZ), and 

thereby does not alter the bulk properties of the material (especially fs laser). 

Refinement and homogenization of the microstructure in the laser-processed 

regime led to improved mechanical properties and corrosion resistance. 

- Controlled levels of dilution within the coating and metallurgical bonding 

at the interface. 

- The ability to synthesize novel corrosion and wear resistance phases owing 

to the nonequilibrium nature of the process.  

For these reasons, by properly selecting the laser processing 

parameters, the topography and chemistry of the implant surfaces can be 

optimized for desired biomedical applications. 
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Fig. 1.2 Schematic of laser material processing depending on laser power 

density as a function of interaction time [22]. 
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1.1.4.2 Applications of laser surface engineering 

 

Laser surface melting (LSM) engineering, which was proposed in 

the late 1980s, is a recently developed manufacturing process [23-25]. LSM 

has numerous advantages over conventional techniques such as simple 

production processing steps, flexibility, and efficiency. Furthermore, 

because the metal has a high melting point, LSM improves the surface 

properties by rapid solidification, homogenization, dissolution of the second 

phases, and refinement of the microstructure on the surface.  

A previous study of LSM employed by Liu et al. observed that 

LSM enhances the corrosion property of AM60B Mg alloy associated with 

the distribution of the second phase and grain refinement [26]. Mondal et al. 

reported an improvement in the corrosion and wear resistance of ACM720 

Mg alloy by laser surface treatment because of the fast cooling rate and 

solid solution strengthening [27]. Taltavull et al. pointed out that the β-phase 

is molten while the Mg matrix remains solid using selective LSM of the 

AZ91D alloy [28]. Abbas et al. reported a similar development for AZ31, 

AZ61, and WE43 alloys with the distribution of the β-phase using a 

continuous-wave CO2 laser [29]. Some authors have already suggested an 

enhancement in corrosion characteristics using an excimer nanosecond-

pulsed laser [30-34]. However, because of the accompanying heat-affected 
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zone, which is caused by thermal stresses using conventional laser 

engineering, surface modification requires control of the pulse duration and 

laser beam power during the process [35, 36]. The purpose of the current 

study is to improve the corrosion of Mg alloys by fs laser, which affects the 

minimal melted layer without changing the mechanical properties of the Mg 

matrix. 

Direct writing technology has been the most widely examined for 

variable material surfaces, such as micro-and nanotextured surfaces, because 

of its simple and effective process [37-40]. This laser technology can be 

used to change the surface morphology of a wide range of materials, 

allowing the texturing of non-planar surfaces. In addition, laser surface 

engineering enables maskless single-step processes on a material in an 

ambient air environment without a vacuum. Textured morphology, such as 

columns, pillars, and worms, is another laser-induced structure observed on 

various materials (metals, semiconductors, and polymers) with ultrashort-

pulsed width [41]. Furthermore, this technology enables not only the 

production of micro patterns but also the formation of nanoparticles and 

nanoscale patterns on the surface. Because of the numerous applications of 

these types of structures, the ultrafast laser fabrication of changed structures 

on the surface has been extensively highlighted in the field. In addition, 

changes in surface morphology result in several properties, such as 

roughness, energy statement, and wettability, which lead to modification 



 

 １４ 

into a hydrophilic or hydrophobic state. Vorobyev et al. found that laser 

surface texturing allows for variable nanostructures with a period of micro-

roughness of commercially pure titanium [42]. Ahmmed et al. suggested 

that each textured surface topography can be influenced by electron-phonon 

coupling and thermal conductivity using femtosecond laser surface texturing 

on titanium, stainless steel, aluminum, and copper [43]. Kam et al. reported 

that creating a wide range of micro-corn densities on AISI 316 L stainless 

steel is controlled by simple femtosecond laser irradiation depending on the 

pulse energy, repetition rate, and scan speed, leading to changes in 

wettability, such as the hydrophobic and hydrophilic states [44]. Similarly, 

Demir et al. reported that variable microstructures, such as transition, worms, 

buds, and cauliflower, can be formed using laser structuring on AZ91 Mg 

alloy, which shows an effective change in wetting behavior [45]. Zorba et al. 

demonstrated that it is possible to render silicon hydrophobic via 

femtosecond laser surface treatment [46]. In contrast, Demir et al. reported 

that the wettability of laser-treated surfaces, such as worms, is modified into 

a hydrophilic behavior [47].  

Another approach has been studied for laser irradiation, specifically 

laser processing, in a supersaturated solution. This method combines a 

physical laser process and a chemical precipitation reaction in a single step, 

allowing for rapid and localized coating at the laser-irradiated solid-liquid 

interface (i.e., the interface between a substrate and a metastable 
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supersaturated solution) [48-52]. Prior to immersion in a supersaturated CaP 

solution, laser stimulation was employed as the CaP precoating method [53-

55]. Recently, these two-step approaches have been enhanced, and a one-

step CaP coating was accomplished using a laser-induced single-step 

coating (LISSC) process. LISSC employs the effect of hydrothermal 

synthesis at a laser-irradiated solid (substrate)/liquid (coating precursor 

solution) interface. Deposition from the liquid state has advantages over 

other states of matter in terms of relative ease of handling, simple setup, and 

recyclability [56-59]. In addition, with the LISSC coating, simultaneous 

synthesis and coating are possible on the surface of the material where the 

laser is focused. Therefore, various coating layers comprising the desired 

materials can be formed depending on the type of immersion solution.  

Oyane et al. reported a laser liquid–solid interaction process as a 

CaP pre-coating technique that utilizes laser processing on metal and 

polymer substrates in supersaturated CaP solutions [60-63]. In this process, 

unfocused pulsed laser light is irradiated by scanning a substrate immersed 

in an SBF. Um et al. demonstrated that it was possible to coat and 

synthesize CaP simultaneously on a Ti alloy using the LISSC method. The 

substrate has been used as a bio-inert material in theses; therefore, attempts 

are needed to apply it to biodegradable materials.  
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In conclusion, the liquid-environment-based laser surface coating 

technique provides a simple and quick process that does not require any 

chemical ligand; hence, it circumvents a potential obstacle in its clinical use. 

 

 

1.2. Purpose of Research 
 

This dissertation covers research on improving the corrosion 

properties of biodegradable Mg using laser surface modification and coating 

processes. Mg is used in orthopedic applications, exhibiting excellent 

mechanical properties, degradable properties, and biocompatibility. This 

dissertation comprises three parts.  

First, we describe the control of the galvanic corrosion properties of 

Mg alloys. The treatment with the fs laser resulted in a modified surface 

microstructure that prevented galvanic corrosion by reducing the potential 

gap between the secondary phases in the matrix. An exceptionally thin and 

uniformly refined microstructure is observed, resulting in a reduced 

corrosion rate.  

Second, we developed a quick and simple method to obtain a 

physically and chemically modified Mg surface with extreme hydrophilic 

properties to improve the coating ability using an fs laser. The enhanced 

coating quality leads to increased adhesion strength and minimized 
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delamination from the substrate, resulting in improved corrosion properties 

and biocompatibility. 

Third, a simple, quick, and one-step coating technology (LISSC) 

was developed to coat physicochemical hydroxyapatite (HAp) on the 

surface of Mg in a liquid precursor environment. The laser-treated surface 

was modified through the nucleation and growth of HAp on the surface of 

Mg in a short time such that the coating material adhered tightly without 

pretreatment or chemicals. The enhanced coating ability improved the 

adhesion strength, which resulted in increased resistance to corrosion and 

functional properties, such as biocompatibility and rapid coating recovery.  
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Chapter 2. Control of galvanic corrosion via 

femtosecond laser surface melting 
 

 

2.1 Introduction 
 

The recent increase in the aging population and industrialized 

lifestyle of the general population has increased the occurrence of bone-

related disorders and traumas tremendously. The dominant intervention to 

treat such conditions in the last decade has consisted of the application of 

inert metallic materials such as titanium alloys (Ti6Al4V), cobalt-

chromium-based alloys (Co-Cr), and stainless steel (316L), due to their 

good mechanical properties and biocompatibility, as well as excellent 

corrosion resistance [64]. However, due to well-known shortcomings such 

as medical image distortion, stress shielding, and fatigue fractures, implants 

made from these inert metals require subsequent surgery to remove them 

after they have fulfilled their purposes. This subsequent surgery not only 

puts further stress on the patient but also burdens society by increasing 

medical costs. To overcome these shortcomings, a significant amount of 

research on biodegradable metals based on Mg [65, 66], Zn [67-69], and Fe 

[6, 70] has been performed to develop a new generation of orthopedic and 

cardiovascular implant devices in the last decade [71, 72].  
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Among these biodegradable materials, Mg-based alloys have been 

highlighted in the field as a next-generation biodegradable metallic material. 

Benefitting from having similar mechanical properties as human bones, Mg 

is an essential mineral for humans and is involved in many metabolic 

activities and biological mechanisms. Pure Mg is, however, not suitable for 

human implantation due to its insufficient strength and rapid corrosion rate 

in physiological environments [73]. Alloying with Ca [74-76], Al [77], Mn 

[78, 79], and rare earth (RE) elements [80, 81] is commonly practiced to 

increase the strength of Mg and overcome such limitations. However, Mg-

based alloys are often multi-phased, and differences in chemical potential 

between such phases cause galvanic corrosion that accelerates the 

dissolution of the Mg alloys in physiological systems [82]. In addition, rapid 

corrosion leads to the formation of hydrogen gas and a radical change in pH 

that could result in severe inflammation or necrosis of tissues. To address 

these issues, various coating methods utilizing polymers, sol-gel, 

hydroxyapatite, chemical conversion, electrochemical treatment, and 

electrodeposition have been employed in the literature [83-87]. Moreover, 

laser surface modification techniques such as laser cladding [88-91], laser 

alloying [92], laser peening [93-95], laser texturing [96], and laser surface 

texturing assisted coating [47, 97] are actively being studied. 

Among various laser surface treatments, laser surface melting 

(LSM) is one of the recently developed manufacturing processes that could 
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be utilized as a surface modification tool to improve the corrosion properties 

of Mg alloys [23, 24, 98]. LSM has numerous advantages compared to 

conventional coating techniques, such as simple production processing 

without the need for pretreatment, selective irradiation, and an improvement 

in efficiency. Furthermore, the high melting point of metals enables LSM to 

provide improved surface properties by rapid solidification, homogenization 

by the dissolution of the second phases, and refinement of the surface 

microstructure [20, 99]. Therefore, additional improvement in corrosion 

resistance may be achieved to overcome issues such as delamination and 

crack formation on the coating layer, by continuously forming a heat-treated 

layer of biodegradable metal. 

For example, Liu et al. utilized LSM and observed an enhancement 

in the corrosion properties of the AM60B Mg alloy by grain refinement [26], 

and Mondal et al. reported improvement of the corrosion and wear 

resistance of the ACM720 Mg alloy by LSM treatment [100]. Likewise, 

several publications studied the enhancement of corrosion characteristics 

using an excimer nanosecond pulsed laser [28, 30-34, 101, 102]. However, 

the abovementioned conventional laser with a pulse duration longer than a 

nanosecond is accompanied by a heat-affected zone (HAZ) with a thick 

molten layer caused by thermal stresses; hence, it is crucial to control the 

pulse duration and laser beam power during surface modification processes 

for ideal outcomes [35, 36]. In this respect, femtosecond (fs) lasers have 
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significant benefits compared to other lasers, since their pulse width is much 

shorter than the time of thermal diffusion, which leads to a diminished HAZ 

and fewer pores [103-105].  

Recently, our group reported the clinical outcomes when using a 

new Mg alloy system consisting of 5 wt.% Ca and 1 wt.% Zn (Mg-5wt%Ca-

1wt%Zn) minimized the potential gap by doping the Mg2Ca phase with Zn 

[106]. Herein, we applied fs LSM and optimized the laser conditions to 

dramatically increase the overall corrosion resistance of the clinically 

proven Mg-5wt%Ca-1wt%Zn alloy by decreasing the secondary phase 

fraction. Additionally, we propose a new approach to improve the initial 

corrosion rate of Mg alloys by creating a minimally melted, nonporous layer 

while maintaining the alloy’s mechanical properties.  

 

 

2.2 Experimental Procedures 
 

2.2.1 Preparation of samples 

 

Mg-5wt%Ca-1wt%Zn alloys (5.0 wt.% Ca, 1.0 wt.% Zn, and 

remaining balance Mg) were prepared using high purity ingots and granules. 

Casting was carried out in a furnace in an argon atmosphere at 

approximately 720 °C. The specimens were solidified at room temperature 

to prepare a billet of size Ф 50 mm × 60 mm after stirring for 15 min. 
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Following homogenization by heat treatment, the specimens were extruded 

at a ratio of 39: 1 to obtain an extruded rod of a diameter of 8 mm. Disk-

shaped specimens with a diameter of 8 mm and height of 1 mm were 

machined. The chemical compositions of the specimens, listed in Table 1, 

were verified by inductively coupled plasma atomic emission spectroscopy 

(ICP). Specimens were polished with 2000 grit SiC paper, washed in a 

sonication bath with 99% ethanol and acetone for 10 min, and finally dried 

in air for laser treatment. These specimens (approximately 50 in number) 

were then used for the laser surface modification experiments. 

 

2.2.2 Laser surface modification 

 

All experiments were conducted with a ytterbium fs laser (s-pulse 

HP, Amplitude, Pessac, France) delivering a 400 fs duration at a wavelength 

of 343 nm for laser surface modifications. The spot diameter of the laser 

beam on the surface was 100 μm (Fig. 2.1). The laser pulse energy used was 

42 μJ and monitored using a pyroelectric laser energy sensor (Nova 2, 

OPHIR, Jerusalem, Israel). The energy density was set at 0.535 J/cm2 and 

specimens, mounted on an XYZ stage, were scanned at 2 mm/s using a 

parallel track in an air environment; the spot-to-spot distance was fixed at 

100 μm. The pulse repetition frequency (PRF) was varied to 62.5, 125, 250, 
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500, and 1000 Hz. Three laser treatment conditions were selected, which 

was followed by a series of experiments (Table. 2). 

 

 

Table 1. Chemical compositions of the used Mg alloy.  

 

 

Table 2. Laser processing parameters. 
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2.2.3 Analysis of laser-treated surfaces  

 

The topographies of the samples following laser surface 

modification were characterized by scanning electron microscopy (SEM; 

Inspect50, FEI, Hillsboro, OR). The effects of laser treatment were analyzed 

using the back-scattered electron (BSE) detector, followed by a calculation 

of the area fraction of each phase after LSM using a homemade image 

processing program. The microstructural characteristics of the melted layers 

were observed using SEM as well as X-ray diffraction (XRD; D/MAX-2500, 

Rigaku, Tokyo, Japan). Different phases in samples were identified using 

XRD with CuKα radiation. Measurements were conducted in the 2θ range 

from 10° to 90° with a span of 0.02° and a scan speed of 2°/min. Ten 

samples were fabricated under the same conditions. 

Atomic force microscopy (AFM; XE-100, Park system, Korea) 

scans were performed to observe the roughness. For each specimen, a 30 × 

30 μm2 area of samples were recorded using a scan rate of 0.4 Hz in the 

non-contact mode. The specimens were cleaned with alcohol after the laser 

treatment and then measured. Two samples were used for each condition 

and randomly chosen 3 different positions were measured per sample. The 

roughness value was calculated by averaging the measured AFM data. The 



 

 ２５ 

images were then evaluated using a special software package (XEI, Park 

system, Korea). 

The microhardness of each melted surface was measured using a 

Vickers microhardness tester (Mxt-alpha7, Future-tech corp., Kawasaki, 

Japan). Three samples were prepared, and the hardness was measured at 3 

different positions per sample. A Vickers hardness tester was used to 

analyze the micro hardness of the surface, which was calculated with a 

diamond indenter under approximately 1000 gf load. The points taken from 

a sample were then averaged together, and the standard deviation was 

calculated. 

 

2.2.4 Corrosion tests 

 

2.2.4.1 Immersion tests 

 

Immersion tests were carried out to measure the evolution of 

hydrogen gas at 37 ℃ in Hank's balanced salt solution (HBSS; pH 7.4). To 

approximate the diuresis process in the human body, a portion of the 

solution was replaced every 24 h. The hydrogen gas accumulated owing to 

corrosion of the samples causes the water level to fall over time in a funnel 

system. The amount of gas is measured by checking the difference in the 

height of the water over a period of time and converting it to gas volume. 

After one week of immersion testing, facets of the corroded surfaces and 
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cross-sections were dried in air and examined with SEM. Under the same 

conditions mentioned above, 21 specimens were prepared. 

 

2.2.4.2 Electrochemical tests 

 

Electrochemical measurements were used to acquire polarization 

curves (263A potentiostat/galvanostat, EG&G PAR, Oak Ridge, TN). These 

electrochemical tests were carried out at 37 ℃ in a beaker containing 

HBSS; with Ag/AgCl as the standard reference electrode; a platinum 

electrode was used as the counter electrode. All samples were stored in a 

vacuum after laser treatment. The electrochemical test was carried out 

within 6 h. The working electrode was a specimen with an exposed area of 

approximately 0.25 cm2. Since the magnesium alloy reacts immediately 

upon contact with the solution because of its rapid reactivity, the corrosion 

resistance of the magnesium alloy was measured as soon as it was immersed. 

This method yields the potential and current density where the cathodic and 

anodic reactions occur at the working electrode. All samples were tested at a 

scan rate of 0.05 V/s from –2 V to -1 V. The corrosion rate (Pi) of the 

samples obtained from the corrosion current density was measured 

according to the following equation: Pi = 22.85 icorr.  

Electrochemical impedance spectroscopy (EIS) measurements were 

done from 1 kHz to 100 MHz frequency range with 10 points per decade 
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and sinusoidal wave perturbation of 10 mV. The other conditions were kept 

the same from the experimental measurement of polarization curves. 

 

2.2.5 Cytocompatibility test 

 

The biocompatibility of each sample was evaluated with a CCK-8 

kit to measure cell viability. An L929 murine fibrosarcoma cell line was 

cultured in media in which alloys had been degrading for 1, 3, and 7 days, 

and the resulting cell densities were measured. The number of live cells was 

determined by measuring the absorbance of formazan, which is formed 

during the metabolic processes of live cells. For cell culture, 1X Dulbecco’s 

modified eagle medium without serum was used, and the alloy area exposed 

to media was 1 cm2/mL. Cell culture was performed at 37 °C and 5% CO2 

to mimic the human physiological environment. This assay was conducted 

according to ISO 10993. 
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Fig. 2.1 Schematic of laser fs surface treatment experiment setup; fs: 

femtosecond. 

 

 



 

 ２９ 

 

2.3 Results and Discussion 

 

2.3.1 Laser-modified surface morphology 

 

Fig. 2.2 shows the morphologies before and after laser treatment. 

To analyze the level of solidification, general features of the treated surfaces 

were examined using the BSE mode in SEM after carving crisscross 

sections for accurate detection. The average decrease rate of the secondary 

phase for each condition was calculated in each quadrant area (200 μm × 

200 μm) and divided by the crisscross pattern. Fig. 2.3a illustrates the 

decreasing rate of the secondary phase at each condition, analyzed using 

image processing software; the secondary phases are indicated in blue in Fig. 

2.3b; white and gray colored areas indicate Mg2Ca and the Mg matrix, 

respectively (Fig. 2.3b). After image processing, the decreasing rates were 

calculated to be 51.83 ± 4.17, 63.3 ± 2.27, 48.36 ± 3.34, 21.87 ± 2.98, and 

10.66 ± 2.44% for PRFs of 1000, 500, 250, 125, and 62.5 Hz, respectively. 

These results show that the greatest decline of the secondary phase in the 

Mg matrix was present for a PRF of 500 Hz. Indeed, at a PRF of 1000 Hz, 

the secondary phase fraction in the matrix was higher than for a PRF of 500 

Hz. Compared with other conditions, laser-treated specimens at 125 and 

62.5 Hz PRF values mostly retained their secondary phase in the matrix. 

Additional experiments were conducted for three selected samples with 
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PRFs of 1000, 500, and 62.5 Hz. Fig. 2.3b shows blue regions that indicate 

the secondary phase locations on the surface of the selected samples both 

before and after laser treatment. 



 

 ３１ 

 

 

 

 

Fig. 2.2 Backscattered electron (BSE) images of specimen surfaces after 

laser treatment with different repetition rates; scale bar: 100 µm. 
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Fig. 2.3 Analysis of the secondary phase decrease rate in the matrix after 

various pulse repetition frequencies (PRF): (a) decreasing rate of phases and 

(b) BSE images of surfaces after image processing; scale bar: 50 μm.  
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Fig. 2.4 shows SEM images of the cross-sections before and after 

laser treatment with a PRF of 500 Hz. The secondary phase (white color) is 

located on the edge of the surface, and a melting zone with a depth of ~2-3 

μm, created by laser irradiation, can be observed.  

In our study, LSM occurred at 0.535 J/cm2, similar to previously 

reported studies that showed surface melting of Mg alloys. Liu et al. [26] 

demonstrated the effect of LSM conducted at 0.89 J/cm2 on AM60B alloys, 

while Wang et al. [97] performed surface melting engineering by irradiation 

at 0.32, 0.67, and 0.89 J/cm2 for AZ91D alloys. 

Fig. 2.5 shows the change in roughness under different pulse 

repetition conditions with AFM. The roughness (Ra) values were calculated 

to be 70.96 ± 13.10, 91.84 ± 2.01, 124.21 ± 8.55, and 321.01 ± 33.11 nm for 

PRFs of as-received, 62.5, 500, and 1000 Hz, respectively. These results 

show that the formation of such structures increases the roughness of the 

surface.  

Fig. 2.6 shows the elemental composition of a laser-treated surface 

at 1000 Hz PRF. At a 1000 Hz PRF, the highest power used for surface 

irradiation in this study, secondary phases, including protruding particles, 

were observed. These particles were produced by the texturing effect of the 

fs laser. The formation of microstructures such as ripple shapes and columns 

was observed on alloy surfaces as the irradiation energy was higher than the 

threshold. These structures have been reported to be commonly obtained 
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when utilizing an ultrafast laser [44, 107, 108]. The texturing effect 

separates the secondary phase from the matrix (yellow arrow in Fig. 2.6); 

this accelerates galvanic corrosion, resulting in decreased mechanical 

properties. A PRF of 500 Hz on the surface resulted in secondary phase 

reduction by 63.3%, which indicates the melting of these phases in the 

matrix. Although traces of beams were detected at the lowest power level in 

this study, the secondary phases remained; this implies that the energy level 

at 62.5 Hz PRF was too low to melt the phases on the surface. 

The cause of this change can be interpreted as the temperature rise 

due to heat accumulation. The heat accumulation equation is expressed as 

follows.  

 (1) 

where f is the pulse repetition rate, d is the diameter of the laser 

beam on the surface of the workpiece, and t > 0 is the time of the processing. 

The first term is the heat input, the second term is given by the material 

properties, and the last term determines the temporal evolution of the 

temperature increase. The scan speed is 2 mm/s, the size of the beam is 120 

μm, and the time to receive energy from the center of the beam is 0.03s. 

(material properties at 298 K - ρ: density (1.738 g/cm3), Cp: specific heat 

capacity ( 0.243cal/g·K), κ: thermal diffusivity (thermal conductivity/ρ Cp), 

ηabs: absorption coefficient (0.9 at 343nm)). The T at 500 Hz PRF where 
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phase re-dissolution appeared was calculated to be 1063.47 K, which is 

slightly higher than the melting point of the Mg alloy. The beam energy was 

calculated by average energy having a gaussian distribution, and it was 

determined that sufficient melting was conducted on the surface of the Mg 

alloy. T at 1000 Hz PRF showed 1532.12 K, which has a value exceeding 

the boiling point in the Mg alloy. This means that ablation could occur 

rather than melt on the surface. When the Mg matrix and the secondary 

phase exposed on the surface are compared, the secondary phase was not 

adequately dissolved and existed on the surface due to the higher burning 

loss rate of Mg atoms. Similar results were reported in ZK60 alloys, 

wherein a greater drop in Mg and Zn content was found at slower scanning 

speeds, with subsequent enrichment of Zr following processing [109]. 

The thickness of the cross-section at 500 Hz PRF was estimated 

through the melting area analysis.  

 (2) 

 

where I is the average fluence of the laser beam, and Lm is the latent 

heat of fusion (84.8 kJ/mol). The thickness of the ablation area is measured 

by the following equation. 

(3)  
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where Lv is the latent heat of vaporization (128 kJ/mol). The 

calculated value is 451.23 um (S) and 436.69 um (Z), respectively. The 

upper layer of melting is ionized through vaporization, so the remaining area 

(effective melting depth) after ablation was about 15 μm. Although it did 

not exactly match the actual measured value, it showed a thickness value of 

an almost similar cross-section. Assuming that a laser beam with higher 

energy than the average was irradiated due to the short femtosecond pulse 

width, more areas are ablated, and the cross-section given in the 

experimental result may be determined.
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Fig. 2.4 BSE images of cross-sections of: (a) as-received alloy and (b) alloy 

laser-treated with a 500 Hz pulse repetition frequency (PRF).  
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Fig. 2.5 AFM images of the alloy after laser surface melting under different 

pulse repetition frequencies: (a) polished, (b) 62.5 Hz, (c) 500 Hz, (d) 1000 

Hz PRF, (e) Surface roughness plots and values from 30 × 30 um2 before 

and after laser surface treatment.  
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Fig. 2.6 Scanning electron microscopy (SEM) image and chemical 

composition of alloy treated with a 1000 Hz PRF; red arrows indicate ripple 

shape and columns, yellow arrows indicate secondary phases.  
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Low angle (2°) XRD of non-treated and laser-treated Mg alloys 

(62.5, 500, and 1000 Hz PRF) are shown in Fig. 2.7a. XRD peaks for 

magnesium, magnesium oxide, and the secondary phase were present in all 

specimens. The spectra of the main peak in each sample, corresponding to 

α-Mg, are illustrated in Fig. 2.7b. For 62.5 Hz and non-treated samples, 

similarities were observed in the peaks corresponding to α-Mg. within the 

500 and 1000 Hz samples; on the other hand, the diffraction peaks for α-Mg 

gradually increased when compared to the non-treatment specimen. The 

diffraction peaks corresponding to Mg2Ca are shown in Fig. 2.7c. For the 

500 Hz sample, this diffraction peak was at the lowest level, suggesting 

dissolution of this phase by laser melting. For the 1000 Hz sample, on the 

other hand, the intensity of this peak was at the highest level and its width 

was increased when compared to the other samples. According to the 

Scherrer formula, the size of Mg2Ca was therefore diminished [110].  
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Fig. 2.7 (a) X-ray diffraction (XRD) patterns of as-received (ctrl) and laser-

treated alloys; (b) the main peak of Mg matrix enlarged, (c) the main peak 

of secondary phase enlarged. 
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2.3.4 Corrosion properties 

 

2.3.4.1 Amount of released hydrogen gas in immersion tests  

 

In general, the volume of released hydrogen gas resulting from the 

reaction of Mg alloy with a physiological solution increases as time passes. 

In HBSS, different laser treatments resulted in significantly differing 

corrosion behaviors (Fig. 2.8). Mg alloy treated with 1000 Hz PRF 

exhibited the highest level of corrosion compared to those treated under 

other conditions. Treatment with 62.5 Hz PRF showed a similar volume of 

hydrogen gas as for no treatment. Meanwhile, 500 Hz PRF resulted in the 

lowest amount of released hydrogen gas among all conditions. The amount 

of released hydrogen gas for samples at 500 Hz PRF was 65% lower than 

for the control group after 180 h of immersion, which reveals that laser 

treatment with 500 Hz PRF greatly improved the corrosion properties. 

These results suggest that corrosion was not accelerated in the Mg alloy 

treated with 500 Hz PRF, owing to the formation of a uniform corrosion 

layer. However, Mg alloys treated with the other conditions continued to 

react with the solution rapidly, indicating irregular corrosion layer formation 

and pitting corrosion. Appropriate laser treatment induces remelting of the 

secondary phase, reducing the effect of galvanic corrosion caused by the 

potential gap between the matrix and secondary phase, thereby preventing 

the occurrence of pitting corrosion and consequently forming a uniform 

corrosion layer during the corrosion reaction. 
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Fig. 2.8 Amount of hydrogen gas released by as-received (Ctrl) and laser-

treated specimens in immersion tests.  
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2.3.4.2 Polarization curves and EIS measurements 

 

Fig. 2.9a shows the corrosion behavior of the samples treated under 

different conditions as represented by cyclic polarization curves. Table 3 

lists the effects of laser surface modification obtained from cyclic 

polarization testing, including the polarization resistance (Rp), corrosion 

potential (Ecorr), current density (Icorr), and corrosion rate (Pi) values. In 

general, a lower Icorr and higher Ecorr indicate improved corrosion resistance. 

Treatment with 500 Hz PRF showed the highest Ecorr and lowest Icorr, while 

treatment with 1000 Hz PRF showed a low Ecorr and the highest Icorr. 

Treatment with 62.5 Hz PRF and no treatment resulted in similar values for 

both Ecorr and Icorr. The polarization resistance (Rp) also shows the same 

tendency; it is an indirect indicator of corrosion, and was calculated using 

the relation: 

Polarization resistance (Rp)  

where, βa and βc, which are the Tafel constants, are slopes of tangents 

derived from the anodic and cathodic polarization curves, respectively. 

Treatment with 500 Hz PRF resulted in the highest polarization resistance, 

while that with 1000 Hz PRF showed the lowest polarization resistance. 

These results are in general agreement with those obtained in the HBSS 

immersion tests.  
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The corrosion test of laser-treated Mg alloy after exposure in HBSS 

solution was also investigated with EIS measurements on open circuit 

potential as shown in Fig. 2.9b. The Nyquist plots contained one capacitive 

loop. Since the scale of the capacitive loop is related to the polarization 

resistance, it can be used to measure corrosion resistance. A larger 

capacitive loop indicates a lower corrosion rate, whereas a smaller diameter 

of the capacitive loop means a higher corrosion rate. Similar to the result of 

the polarization test, the capacitive loop at 62.5 Hz PRF is larger than the 

as-received alloy. At 500 Hz PRF, the largest capacitive loop is observed 

among the plots, which indicates that corrosion reaction is most effectively 

suppressed at 500 Hz PRF. At 1000 Hz PRF, the capacitive loop was 

smaller than that of control indicating accelerated corrosion due to surface 

modification. This result indicates that the laser treatment at 500 Hz PRF 

contributes to increasing the polarization resistance due to the suppression 

of galvanic corrosion. 
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Fig. 2.9 (a) Cyclic polarization curves and (b) EIS measurement for as-

received (Ctrl) and laser-treated alloys following immersion in Hank’s 

balanced salt solution (HBSS).  
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2.3.4.3 Corrosion behavior 

 

The corrosion behavior was observed with SEM images obtained 

following the immersion tests. Fig. 2.10 shows the surfaces of the Mg-based 

alloy after immersion testing in HBSS. The red dashed circles indicate 

where pitting occurred on the surfaces. Local pitting corrosion was 

particularly evident on the surface treated with 1000 Hz PRF, while it was 

not seen on the surface treated with 500 Hz PRF. Furthermore, after 3 h of 

immersion, the corrosion layer had formed a uniform corrosion by-product 

layer in the sample surface treated with 500 Hz PRF. In contrast, local 

pitting corrosion sites and irregular corrosion by-products formed under 

other conditions. There was a definite difference in corrosion behavior after 

24 h of immersion. The corrosion layers were irregular, and greater amounts 

of corrosion products were created, in the control, 1000 Hz PRF, and 62.5 

Hz PRF samples. However, the corrosion layer was homogeneous in the 500 

Hz PRF sample. 

The corrosion behavior was further analyzed by observing the 

cross-sections of the specimens. Pitting and intergranular corrosion were 

observed in the control, 1000 Hz PRF, and 62.5 Hz PRF samples, but not in 

the 500 Hz PRF sample, after 1 week of immersion (Fig. 2.11). These 
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results indicate that uniform corrosion occurred by irradiation with laser 

pulses using a PRF of 500 Hz.  

In short, a decreasing secondary phase fraction impeded galvanic 

corrosion so that overall corrosion properties were improved. The corrosion 

behavior observed for the highest power level in this study, 1000 Hz PRF, 

indicated rapid corrosion. This result may be due to the increase of textured 

structures in the surface area as a result of laser treatment, which leads to 

volume expansion and an increase in surface roughness. The lowest power 

in this study, 62.5 Hz PRF, resulted in a corrosion behavior similar to the 

control group in immersion tests because the power of the laser pulses was 

not high enough to melt the surface.  

The 500 Hz PRF improved corrosion properties due to remelting of 

the secondary phases on the surface, causing inhibition of galvanic 

corrosion. This result is supported by the immersion test and observed 

corrosion behavior. In the polarization curves, the 500 Hz PRF condition 

showed the lowest Icorr and highest Ecorr among all conditions, which implies 

that the laser treatment improved corrosion resistance. In addition, SEM 

images of corroded samples reveal boundary interfaces between the laser-

treated and non-treated areas (Fig. 2.12); the polished region on the right 

side of the surface shows pitting corrosion. These images also reveal that the 

corrosion properties were drastically improved by laser treatment. 
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Fig. 2.10 SEM images of surface morphologies of the as-received and laser-

treated alloys with different pulse repetition frequencies: (a) as-received, (b) 

1000 Hz, (c) 500 Hz, (d) 62.5 Hz PRF; scale bar: 100 µm. 
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Fig. 2.11 SEM images of cross-sections of samples after immersion in 

HBSS for 1 week: (a) as-received sample, and after (b) 1000 Hz, (c) 500 Hz, 

and (d) 62.5 Hz PRF.  
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Fig. 2.12 BSE images of the boundaries between the as-received and laser-

treated surface at three different positions with 500 Hz PRF after immersion 

in HBSS for 10 min (left region: laser-treated surface; right region: as-

received surface); scale bar: 100 µm.  
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2.3.6 Hardness  

 

Compared to conventional laser treatment, the mechanical 

properties of Mg alloys were expected to remain the same after fs laser 

treatment, since the laser only affects a layer of 2-3 μm thick (see also Fig. 

4). The hardness of the control Mg-based alloys was 83.56 ± 1.67 HV, while 

that of samples treated with 500 Hz PRF was 83.18 ± 1.84 HV (Fig. 2.13). 

This result confirms that the mechanical properties of the Mg alloys were 

maintained after laser treatment. 

 

2.3.7 Cell viability 

 

While laser treatment modifies the corrosion properties and retains 

the mechanical properties of Mg-based alloys, biocompatibility is crucial for 

these alloys to be utilized as a biomaterial. The formazan-based assay, as 

stipulated by ISO 10993, showed over 80% cell viability on days 1, 3, and 7 

(Fig. 2.14).  

The uniform initial corrosion reaction induced proper formation of 

the corrosion layer, and there was no significant change in pH on the Mg 

alloy treated with 500 Hz PRF. The corrosion layers formed under other 

conditions did not have an environment conducive to the viability of cells, 

owing to the continuous progress of corrosion.  
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The Mg alloy exhibited the lowest cell viability at 1 day due to its 

rapid initial corrosion until the formation of the corrosion layer, and it can 

be seen that a stable environment was created after 3 days. The cell viability 

showed a slight decrease on day 7 compared to day 3, indicating the 

continuation of corrosion. 

When assessing toxicity, samples that exhibited cell viability higher 

than 80% were considered nontoxic. Nonetheless, among the various 

samples, the Mg alloy treated with 500 Hz PRF exhibited the highest level 

of cell viability. Therefore, we conclude that cell viability can be increased 

via laser treatment under proper conditions. 
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Fig. 2.13 Microhardness values for the top surfaces of as-received and 500 

Hz PRF laser-treated samples.  
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Fig. 2.14 Cell viability of as-received and laser-treated Mg alloys using 

various PRFs after immersion testing in Dulbecco’s modified eagle medium 

for 1, 3, and 7 days.  
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2.4 Conclusion 
 

In this study, the corrosion properties of clinically proven Mg-Ca-

Zn alloys were modified using fs laser surface treatment. The treatment of 

the fs laser resulted in a modified surface microstructure that prevented 

galvanic corrosion by reducing the potential gap between the secondary 

phase in the matrix. The exceptionally thin and uniformly refined 

microstructure was observed, resulting in a reduced corrosion rate when 

treated with optimal laser energy of 500 Hz. Furthermore, the mechanical 

properties and biocompatibility of the Mg-Ca-Zn alloys were maintained 

after the surface treatment. The findings of this study may be applicable in a 

wide range of biomedical applications of biodegradable metals such as 

cardiovascular stents, orthopedic plates, and bone screws.  
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Chapter 3. Enhancement of coating ability physically 

and chemically via fs laser textured surface 
 

 

3.1 Introduction 
 

The application of Mg-based biodegradable metal has been used in 

orthopedic implantable devices such as bone screws, ligament screw plates, 

and porous scaffolds [111, 112]. The primary obstacle in developing such 

devices is directly related to the corrosion rate of Mg in body fluids. Mg 

corrosion in body fluids is accompanied by the generation of hydrogen gas 

and an increase of local pH from concentrated hydroxide ions, which, if not 

controlled, form a gas pocket that causes tissue necrosis and ultimately 

implant failure. One of the most commonly practiced methods to control the 

corrosion rate of Mg involves polymer coating of the metallic surface [8, 

106, 113-115].  

Biodegradable polymer coatings, such as poly-caprolactone, 

poly(lactic-co-glycolic acid) (PLGA), and poly(lactic acid), on Mg alloys, 

have shown effective prevention of early corrosion. They are often used as 

vehicles for selective loading of drugs to further enhance the benefits of 

implantable devices [116-119]. However, there are several known issues 

such as the delamination of polymer layers and pitting of the polymer 

coating, which often results in faster corrosion of the Mg alloy and potential 
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blockage of blood flow by large polymer film debris. Therefore, high 

interfacial adhesion strength with the metal surface is required for the 

effective utilization of the polymer as a coating material. Pretreatment 

processes such as plasma treatment and chemical oxidation have been 

developed to improve the adhesion strength of polymers on metal surfaces 

and stabilize the coating layer but they are still considered insufficient and 

in some cases, not biocompatible [120-123]. 

Recently, laser surface treatment has attracted considerable research 

interest and has been developed as a powerful tool to modify the surface 

properties of target materials. The laser surface modification allows for 

simple non-contact manufacturing, selective irradiation, and cost-effective, 

and maskless single-step processes in an ambient air environment without 

vacuum [124]. Therefore, the various approach can be applied through 

adjustment of the laser power/pulse energy. Typically, the corrosion 

resistance of the magnesium alloy can be improved through laser surface 

remelting and laser cladding techniques through the distribution of refined 

intermetallic compounds or the formation of an oxidation/passivation layer 

on the surface [125-129]. 

In particular, the laser surface texturing method using a 

femtosecond (fs) laser has been investigated in detail owing to the easy 

formation of micro-, nano-, and hierarchical structures on the material 

surface, which lead to changes in surface properties such as surface 
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roughness and surface energy. Furthermore, thermal stress and damage to 

the substrate can be minimized because the fs laser applies energy in a 

substantially shorter time than the pulse duration of a conventional laser. fs 

laser energy is deposited on the target substrate without interaction between 

the laser and plasma, resulting in alteration of the surface structure and 

chemical (oxidation, hydrophilic, and hydrophobic) properties [44, 47, 96, 

130, 131]. In our previous work, we reported the utilization of fs laser to 

create a thin uniformly refined layer on top of an Mg-based alloy surface to 

reduce the corrosion rate from galvanic and pitting corrosion [32]. This 

method allowed the reduction of secondary phase fraction while retaining 

mechanical properties and biocompatibility. 

Herein, the surface of Mg was modified with an fs laser to obtain a 

more stable and stronger polymer adhesion force between the coating 

interface. The drastic increase in surface adhesion strength and improvement 

of polymer coating ability was induced by the formation of micro pits, 

groove patterns, and oxidized nanostructures on the Mg surface. Optimized 

fs laser treatment condition revealed the mechanism by which the surface 

adhesion to polymer is improved both physically and chemically.   
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3.2 Experimental Procedures 
 

3.2.1. Preparation of treated Mg 

 

Pure Mg (99.9% purity) with a cylindrical shape, 8 mm diameter, 

and 1 mm thickness, was prepared. The chemical compositions of pure Mg 

were verified by inductively coupled plasma atomic emission spectroscopy. 

Samples were polished with a 2000 grit SiC paper to remove pollution and 

obtain a smooth surface before laser treatment. Thereafter, samples were 

sequentially cleaned using a sonicator (SD-300H, Mujigae, Korea) in 99% 

ethanol and acetone for 10 min each, and air-dried.  

 

3.2.2. Laser process for fs laser textured surface and coating process 

 

The laser used herein was a ytterbium femtosecond (fs) laser (s-

Pulse HP, Amplitude, France). The laser system is capable of providing a 

beam with a pulsed width of 400 fs at a central wavelength of 343 nm, as 

shown in Fig. 1b. The repetition rate was fixed at 1 kHz. The spot diameter 

of the laser beam on the surface was approximately 120 μm. All samples 

were mounted on an XYZ stage that was translated at 0.5 mm/s in grating 

tracks to induce isotropic wetting behavior. A variety of textured surfaces 

were formed, not only by altering the laser energy but also by the diverse 

interval gap of the laser tracks. To produce different textured surfaces on 
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pure Mg, the pulse energy was varied with 80, 120, and 160 μJ, measured 

by a power detector (Nova 2, OPHIR). This indicated that the laser energy 

fluence (F) was 1.0, 1.5, and 2.0 J/cm2, respectively. 

PLGA was spin-coated on textured Mg by laser modification and 

polished Mg. PLGA (LG857S, Resomer®) was dissolved in 2,2,2-

trifluorethanol with 11% (w/w) concentration. Generally, the thickness of 

the coating layer became thicker as the PLGA concentration increased [132]. 

In this study, the concentration of PLGA was selected as a condition that 

can serve as a barrier layer by spreading it evenly on the substrate with a 

constant thickness. The PLGA solution was spin-coated on polished Mg and 

fs laser-treated Mg, respectively, for 40 s at 2000 rpm. PLGA-coated Mg 

was dried in a vacuum overnight at 24 °C for further characterization. All 

processes in this study are shown in Fig. 3.1.  



 

 ６２ 

 

 

 

 

Fig. 3.1 Schematic graphical illustration of PLGA coating on treated Mg 

surface after formation of hierarchical topography via fs laser. 
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3.2.2. Physicochemical characterization 

 

The surface was characterized via scanning electron microscopy 

(SEM; Inspect F50, FEI, USA). X-ray diffractometry (XRD; D/MAX-2500, 

Rigaku, Japan) with CuKα radiation was used to obtain crystal orientation 

of microstructural characteristics of specimens. The 3D structures and 

surface roughness of samples were analyzed using a confocal laser scanning 

microscope (LSM; LEXT OLS4100, Olympus, Japan). To measure surface 

wettability change of laser-treated Mg, contact angle measurement 

(SmartDrop, Femtobiomed, Korea) was performed by dropping 1 μL of 

deionized water. Elemental distributions and images were simultaneously 

captured using a scanning transmission electron microscope (STEM; FEI 

Talos F200X, USA) equipped with a Super-X energy-dispersive X-ray 

spectroscopy (EDS) detector. 

 

3.2.3. Evaluation of corrosion properties 

 

3.2.3.1. Hydrogen gas release tests 

 

The corrosion property was evaluated by measuring the amount of 

generated hydrogen gas because it shows the degree of corrosion resistance 

of the samples [133, 134]. All samples exposed to 8Ф were immersed at 
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37 °C in Hank’s balanced salt solution of 200 ml (HBSS; pH 7.4, Welgene, 

Korea). The evolution of hydrogen gas from samples was collected at the 

top of a beaker. A portion of Hank’s solution was replaced every 24 h due to 

consideration of the diuresis process in the body.  

 

3.2.3.2. Mg ion release tests 

 

To quantify Mg ions, PLGA-coated and non-coated Mg substrates 

were immersed in serum-free 1 × Dulbecco’s modified Eagle’s medium 

(DMEM) in the ratio of exposed Mg area of 1 cm2/mL of media. Mg in 

media was incubated at 37 °C and 5% CO2 to mimic the human 

environment. A portion of media was removed at 1, 3, and 7 d, and Mg ions 

were assayed using a Quantichrom Metal Ion Assay Kit series (DIMG-250, 

Bioassay Systems, USA) [135, 136]. 

 

3.2.4. Adhesion strength 

 

Tensile tests were performed to measure the adhesion strength 

between the coating layer and textured surface. The tensile force tester 

(Instron 5966, Instron Engineering Corporation, USA) was used at a speed 

of 1 mm/min. On the cylindrical sample, the bottom was non-treated, and 

the top was area coated with polymer. The sample was held using highly 

adhesive glue (Loctite 401, Henkel) on both the bottom and top surfaces. 
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The adhesion strength was measured at the point where the coating was 

detached from the substrate. 

 

3.2.5. Cytocompatibility test 

 

To evaluate cell viability, cells were prepared as follows: L929 cells 

(NCTC clone 929, Korean cell line bank, Korea) were seeded 7 103 

cells/well on an Mg substrate (Ctrl, PLGA@Bare, PLGA@FsMg) for 1 d in 

serum-supplemented DMEM, and incubated overnight at 37°C and 5% CO2 

for cell adhesion. Thereafter, the medium was changed to serum-free 

DMEM and incubated for 1, 3, and 7 d. Cells were further incubated for 24 

h, and their viability was measured using the Cell Counting Kit-8 assay. 

This assay was conducted according to ISO 10993. For cell morphology 

observation, cells were pre-incubated at 37°C and 5% CO2 on an Mg 

substrate overnight in serum-supplemented media, which was changed to an 

Mg ion-containing broth from day 3, and further incubated for 24 h. 

Thereafter, cells on the Mg substrate were fixed with ice-cold methanol to 

dehydrate, and observed by SEM. 
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3.3 Results and Discussion 
 

3.3.1. Surface analysis after laser surface modification 

 

The surface treatment of Mg substrates was performed by fs laser 

under various conditions listed in Table 3. The change of surface 

morphology characteristics following fs laser treatment is shown in Fig. 3.2. 

It appeared noticeably rough as the laser intensity increased in the range of 

1.0–2.0. J/cm2. As the shapes became noticeably rougher, they were formed 

into distinguishably flat (as-polished), embossed (pulse energy: 80 μJ), 

bump (120 μJ), or canyon (160 μJ)-like shapes, as shown in Fig. 3.2a-d. 

These surface features were scanned and imaged in three dimensions using 

LSM analysis, as shown in Fig. 3.2e-h. As the intensity of the laser 

increased, the surface characteristics that became rough corresponded to the 

results from the SEM analysis. In particular, an increase in roughness 

indicates an increase in the surface area of the Mg substrate, which affects 

surface wetting properties [36, 37].  

In this laser condition, a higher density was applied than in the laser 

condition. Similarly, when the heat accumulation temperature is calculated 

using equation (1), 2436.3 K is a value that surpasses the boiling point of 

Mg in the canyon condition having the highest energy density in this study. 

As a result, ablation and evaporation of Mg could be conducted resulting in 
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the formation of microstructures and increasing roughness. Once micro-

nano roughness emerged, the laser beam could be easily reflected and 

scattered back onto the surface by projecting structures. The laser irradiation 

was prone to be effectively trapped in fissures and holes when repeated 

reflections increase the coupling with the material. Multiple internal 

reflections could lead the laser beam into the bulk within these protruded 

structures. Refraction at the surface of these structures also caused 

transmission at oblique angles, substantially lengthening the optical path 

and boosting absorption. The degree of amplification was determined by the 

geometry and size of the surface characteristics. 

Fig. 3.2i shows the wettability of each sample treated with an fs 

laser. The contact angle with water decreased sharply from 75.6o (as-

polished) to 5.3o (canyon-like) according to the changed surface roughness. 

The wettability increased as the absolute value of the water contact angle 

decreased. Similar results have been reported as a phenomenon that occurs 

due to the change in wettability of the metal surface from the laser treatment, 

and it can be used as a controlled method for surface structure modification 

by the laser to obtain an ultra-small hydrophilic surface [38-40]. As laser 

intensity increased, surface oxide content increased, as shown in Fig. 3.2j. It 

was confirmed that the hydrophilic property was maintained for up to 

approximately 3 weeks in the canyon-like structure. In short, a super-

hydrophilic substrate-surface structure was formed through fs laser surface 
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treatment, and a canyon-like structured surface sample with the lowest water 

contact angle among the treatment conditions is expected to show the most 

promising performance for adhesion of the polymer coating. The laser 

treatment and coating were fixed under these conditions to conduct the 

experiments that followed. 

In general, laser surface treatment has been known to promote the 

oxidation reaction of Mg to oxides such as MgO or Mg(OH)2 on the surface 

[41-44]. XRD analysis was performed to observe the phase change by fs-

laser treatment, as shown in Fig. 3.2k. Following fs-laser treatment, major 

peaks of MgO appeared at 42.8° and 62°, which were relatively wide and 

had low strength. It was clearly distinguishable when compared to the clear 

and sharp shape peaks of the Mg substrate. This was indirect evidence of the 

formation of nanocrystalline MgO. By the crystallographic features, 

extremely nanoporous structures (in set in Fig. 3.2d) were observed on the 

sample surface with canyon-like structures. The formation of this unusual 

surface structure can be explained by the nanoscale Kirkendall diffusion 

effect [45-47]. The thermal energy obtained from the local energy of the fs-

Laser appeared to lead to the diffusion of Mg atoms. It does not appear to 

undergo an oxidation reaction where the oxygen source obtained from the 

atmosphere penetrates the bulk. Instead, the nanoporous unique surface 

structure was formed by the nanoscale Kirkendall effect, where 
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simultaneous diffusion of Mg atoms to the surface occurred with a reaction 

with oxygen. 
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Fig. 3.2 Characteristics of treated Mg treated by fs laser: (a-d) SEM surface 

images of the morphology of Mg substrate and (e-h) 3D topography images 

and depth profile according to each laser parameter. (i) The mean contact 

angle of laser-treated Mg surface. (j) Weight percent (wt.%) change of Mg 

(black square) and oxygen (blue triangle) of each laser condition. (k) XRD 

patterns of as-received (black line; bare) and laser-treated alloy (red line; 

Canyon). 
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The results of TEM-EDS analysis clearly showed that the 

abovementioned nanoporous surface was composed of MgO (Fig. 3.3). The 

cross-sectional image that was analyzed in greater detail via TEM clearly 

showed different boundaries separating the Mg substrate and the oxidized 

nanoporous-structured MgO region. Selected area (electron) diffraction 

pattern analysis was conducted to investigate and confirm the difference in 

the crystal properties of the boundaries (Fig. 3.3e-h). The MgO region close 

to the surface showed ring pattern (polycrystalline) properties with values of 

d-spacing as 2.15 Å, 1.515 Å, and 1.21 Å which correspond to (200), (220), 

and (311) of MgO (JCPDS 89-7746), respectively. Additionally, high 

resolution-TEM image analysis verified this region to be polycrystalline 

(Fig. 3.3j). Respective d-spacing signals were simultaneously observed as 

red circles (g) in Fig. 3e, which corresponds to the interface between the Mg 

substrate and MgO (Fig. 3.5g). The Mg substrate region marked with the red 

circles (h) showed d-spacing values of 2.48, 1.61, and 1.89, corresponding 

to the (101), (102), and (110) planes of Mg, respectively, which were 

consistent with the XRD results (JCPDS 04-0770). 
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Fig. 3.3 (a-d) TEM-EDS of cross-section mapping on Canyon surface, (e-h) 

SAED pattern of the boundary of  MgO between Mg. (i) EDAX line 

profile from the surface to bottom. (j) HR investigation at the boundary of 

MgO between Mg. 
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3.3.2. PLGA coating on Fs laser-treated Mg  

 

Fs laser-treated Mg was spin-coated with PLGA and coating layer 

stability was evaluated (Fig. 3.4). The cross-section image of PLGA coated 

on fs laser-treated Mg (PLGA@FsMg) and PLGA coated on bare Mg 

(PLGA@Bare) is shown in Fig. 4a. PLGA layers were well coated on the 

Mg surface, with PLGA layers completely filled on groove areas of 

PLGA@FsMg. The average thickness of the PLGA coating from the bottom 

was 64.21 ± 2.3 µm and 52.1 ± 6.51 µm for PLGA@Bare and 

PLGA@FsMg, respectively. As confirmed in Fig. 3.2, super-hydrophilic 

properties of fs laser-treated surface will create a strong bond with the 

PLGA coating as the solvent for PLGA dissolution is water-miscible. This 

coincides with Wenzel’s model that supports liquid spreading on a super-

hydrophilic surface with roughness [137, 138]. Hydrophilic properties 

provide a favorable surface for polymer deposition because coating 

materials are quickly and widely spread on textured metal surfaces, 

influencing good adhesion [47, 139].  

As the laser-treated Mg surface became rough, the polymer 

adhesion force on the surface was measured, as shown in Fig. 3.4b. The 

result showed that PLGA@FsMg endured 382.84 ± 73.14 N of load, which 

was 77% higher adhesion strength than PLGA@Bare with 215.91 ± 51.98 N 

of load. A rough surface structure by laser treatment appears to hook onto 
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the polymer coating layers, influencing the strong adhesion force. A similar 

effect was observed with plasma treatment on Mg, and surface-coated 

PLGA layers were strongly bound [123, 140, 141]. In addition, the bonding 

force with the polymer layer became more stable as the oxide surface area 

increased [139, 142]. These results indicate that oxide nanostructures 

produced by fs lasers improved coating ability. Protein absorption also 

shows a similar trend and the elongated shape of fibrinogen absorption was 

improved on a nano-rough surface rather than on a globular shape of bovine 

serum albumin [143]. Therefore, fs laser-treated surface which adds hooking 

layers on the surface could provide improved adhesion strength while 

promoting the favorable cellular reaction.  
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Fig. 3.4 (a) SEM images of the cross-section of samples after spin-coating; 

PLGA@Bare (left) and PLGA@FsMg (right). (b) Adhesion strength curve 

between PLGA coating layer between Mg substrates.  
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3.3.3. Corrosion property 

 

PLGA-coated Mg was immersed in Hank’s solution and tested for 

corrosion, as shown in Fig. 3.5a. Coating of PLGA on Mg delayed the initial 

corrosion and release of hydrogen gas for the first 3 d in comparison to that 

of bare Mg. Thereafter, PLGA@Bare abruptly released hydrogen gas, and 

only PLGA@FsMg maintained stable hydrogen gas release (Fig. 3.5a). The 

PLGA coating layer of PLGA@Bare was damaged such that Mg was 

exposed to the stimulated body fluid resulting in rapid pitting corrosion. 

However, PLGA layers on PLGA@FsMg were stable up to 162 h. The anti-

corrosion effect of the PLGA coating was also confirmed by the Mg ion 

concentration profile in Fig. 3.5b. Similar to the hydrogen gas release 

profile, PLGA@FsMg showed effective Mg ion release control to a 

concentration of 15.7 mM in comparison to PLGA@Bare and Bare Mg with 

32.6 and 40.8 mM, respectively. Additionally, the Mg ion concentration of 

PLGA@FsMg between days 3 to 7 showed increasing at decreasing rate. In 

contrast, the Mg ion concentration of PLGA@Bare and Ctrl was increased 

at an increasing rate. PLGA-coated samples were removed and the 

consistency of the coating layer was observed after the corrosion test. 

PLGA@Bare demonstrated that the whole coating layer was delaminated 

from Mg. In contrast, PLGA@FsMg showed slight damage to the coating 

layer at the edge of the Mg substrate, as shown in Fig. 3.5c. The cross-
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sectional morphology of the corroded Mg sample observed by focused ion 

beam-SEM is shown in Fig. 3.5d. There was no coating layer in the 

specimens for the control group as it had peeled off from the substrate. In 

contrast, the coating layer, which was still attached to the surfaces of the 

laser-treated Mg after the corrosion test, was confirmed by SEM imaging.  

In addition, PLGA is considered semi-permeable to the solution, 

which would occur a corrosion reaction between the coating layer and the 

Mg substrate. If the substrate shows low corrosion resistance, the chemical 

reaction progresses leading to delamination due to the evolution of 

hydrogen gas bubbles. Therefore, it is clear that the laser treatment not only 

increased the adhesion ability but also improved corrosion resistance. 
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Fig. 3.5 (a) Amount of hydrogen gas and (b) concentration of Mg ion 

released by Ctrl, PLGA@Bare, and PLGA@FsMg. (c) The behavior of 

coating layer on substrates in immersion test after 7 days (left image: 

PLGA@Bare; right image: PLGA@FsMg); scale bar indicates 4 mm. (d) 

SEM images of cross-section after corrosion test (left image: PLGA@Bare; 

right image: PLGA@FsMg); scale bar indicates 20 μm. 
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3.3.4. Cell test 

 

Mg samples coated with PLGA after fs laser treatment was 

incubated with cells to evaluate the stability of the PLGA coating layer 

under cell culture conditions, as shown in Fig. 3.6. To evaluate cell viability, 

L929 cells were directly seeded on PLGA-coated Mg substrates, cultured 

for 7 d, and displayed as normalized cell viability in Fig. 3.6a. 

PLGA@FsMg showed stable cell proliferation for 7 d. However, the 

viability decreased to 20% on PLGA@Bare on day 3 because cells on 

PLGA layers detached from the surface of Mg in the media following the 

trend observed in the corrosion test (Fig. 3.5c-d).  

Although cells on bare Mg show stable cell attachment for 3 d, continuous 

release of hydrogen gas release could cause a problem for the implantable 

devices. Therefore, controlled corrosion of magnesium in a physiological 

environment could be the key to success for biomedical applications. Cell 

distribution on PLGA-coated Mg was visualized by SEM, which showed a 

lower number of cells distributed on PLGA@Bare, whereas a dense cell 

distribution was maintained on PLGA@FsMg for 3 d (Fig. 3.6b). 
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Fig. 3.6 (a) Cell viability of ctrl, PLGA@Bare, coating on PLGA@FsMg 

after immersion test in DMEM without serum for 1, 3, and 7 days. (b) Cell 

morphology on surface of ctrl (upper images) and PLGA@FsMg (below 

images) after corrosion test for 3 days.  
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3.4 Conclusion 
 

In this study, we developed a quick and simple method to obtain 

physical and chemical modified Mg surface with extreme hydrophilic 

properties to improve the coating ability using an fs laser. Through an fs 

laser texturing technique, we physically modified the Mg surface to a 

textured surface and chemically modified it to a super-hydrophilic state, 

such that the coating material effectively penetrated, embedded, and 

interlocked into micro- nano- complex structures without any primers or 

chemical pretreatment. The enhanced coating quality led to increased 

adhesion strength and minimized the delamination from the substrate, 

resulting in improved corrosion properties and biocompatibility. 

The introduction of the fs laser surface treatment technique on Mg 

to improve the polymer coating ability could open doors for the future 

application of completely biodegradable metallic devices with drug-eluting 

polymer coatings. Furthermore, it is especially beneficial for use in an 

industry where stable organic coating without chemical pretreatment is 

required. 
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Chapter 4. Hydroxyapatite coating via laser-

induced hydrothermal process in the liquid precursor 

 

 

4.1 Introduction 
 

The coating material used for applications involving implants needs 

to be biocompatible and exhibit high resistance to corrosion. Based on these 

requirements, hydroxyapatite (HAp) is an appropriate candidate material 

that affords considerable advantages. It comprises Ca and P, which are the 

mineral components of bone tissue. Therefore, HAp is considered an 

excellent bioinert material as it provides a good environment for bone cells 

to adhere [144-150]. 

Among conventional CaP coating treatments, hydrothermal 

immersion [151-153] or biomimetic [154, 155] coating technology in 

supersaturated CaP solutions (dipping) has been studied based on stable 

nucleation and the growth of HAp. Similar to chemical coatings, physical 

coatings processes, which include thermal spray [156], plasma spray [157, 

158], and sputtering [159, 160], have been used owing to their practical and 

definite adhesion between CaP and metallic substrates; however, physical 

coatings with high thermal energy can deform and damage the substrate. 

The chemical coating process based on the nucleation reaction is also not 

highly suitable because it commonly requires a prior complicated surface 

modification process and time-consuming HAp synthesis for completing the 
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formation of a firm adhesion coating layer on a metallic substrate [161]. 

Several methods have been designed for the coating process for practical 

implantable applications. 

In this study, the surface of biodegradable Mg was treated in a 

supersaturated CaP solution with a nanosecond pulsed laser to combine the 

physical coating effect and chemical precipitation process in single-step 

coating without the requirement of any pretreatment such as plasma 

processing or chemical oxidation for functional applications. 

Laser-induced single-step coating (LISSC) employs the effect of 

hydrothermal synthesis on a laser-irradiated solid (substrate)/liquid (coating 

precursor solution) interface. Deposition from the liquid state has 

advantages over other states of matter in terms of the relative ease of 

handling, simple setup, and recyclability [49, 162-165]. In addition, with 

LISSC coating, simultaneous synthesis and coating are possible on the 

surface of the material where the laser is focused. Therefore, various coating 

layers comprising desired materials can be formed depending on the type of 

immersion solution. In contrast, if the focal length of the laser is not 

automatically adjusted, it has the drawback of being difficult to apply to a 

complicated structural surface. 

The laser-induced coating layer allows the development of CaP 

coating adhesion ability with minimal thickness, and this leads to 

improvement in the overall corrosion resistance of biodegradable metals. 
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The results of the analyses of the structural, crystallographic, and chemical 

properties verified the mechanism through which the coating ability 

between the coating layer and substrate increases. Furthermore, the 

implementation of processes such as cell adhesion and promotion of coating 

recovery for functional implants were checked in various ways, and finally, 

the applicability of this technique was confirmed by coating the implant 

device used in actual surgery.  

 

4.2 Experimental Procedures 
 

4.2.1. Preparation of laser-treated Mg 

 

Cylindrical pure Mg (99.9% purity) extruded to a diameter of 8 mm 

was polished with a 2000 grip SiC paper for eliminating impurities on its 

surface before laser treatment. The polished samples were sequentially 

sonicated (SD-3000H, Mujiga, Korea) in 99% ethanol and acetone for 10 

min. The cleaned Mg was placed in a 100-mm-diameter glass Petri dish for 

laser coating in a coating precursor solution.  

The precursor solution contained calcium and phosphoric acid. The 

concentration of the modified CaP solution was increased by 1, 50, 100, and 

150 times compared with Hank’s balanced salt solution (HBSS; pH 7.4, 

WELGENE, Korea). CaCl2 (1 M, C5670, Sigma-Aldrich, USA) and 

H3PO4 (1 M, P5811, Sigma-Aldrich, USA) solutions were used to form 
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supersaturated CaP precursor solution. The final modified solution was 

filtered 100 times, and it was transparent and without any precipitation 

because of the activation of buffer components in the HBSS. Thus, the 

stable CaP coating was performed only in the laser-focused area on the 

biodegradable Mg surface without the absorption of laser energy in the 

solution. Oxidation occurred on the surface of Mg, which was attributed to 

the change in the laser parameter in distilled water. 

In this study, the surface/liquid interface was heated and melted 

using a nanosecond ytterbium fiber laser (Biolino MOPA, Laservall, Hong 

Kong) with a wavelength of 1064 nm and focal length of 160 mm. The spot 

size of the laser beam on the substrate was 60 μm in diameter. All samples 

were irradiated directly using a modified biomimetic solution with a laser 

processing system equipped with EZCAD software. The laser focus was 

translated at 100 mm/s using a galvo scanner operating at a repetition rate of 

500 kHz with a laser beam emitting a Gaussian TEM00 mode beam. Mg 

surface was irradiated with a pulse width of 200 ns, laser power of 10 W, 

and loop number of 50. The interval gap of the laser tracks was fixed at 10 

μm in a zigzag manner. To form a uniform laser-induced coating layer on 

the screw, the focal length of the laser was fixed between the pit and groove 

of the screw. The circumferential area of the screw was divided into three 

sections; with the screw kept horizontal, each section was coated uniformly 

by laser treatment with simultaneous rotation. The screw used in this study 
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had a curved shape; the uniform coating on its surface was confirmed based 

on analyses through scanning electron microscopy (SEM) and corrosion 

experiments. 

 

4.2.2. Surface characterization 

 

The surfaces and cross-sections of the samples were examined 

using SEM (Inspect50, FEI, USA) to confirm the coating properties. The 

effects of laser treatment were analyzed using a secondary electron (SE) and 

a back-scattered electron (BSE) detector. Energy-dispersive X-ray 

spectroscopy (EDS) analysis equipped with SEM was used to measure the 

distribution and quantity of components. The 3D structures and roughness 

of the surfaces were analyzed using confocal laser scanning microscopy 

(LSM; LEXT OLS4100, Olympus, Japan), as the concentration of the 

solution was varied. X-ray diffraction (XRD; D8 ADVANCE, Bruker, 

USA) using Cu Kα radiation was performed to determine the phases and 

characterize the microstructures of the coating materials. The measurements 

were conducted in the 2θ range of 10°–90° in intervals of 0.02°. The oxygen 

level after laser surface treatment in distilled water (DW) was analyzed 

using X-ray photoelectron spectroscopy (XPS, PHI 5000, ULVAC-PHI, 

Japan) with a monochromator (Al Kα source, 1486.6 eV, with a C 1s peak 

of 286.6 eV), and the beam size was 100 × 100 μm2. The crystallinity and 
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elemental distributions of CaP on the Mg surface were simultaneously 

detected via scanning transmission electron microscopy (STEM; Talos 

F200X, FEI, USA) with a Super-X EDS detector. The ratio of Ca to P was 

calculated without other elements for a precise analysis of the laser-induced 

HAp coating layer. Selected area electron diffraction (SAED) patterns were 

measured for the crystallinity analysis of coating layers and substrates. 

 

4.2.3. Analysis of coating property 

 

Electrochemical corrosion properties were measured through 

polarization curves (263A potentiostat/galvanostat, Princeton Applied 

Research, USA). This analysis was performed at 37 °C in a beaker 

containing HBSS with Ag/AgCl as the standard reference electrode. The 

working electrode was a specimen with an exposed area of approximately 

0.25 cm2, and a platinum electrode served as the counter electrode. The 

corrosion potential and current density were measured at a scan rate of 0.05 

V/s from −2 to −1 V. The corrosion rate (Pi) was calculated from the current 

density based on the following equation: Pi = 22.85icorr. The optimal 

solution conditions were confirmed through Tafel analysis. 

A peel-off test was performed using adhesive tape (Scotch™ 810, 

3M, USA) to compare the adhesive properties of the thermally formed HAp 

region (TFH) and laser-induced HAp (LIH) coating region. A scratch test 

https://www.thermofisher.com/order/catalog/product/TALOSF2OOX
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was performed for the quantitative analysis. Subsequently, the adhesion 

strength was evaluated using a scratch tester (RST3, Anton Paar, Austria). A 

Rockwell-type spherical diamond tip with a radius of 10 µm was used as the 

scratch indenter. The scratch scanning speed was 10 mm/min, and the 

applied load was progressively increased from 500 to 4000 mN. The 

measured critical scratch load for each condition was calculated as the 

average value. 

Mg substrates coated with CaP were immersed in a serum-free 1X 

Dulbecco’s modified Eagle’s medium (DMEM; LM001-05, WELGENE, 

Korea) at the area of constant exposure. The immersed samples were 

incubated at 37 °C in a 5% CO2 environment to simulate the human 

physiological environment. A portion of Mg-ion-eluted DMEM was drawn 

off after 1, 3, and 7 days; the Mg ions were assayed using the Quantichrom 

metal ion assay kit series (DIMG-250, Bioassay Systems, USA). The 

corroded surfaces and cross-sections were dried in air and examined using 

optical microscopy (OM) and SEM after immersion tests in the DMEM. 

The property of coating recovery was detected after scratching the surface 

with a needle with a stable applied force of 3N, and the surface properties 

were analyzed using SEM and EDS.  

EDS analysis was employed after the scratched specimens were left 

to corrode for 4 weeks to perform a corrosion characteristics analysis with 

and without HAp coating. The cross-section was examined using an electron 
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microscope immediately after the scratch was formed on each specimen, 

and the depth of damage was measured and compared using ImageJ (Image 

processing program, NIH). A mapping image of the Ca, P, Mg, and O 

components of the cross-section using the EDS analysis of the specimens 

corroded for 4 weeks after the scratch formation was used. Based on the 

location of scratch formation on this image, the depth of corrosion based on 

the distance was measured using the ImageJ program. After arranging the 

measured values using the Excel program, the statistical significance was 

analyzed and graphed as the origin (Origin 2020, OriginLab, USA). In 

addition, LISSC was applied to commercially available biodegradable 

orthopedic implant screws (Mg-Ca alloy, Resomet Bioresorbable bone 

screw; U&I Corp., Korea). The bottom halves of the screws were implanted 

on the artificial bones (saw bones) to check the delamination of the coating 

layer during the screwing process, and the effect of the LIH coating was 

verified using immersion corrosion tests for 4 weeks by comparing the 

cross-sections to those of uncoated screws. The result confirmed that the 

resistance to corrosion of the LIH-coated screw with a strong coating ability 

had improved despite externally applied stress. 
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4.2.4 Cell test (confocal microscopy) 

 

The adhesion properties of osteoblasts on laser-based 

hydroxyapatite-coated surfaces were confirmed. Disk-shaped magnesium 

specimens (diameter = 8 mm) were prepared and tape-masked and only half 

of the specimens were selectively coated with HAp. The coated specimens 

were cleaned ultrasonically for 10 min each using acetone (98%, Sigma-

Aldrich, USA) and ethanol (99.8%, Sigma-Aldrich, USA) and stored in a 

desiccator until the experiment. The osteoblasts (M3T3T-E1, ATCC, USA) 

were prepared for evaluating cell adhesion. The apatite-coated specimen 

was placed in a 24-well plate, and 1 mL of the minimum essential medium 

was filled with an alpha modification solution (Alpha-MEM, WELGENE, 

Korea) containing 10% fetal bovine serum (FBS, HyClone, USA) and 1% 

penicillin-streptomycin (Gibco, USA) media. The cells were seeded at 5.0 × 

104 cells/well. Incubation at 37 °C, 5% CO2, and 95% humidity for 3 h 

provided time for the cells to adhere to the material surface. Thereafter, the 

cell culture media were removed, and 2 mL of phosphate-buffered saline 

(PBS, WELGENE, Korea) was freshened three times to remove cells that 

did not adhere to the surface and the excess culture medium. The cells were 

fixed in a 4% paraformaldehyde solution at 4 °C for 20 min and 

permeabilized with 0.5% Triton X-100 PBS solution for 5 min. After rinsing 

three times with PBS, a 1% FBS solution was added and blocked for 30 min. 
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The cytoplasm was stained with rhodamine-phalloidin (R415, Invitrogen, 

USA) and the mounting medium for fluorescence with the DAPI solution 

(H-1200, Vector Laboratories, USA). Images were obtained using a 

fluorescence microscope (Imager A2m, ZEISS, Germany). 
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4.3 Results and Discussion 
 

4.3.1. Surface analysis after HAp coating through LISSC for modifying 

a biomimetic solution 

 

Fig. 4.1 illustrates the process of LISSC in a biomimetic precursor 

solution. As depicted in the scheme, the type, amount, and concentration of 

the precursor solution can be easily controlled. An experiment was 

conducted to confirm the changes in the Mg surface depending on the 

concentration of Ca and P in the solution. The surface morphologies of 

laser-treated specimens placed in DW and HBSS 1X solutions were similar, 

as depicted in Fig. 4.2. However, the amount of oxide in DW and HBSS 1X 

increased compared with the control (Table 3). Further, HAp started to 

precipitate in the form of particles following laser treatment in the HBSS 1X 

solution. HAp is nucleated and grown in the HBSS 50X solution by 

increasing the concentrations of Ca and P; the coating layer was stably 

formed up to HBSS 100X, but a valley-shaped morphology is formed when 

the concentration is higher than HBSS 150X. This leads to increased surface 

roughness, which provides pitting corrosion sites that accelerate the 

corrosion process.  

Fig. 4.3 presents the results of analyzing the ratio of Ca (coating 

layer) and Mg (substrate) examined using EDS; the results indicate that the 



 

 ９３ 

ratio increased up to HBSS 100X, and then dropped sharply under the 

HBSS 150X condition. A large amount of hydrogen gas is generated on the 

Mg surface under HBSS 150X during the laser coating process, and it led to 

the dispersion of the laser beam. Further, the scattering of the beam was 

induced by the generation of floats during the laser treatment process; 

therefore, the coating layer could not be formed evenly. 
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Fig. 4.1 Schematic of LISSC in the precursor solution.  
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Fig. 4.2 (a) Surface analysis of SEM images and roughness profile with 3D 

microscopy under each solution condition following laser treatment. (b) 

Mapping images of laser-treated and bare Mg in modified biomimetic 

solution. Each color indicates Mg (blue), O (green), Ca purple), and P 

(yellow). The contrast shows the quantity of each element on the surface 

after laser treatment.  
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Table 3. Elemental components of laser-treated samples on the surface; 

Magnesium (Mg), Oxide (O), Calcium (Ca), Phosphate (P). 

 

 

 

 

Fig. 4.3 Ratio of Ca and Mg at the modified biomimetic solution. 
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 Fig. 4.4a and Table 4 present the electrochemical analysis to 

confirm the effect of the coating properties for each concentration. The 

corrosion potential of HBSS 1X was lower than that of the control because 

the HAp coating was not formed on the Mg surface; the surface area 

increased with roughness. The corrosion potential under the HBSS 50X 

condition was improved because of the formation of not only a barrier of 

precipitated HAp but also a MgO layer. The corrosion potential increases 

until the HBSS 100X condition and starts decreasing under HBSS 150X 

owing to the formation of valleys and the uneven coating layer. Thus, a 

concentration condition of HBSS 100X with a stable coating layer was 

selected as the laser-induced coating for the effective formation of the HAp 

coating layer; subsequently, a series of experiments were conducted. Fig. 

S1b presents the image seen by mapping the cross-section under the selected 

coating condition HBSS 100X. Ca, P, and O, the components of HAp, were 

evenly distributed on the surface.  

As depicted in Fig. 4.4b, XRD analysis was performed to confirm 

whether the surface of the coating layer formed by laser irradiation was 

HAp. Following the laser coating, peaks indicating Ca10(PO4)6(OH)2, which 

represent the HAp phase (JCPDS 09–0432), were seen. Therefore, the HAp 

coating layer was formed on the surface through laser-induced coating 

processing; a further detailed analysis was conducted using TEM. 
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Fig. 4.4 (a) Electrochemical polarization curve with Ag/AgCl as the 

standard reference electrode and platinum as the counter electrode. (b) XRD 

curves of as-received (control) and laser-treated surface in biomimetic 

solution at 100X concentration. 

 

Table 4. The difference in Ecorr, Icorr, and Pi between specimens, as 

determined from the polarization test. 
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4.3.2. Improvement of coating ability 

 

As depicted in Fig. 4.5a, peel-off and scratch tests were performed 

to determine how well the coating layer formed by the laser adhered to Mg. 

The HAp-covered layer, which is similar to the immersion coating surface, 

is seen even in an area not affected by the direct laser beam because Mg has 

high thermal conductivity (156 W m−1 K−1) and it reacts with a solution on 

the surface during the process. This region is referred to as a TFH region. A 

peel-off test was performed after the two regions were simultaneously 

formed on the same Mg surface to compare the adhesion properties of the 

LIH coating layer and TFH region. Fig. 4.5b illustrates that bare, THF, and 

LIH areas are formed in three sections; the coating layer is peeled off using 

tape on the right half of the sample. As depicted in Fig. 4.5c-f and as seen 

from the coating layer at the interface through EDS images before (Fig. 

4.5c-d) and after (Fig. 4.5e-f) the peel-off test, Ca and P were evenly 

distributed on the coating layer in the LIH region. In contrast, the coating 

layer was peeled off completely from the interface of the TFH region, which 

resulted in the exposure of the Mg surface. Further, the difference between 

the TFH and LIH layers could be seen with the naked eye depending on the 

gloss after the peel-off test. The HAp of the TFH region was deposited on 

the surface with a weak adhesion force.  
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A scratch test was performed to quantitatively analyze the adhesion 

strength (Fig. 4.5g). The breakpoints were measured more precisely by 

mapping. The adhesion strength of the LIH region increased by 

approximately 26.52% when compared with the TFH region. (TFH: 6615.9 

mN, LIH: 8370.5 mN). Further, a coating layer remaining in the LIH area 

was detected beyond the scratched area. 

Fig. 4.6a presents the EDS mapping of each coated area before the 

peel-off test. The TFH region has several parts where Mg is exposed along 

with cracks. In the LIH region, Ca and P are well distributed along the Mg 

surface. OM images indicating the corrosion aspect for 7 days after the peel-

off test (Fig. 4.6b). On the 7th day in the TFH region, both before and after 

the peel-off test, the bare area exhibited similar corrosion patterns. 

Interestingly, after the peel-off test, the area in the LIH region displayed a 

surface similar to that before the test. This is attributed to the improved 

bonding ability of the coating layer. Fig. S3 depicts the corrosion results at 1 

and 4 weeks after the peel-off test through SEM images. In the TFH region, 

cracks were seen not only in the region affected by the peel-off test but also 

in that covered with the HAp layer. In the LIH area, the HAp coating layer 

remained even in the area affected by the tape test. The morphology of the 

coating layer did not change significantly following the immersion 

experiment for 4 weeks. 
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Fig. 4.5 Comparison of coating ability between thermally indirect layer and 

the laser-induced coating layer. (a) Illustration of adhesion test. (b) OM 

images before and after peel-off test in the bare, TFH, and LIH areas. (c, d) 

SEM and mapping of each element before the adhesion test. (e, f) SEM and 

distribution of Mg, O, Ca, and P after the peel-off test using adhesive tape. 

(g) Optical and SEM surface images following the scratch test. (h) Graph 

representing the critical load of the scratch test where interface breakage 

occurs. 
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Fig. 4.6 (a) SEM surface images of coating layer after laser treatment. CaP 

coating layer evenly formed by laser (left) and peeled coating layer due to 

poor adhesion at thermally indirect region (right). (b) OM images in 

DMEM;  bare, thermally formed region, and laser-induced coating region 

at 1,3, 7 days after the peel-off test. 
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4.3.3. Increased corrosion resistance on LIH coating layer 

 

The cross-section of the coating layer is monitored following 

corrosion for 4 weeks, as depicted in Fig. 4.7. Corrosion products and oxide 

layers generated by the corrosion reaction are seen in the cross-section of 

the control. In contrast, in the TFH region, a thick oxide layer is detected 

because of media penetration between the disconnected coating layers. 

There is no significant difference from the control because the coating layer 

with a weak adhesion bond does not function properly. Interestingly, the 

corrosion products and oxide layer were thinner than under other conditions 

because the strong bonding and dense coating layer effectively blocked the 

corrosion-causing elements. Further, it was confirmed that the LIH coating 

remained intact through the cross-sectional Ca and P of the mapping images. 

This improvement in the corrosion property is directly related to the 

enhanced ability of the coating layer from the laser processing, which leads 

to quick recovery and restoration from the mechanical defects of the coating 

layer by forming a strong bond with the substrate [166-168]. A scratch was 

applied with a constant force, and SEM images were obtained 4 and 8 

weeks following corrosion (Figs. 4.8). The simply placed HAp layer in the 

TFH region detached from the surrounding layer by scratching, and pitting 

corrosion proceeded between the broken scratch tracks. In the LIH region, 

the coating layer recovered over the scratched site by improved adhesion 
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bonding and minimized delamination from the substrate. This aspect was 

maintained for up to 8 weeks, which led to shallow and uniform corrosion 

for the same duration. Based on these results, it was confirmed that the 

coating ability of the LIH supported the rapid recovery of the HAp layer, 

which led to improved corrosion properties. As depicted in Fig. 4.9, the 

corrosion areas were measured from the scratched cross-sectional EDS 

mapping images following 4 weeks of the corrosion test for the quantitative 

analysis. As indicated in Fig. 4.9b, there was no significant difference in the 

scratch depth. However, as depicted in Fig. 4.9c, a deeper corrosion layer 

can be seen in the TFH region when compared with the LIH region. Pitting 

corrosion proceeds in the unrecovered coating layer, whereas the corrosion 

does not proceed further in the LIH area, where the scratches are somewhat 

recovered. 
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Fig. 4.7 EDS mapping of cross-section 4 weeks following the corrosion test 

on each area on the Mg surface.  
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Fig. 4.8 (a) SEM images under each condition after the corrosion test: 

scratched area (SA) and coated area (CA). (b) Cross-sectional BSE images 

on each condition at 4 weeks and 8 weeks after the scratch test. 
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Fig. 4.9 (a) Cross-section of BSE and mapping under each condition 4 

weeks after the scratch test. (b) Depth profile analysis at the scratched zones 

of the TFH and LIH regions. (c) Depth of corrosion as a function of the 

distance from the scratched zone. 
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4.3.4. Cross section analysis through TEM 

 

The results of the TEM-EDS analysis indicated that the LIH surface 

comprised Ca, P, O, and Mg. Ca, P, and O appeared in the region formed by 

the laser energy (Fig. 4.10a). A reticular morphology, such as the structure 

of HAp, was detected in the uppermost part of the cross-section [152, 169-

172]. In addition, the Mg at the interface physically holds the HAp coating 

as a hooked layer with a complex shape, which leads to improved adhesion 

strength [173]. The crystal properties of the coating layer and Mg substrate 

were investigated using the SAED pattern analysis (Fig. 4.10b). The SAED 

image of the part named number 2 does not exhibit crystalline rings or spots, 

confirming its amorphous nature. The Mg substrate named number 5 

exhibited a metallic crystal structure; the d-spacing values of 2.78, 2.45, and 

1.38 Å corresponded to (100), (101), and (200) of Mg (JCPDS 04–0770), 

respectively. High-resolution TEM analysis verified that the gradient 

component changes were achieved through the presence of HAp, MgO, and 

Mg at the interface (Fig. 4.10c). The element transition indicated that the 

ratio of Ca and P gradually decreased as Mg increased at the cross-section 

(Fig. 4.10d). This result indicates that the gradient element distribution 

allows bonding between the HAp coating layer and Mg substrate to improve 

the coating ability. 
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Fig. 4.10 (a) TEM-EDS of cross-section mapping in the LIH region. (b) 

SAED pattern in the HAp and Mg regions. (c) HR investigation at the 

boundary between CaP and Mg. (d) Distribution of Mg and Ca at each point 

of the cross-section. (e) Atomic percent of elements at the sections. TEM-

EDS: transmission electron microscopy/energy-dispersive X-ray 

spectroscopy; SAED: selected area electron diffraction; HR: high-resolution. 
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4.3.5. Mechanism of HAp synthesis and coating 

 

The formation of this surface can be explained through the Soret 

effect and hydrothermal synthesis [162-165, 174, 175]. The 

substrate/precursor interface is exposed to the rapid and localized energy of 

the laser beam, which leads to thermodynamic nonequilibrium conditions. 

This phenomenon induces large temperature gradients and thermal diffusion, 

which promote the separation of ions based on the Soret coefficients. In this 

process, the bulk motion of the liquid creates a convection flow, which leads 

to a collection of the coating material toward the irradiated area.  

Laser energy accelerates the oxidation of the Mg surface based on 

hydrothermal synthesis [176]. Therefore, we confirmed the oxygen content 

and binding energy through surface analysis after the laser treatment of Mg 

in DW. The oxide content on the laser-treated surface was measured using 

EDS analysis. The surface melted more evenly, and the roughness increased 

with an increase in the number of the loop (Fig. 4.11a). When the number of 

loops exceeded 50, the surface changed into bumps because of the excessive 

laser energy. The amount of oxygen increased after laser treatment in DW 

(Fig. 4.11b). An examination of the cross-section indicated the formation of 

a clear oxide layer on the surface promoted by laser energy (Fig. 4.11c). The 

degree of oxidation was confirmed through XPS analysis for qualitative 

analysis at the core-level states (Fig. 4.11d-e). Compared to the binding 
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energy of the elemental atom, atoms in a higher positive oxidation state will 

have larger binding energy owing to the additional Coulombic interaction 

between the photoelectron and the atom core. Therefore, in this study, an 

increase in binding energy indicated an increased degree of oxidation. For 

the bare samples, the Mg and O peaks were located at 51.6 and 533.5 eV, 

respectively. Further, the binding energies of O and Mg increased with an 

increase in the number of loops; therefore, laser treatment in DW directly 

affects the oxidation of the Mg surface, which results in the rapid formation 

of a firm CaP coating layer. The natural reaction of Mg in an aqueous 

solution to understand the effect of surface oxidation on HAp layer 

production is expressed as follows [12, 78]: 

Mg → Mg2+ + 2e 

2H2O + 2e → 2OH- + H2 

Mg2+ +2OH- ⇌ Mg(OH)2 

MgO + H2O ⇌ Mg(OH)2 

Mg(OH)2 → Mg2+ + 2OH- 

The chemical reaction in which HAp is generated on the surface of Mg is as 

follows: 

HPO4
2- + OH- → PO4

3- + H2O  

10Ca2+ + 6PO4
3- + 2OH- → Ca10(PO4)6(OH)2 
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HAp-based compounds require OH-, which is supplied by Mg(OH)2. 

It was hypothesized that Mg naturally generates MgO/Mg(OH)2 in an 

aqueous solution; however, the laser further promotes the formation of 

MgO/Mg(OH)2. 

Distilled water has a refractive index of 1.2 × 10-6 at 1064 nm 

wavelength. According to this formula, the optical penetration depth is lα = 

α-1 = λ / 4πκ = 7 cm, where α is the absorption coefficient, λ is the 

wavelength, and κ is the refractive index. We fixed the distance between the 

liquid surface and the Mg substrate to 0.5 cm to reduce water absorption. In 

particular, the laser traveled roughly 1/14 of its penetration depth in water 

before being absorbed by the Mg substrate. As a result, we assume the laser 

energy was mostly absorbed by the Mg substrate rather than water. 

Assuming that the laser energy is completely absorbed by the Mg 

substrate, the temperature change at 200 ns is the following equation. 

(3)  

 

where A is absorption coefficient, I is fluence of laser, κ is thermal 

diffusivity, t is time, and K is thermal conductivity. In this study, It was 

calculated to instantaneously raise the temperature up to 3765.69K. By the 

following reaction, Mg + H2O → MgO + H2, the thermal energy of the laser 

is higher than the temperature for surface oxidation, which means that the 

https://chemequations.com/en/?s=Mg+%2B+H2O+%3D+MgO+%2B+H2
https://chemequations.com/en/?s=Mg+%2B+H2O+%3D+MgO+%2B+H2
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forward reaction can occur quickly enough. Therefore, the laser promotes 

the formation of Mg oxide, so that HAp can be effectively formed on the 

surface. 

The overall mechanism of the CaP coating with the laser is 

illustrated in Fig. 4.12. First, the Mg melting and MgO/Mg(OH)2 generation 

sites were created by laser irradiation. Thereafter, MgO/Mg(OH)2 was 

evenly formed on the laser-treated surface with an increase in the number of 

loops, and Ca and P in the solution mixed with the OH- supplied by the 

generated MgO/Mg(OH)2. The generated layer was mixed with the Mg 

substrate via the laser energy supply to induce physical bonding when more 

than a certain portion of the HAp layer was formed. 

In general, the laser beam supplied sufficient energy to form HAp 

on the surface of Mg, and the reactant synthesis and coating were carried out 

simultaneously on the surface. The coating layer was physically interlocked 

by the formation of the elemental gradient and the coexisting zone at the 

interface, thereby improving the bonding force of the coating. 

 

https://chemequations.com/en/?s=Mg+%2B+H2O+%3D+MgO+%2B+H2
https://chemequations.com/en/?s=Mg+%2B+H2O+%3D+MgO+%2B+H2
https://chemequations.com/en/?s=Mg+%2B+H2O+%3D+MgO+%2B+H2
https://chemequations.com/en/?s=Mg+%2B+H2O+%3D+MgO+%2B+H2
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Fig. 4.11 (a) SEM images depicting surface morphology after laser 

processing in DW. The surface was melted by increasing the number of 

laser loops. (b) Weight percent (wt%) change in oxygen under each laser 

loop condition. (c) Cross-section images after laser treatment under the 50 

loops condition in DW. (d, e) XPS spectra of Mg 2p and O 1s at each loop.  
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Fig. 4.12 Schematic depicting the mechanism of LIH coating on the Mg 

substrate. 
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4.3.6. Coating process on degradable screw and enhancement of 

biocompatibility on the LIH surface 

 

Biodegradable Mg screws are used in the field of orthopedic 

surgery. In this study, bare and LIH-coated screws were inserted up to half 

into sawbones (implanted area) to examine the degree of peeling and the 

effect of LIH coating following the corrosion test (Fig. 4.13). The results of 

corrosion in the bare screw after the first week indicate that hydrogen gas 

was generated over the entire control sample surface, whereas the surface 

remained stable in the case of the LIH-coated screw, without the rapid 

formation of hydrogen gas even in the implanted area. This aspect was 

maintained even after 3–7 days of changing the solution (Fig. 4.13a). Cross-

section mapping before and after the insertion test for the control and LIH-

coated screws were compared, as depicted in Fig. 4.13b-c. The degree of 

corrosion can be estimated through the oxide distribution of the mapping 

because the oxide compound is formed during the corrosion reaction. The 

corrosion reaction continued on the bare sample, but the HAp coating layer 

remained intact on the LIH screw in the exposed area as well as the inserted 

area even after a week. The coating layer did not peel off owing to shear 

stress because of the improved coating ability of the LIH-coated screw. 

Thus, this technique can be applied in actual clinical practice by employing 

the same orthopedic implant process. 
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Fig. 4.13 (a) OM images for Mg screws after corrosion test in DMEM for 1, 

3, and 7 days. (b) Cross-section of BSE for each condition of Mg 

implantable screw for 1 week. (c) EDS Mapping of cross-section after 

corrosion test 4W on each area on Mg surface.  
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As depicted in Fig. 4.14a, the Mg-ion concentration profiles at the 

LIH layer and the control were analyzed for a more quantitative comparison 

of the anticorrosion effect. The Mg-ion elution amount was 15.73 ± 5.35 

and 1.04 ± 7.68 mM for the bare specimen and LIH region, respectively, on 

day 1. On the 7th day, the gap in the quantity of Mg-ion elution widened 

further: the value was 21.02 ± 7.36 mM for the LIH region, and it decreased 

by 58.76% compared with 50.97 ± 10.33 mM for the bare sample. 

Subsequently, cell adhesion was examined to confirm the amount of Mg-ion 

release and the reactivity of cells in vitro (Fig. 4.14b-e). The nucleus of the 

cell is represented by blue color and the cytoplasm is represented by orange 

color. The area of the bare surface where hydrogen gas is generated by the 

corrosion reaction was examined; in this area, the cells did not adhere and 

the region remained vacant. In contrast, dense cells could be seen easily in 

the LIH region, which indicates excellent biocompatibility of the HAp layer 

formed by the laser treatment and the remarkable osseointegration, as 

indicated by stable cell adhesion. Further, it was illustrated that the cell 

adhesion region in the LIH increased by approximately 2 times compared 

with the bare surface (Fig. 4.14e).  
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Fig.4.14 (a) The amount of released Mg ion after corrosion test at 1,3, and 7 

days. (b-d) Comparison of cell adhesion at each area; cell nucleolus 

indicated blue, and actin indicated orange. (e) The analysis of cell adhesion 

area by calculating image processing. 
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4.4 Conclusion 
 

In this study, a simple, quick, and one-step coating technology 

(LISSC) was developed to coat physicochemical HAp on the surface of Mg 

in a liquid precursor environment. The laser-treated surface was modified 

through the nucleation and growth of HAp on the surface of Mg in a short 

time such that the coating material adheres tightly without pretreatment or 

chemicals. The enhanced coating ability led to improved adhesion strength, 

which resulted in increased resistance to corrosion and functional properties 

such as biocompatibility and rapid coating recovery. This technology with 

liquid precursors can be applied to a variety of medical device fields such as 

orthopedic and dental applications without limitations on the shape of the 

device. Furthermore, it could be utilized to apply different coating materials 

on any substrate by modifying the laser conditions and the composition of 

the liquid precursor. 
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Chapter 5. Conclusion 

 

Magnesium (Mg) alloy is attracting attention as an orthopedic 

material because it has properties similar to bone compared to existing 

biomaterials and is decomposed in the human body while promoting bone 

formation after plantation. However, the corrosion rate of magnesium alloys 

is accelerated in body fluids rich in chlorinated compounds. In particular, 

rapid hydrogen gas and pH changes occurring in the early stages of reaction 

have the potential to cause excessive inflammatory reactions and fibrosis of 

surrounding tissues. In order to control the initial corrosion rate of the 

magnesium alloy, research on various coating technologies is being actively 

conducted, but there are problems to be solved in the method using the 

coating, such as the stability of the coating layer. 

Laser surface modification has been used in many applications 

because non-contact processing is possible in a general process atmosphere. 

Selective processing on local regions and various processing effects can be 

expected according to the pulse width or wavelength of the laser. Therefore, 

in this study, the initial corrosion rate control and biocompatibility of Mg 

alloys were improved through surface treatment using laser and advanced 

coating techniques to overcome the shortcomings of the coating technique 

and improve performance. 
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First, the optimum conditions for suppressing corrosion were 

studied by applying various femtosecond (fs) laser conditions. To check the 

initial corrosion rate, the amount of Mg ion elution was investigated 

depending on each condition in the Hanks' balanced salt solution (HBSS). 

The surface and phase changes were observed using scanning electron 

microscopy (SEM) and X-ray diffraction analysis (XRD). Galvanic 

corrosion, which is a typical corrosion mechanism in metal alloys, was 

reduced through a solid solution of the secondary phase using laser surface 

melting with the minimum region. 

Second, by using the effect of the fs laser surface texturing, the Mg 

surface was modified to have super-hydrophilic properties, and through this, 

the polymer coating ability was improved for controlling the corrosion rate. 

A series of experiments were carried out by spin-coating a biodegradable 

high molecular compound, poly-lactic-co-glycolic acid (PLGA), under the 

same conditions, on the Mg groups. As a result of checking the Mg elution 

amount after immersion corrosion in the media solution, it was confirmed 

that the amount of Mg ions was decreased in the laser textured group 

compared to the bare Mg group. The cross-sectional results after corrosion 

also showed a consistent result. In particular, by measuring the cell adhesion, 

it was proved that the biocompatibility of the laser-modified group was 

improved more effectively than the non-coated group. 
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Third, through laser treatment in a precursor solution containing 

hydroxyapatite (HAp), a mineral component of bone, it was possible to 

synthesize and coat the coating material at the same time. In addition to the 

advantages of the process, the coating ability was improved compared to the 

conventional dip coating method, following demonstration using various 

analyses. The possibility of application in the medical field was confirmed 

by applying this coating method to products used as implant screws. The 

laser-induced coating layer can withstand a scratch load and has improved 

corrosion resistance in long-term corrosion tests. 

In the future, based on the above research results, according to the 

biodegradable product group (eg. screw, plate, scaffold, stent, etc.), the 

range of application of biodegradable alloys will be further expanded by 

controlling the corrosion rate. It is expected that the laser process will be 

effectively performed in various fields where the coating is applied by 

utilizing surface treatment and in-solution coating methods. 
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Abstract in Korean 

  

마그네슘 합금은 기존 생체재료에 비해 골과 유사한 물성을 

가지고 이식 후 골 형성 촉진과 동시에 인체 내에서 분해되기 때문에 

새로운 정형외과용 재료로써 주목받고 있다. 그러나 마그네슘 합금의 

부식속도는 염화 화합물이 풍부한 체액에서 가속화되고, 특히 부식 

초기에 발생하는 급격한 수소기체 및 pH 변화는 과도한 염증 반응 및 

주변조직의 섬유화를 유발할 가능성이 있어, 마그네슘 합금을 

인체이식용 소재로 사용하기에 제약이 되고 있다. 마그네슘 합금의 초기 

부식속도를 제어하기 위하여 다양한 코팅기술에 관한 연구가 활발히 

진행되고 있으나 코팅층의 안정성 등 코팅을 이용한 방법도 해결해야 할 

문제가 있다.  

레이저는 일반 공정 분위기에서 비접촉식 가공이 가능하고 국소 

부위에 따른 선택적인 공정이 가능할 뿐만 아니라, 레이저의 펄스폭이나 

파장대에 따른 다양한 공정효과를 기대할 수 있기 때문에 많은 

활용분야에서 사용되고 있다. 따라서 본 연구에서는, 코팅 기법의 단점 

보완 및 성능향상을 위해 레이저를 활용한 표면 처리 및 발전된 

코팅기법을 통해, 마그네슘 및 합금의 초기 부식속도 제어와 

생체적합성을 향상시키고자 하였다. 
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첫 번째로, 펨토초 레이저 조건을 다양하게 적용하여 부식을 

억제하는 최적 조건을 찾았으며 초기 부식속도를 알기 위해, 각각의 

조건에 따라 마그네슘 이온 용출량을 조사한 후, 생체 모사액인 

Hanks’balanced salt solution(HBSS)에서 부식평가를 진행하고 

주사전자현미경(SEM), X-ray 회절분석법(XRD)를 이용하여 표면과 상 

변화를 관찰하였다. 단상이 아닌 금속합금에서 대표적인 부식 

메카니즘인 갈바닉 부식을 레이저를 이용한 제 2 상의 고용을 통해 부식 

저항성을 향상시켰고, 레이저 영향부의 빠른 냉각속도로 인해 결정립이 

미세화되어 부식층이 균일하게 형성되므로, 국부 부식을 억제하는 

효과를 보였다. 

두 번째로, 펨토초 레이저 텍스처링 레이저 공법의 효과를 

이용하여 마그네슘 표면을 초친수성의 성질을 갖도록 개질하고, 이를 

통해 분해속도 조절을 위한 고분자 코팅능력의 향상을 유도하였다. 

레이저 표면 처리하지 않은 마그네슘 그룹과 표면 처리한 마그네슘 

그룹에 동일한 조건으로 생분해성 고분자 화합물인 PLGA (poly-lactic-

co-glycolic acid)를 동일한 조건으로 스핀코팅하여 일련의 실험들을 

진행하였다. 미디어 용액에서 침지부식 후에 마그네슘 용출량을 

확인해본 결과, 처리 전에 비해 표면 개질 후 코팅을 진행한 그룹에서 

마그네슘 이온양의 감소를 확인할 수 있었다. 이는 부식 후의 단면 결과 

역시 일치된 반응을 보여주었다. 특히, 코팅층의 접착력을 측정하여 
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레이저 처리에 의해 코팅 효과가 향상된 그룹의 코팅이, 그렇지 않은 

그룹의 코팅에 비해 더 효과적으로 작용한다는 것을 증명할 수 있었다.  

세 번째로, 뼈의 무기질 성분인 하이드록시 아파타이트 (HAp)의 

성분이 함유된 전구체 용액 내 레이저 처리를 통해, 코팅재 합성과 

코팅이 동시에 가능하게 하였다. 공정상의 이점뿐만 아니라 기존 침지 

코팅 방식보다 향상된 코팅능을 다양한 방법으로 확인하였고, 실제 

임플란트 스크류로 사용되는 제품에 이 코팅 방식을 적용해봄으로써 

산업 현장에서의 적용 가능성을 확인할 수 있었다. 적용된 코팅법에 

의해 형성된 레이저 유도 코팅층은 스크래치 하중에도 견디는 성능으로, 

장기간 부식 실험에서 향상된 부식저항성 효과를 보였다.  

향후, 위의 연구결과를 토대로, 생분해성 제품군에 따라 (예. 

스크류, 플레이트, 스캐폴드, 스텐트 등등) 원하는 대로 부식 속도를 

제어하여 생분해성 합금의 활용 범위가 더욱 넓어질 뿐만 아니라, 

레이저를 이용한 표면처리 및 용액내 코팅 방법을 활용하여 코팅이 

적용되는 다양한 분야에도 효과적으로 적용될 것이라 예상된다.  
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