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. Abstract 

Wooyong Kwon 

Department of Mechanical and Aerospace Engineering 

The Graduated School 

Seoul National University 

 

Fabricating micro scale features in ceramic materials such as Al2O3 is 

challenging due to its high hardness and brittle characteristics. Laser-assisted 

machining (LAM), which is possible to pre-soften the local area of the 

workpiece using laser beam as a heat source, is an effective hybrid method of 

machining ceramics. This study is focused on identifying the effect of CO2 

laser-assisted micro grinding (LAMG) on Al2O3 with wire electrical discharge 

grinding-ed (WEDG-ed) polycrystalline diamond (PCD) tool and 

investigating the machining characteristics experimentally. To confirm the 

effect, the differences in cutting force, surface roughness, and material 

removal rate between with and without the laser heating were compared and 
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discussed. As a result, average cutting force of LAMG decreased by 41% in 

thrust direction, 33% in feed direction respectively. Moreover, machining at 

higher feed rate was possible without tool fracture, average material removal 

rate increased by 18%, and average surface roughness decreased by 12%. The 

results indicate that the CO2 laser heating on Al2O3 has significant advantages 

in machinability and channel geometry compared with conventional methods. 

Finally, an improved LAMG process was proposed to prevent edge cracks by 

re-organizing the machining conditions. Therefore, a deep micro channel was 

successfully fabricated without edge crack.  
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Chapter 1. 

.  Introduction  

Ceramics are increasingly being applied in engineering and medical fields 

due to their excellent properties such as high hardness and corrosion 

resistance. For example, implementation of an optimized microfluidic mixer 

in aluminum oxide (Al2O3) has been increasingly studied to operate liquids at 

the lowest levels of volume [1]. And Al2O3 has high potential for use in 

biomedical implants due to its high wear resistance and excellent 

biocompatibility [2]. However, because of those superior properties, ceramics, 

including Al2O3, are very difficult to machine conventionally, and they give 

negative influences on material removal rate, tool wear and surface finish 

during the machining. 

Several researchers have investigated the solutions to overcome these 

limitations. Laser-assisted machining (LAM), in which the workpiece is pre-

softened by laser heating, has been applied to machine the difficult-to-

machine materials recently [3]. However, although LAM processes on hard 

materials at the macroscale have been successfully developed, microscale 

LAM (Micro-LAM) on ceramics, especially Al2O3, has not been achieved 

easily. Chang et al. investigated laser-assisted planning, which is the 
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representative research in micro-scale machining of Al2O3 to the best of our 

knowledge [4]. The research revealed that LAM process efficiently reduced 

the cutting force and tool wear at high feed rate. However, it seemed that the 

qualities of the outputs were not enough competitive to be recognized as a 

channel. Furthermore, Cao et. al. suggested another hybrid process of 

electrochemical discharge machining (ECDM) with PCD grinding on Al2O3 

[5]. In the research, micro groove was successfully machined by the process 

with a fine quality, however, the feed rate and depth of cut were very low. 

Although many previous researches have been emphasized and identified the 

effect of hybrid processes, micro-structures using them on Al2O3 with a fine 

quality were rarely fabricated or succeeded with low productivity. Therefore, 

in-depth research into machining of Al2O3 with improved machinability and 

competitive quality at the same time is considerably required.  

To achieve the goals, laser beam as an assisting heat source is one of the 

effective methods due to its advantages in local heating. As temperature 

increases, hardness, flexural strength and inherent brittleness of Al2O3 are 

reduced significantly and viscoplastic deformation is allowed [6]. Moreover, 

grain growth is occurred on the preheated surface of Al2O3 at high 

temperature and it leads to crack so easily on the grain boundary that effective 

machining of Al2O3 could be achieved [7] (Fig. 1). 

In this research, CO2 laser beam was used as an assisting heat source, 
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which was irradiated the right in front of a customized grinding tool 

machined by wire electric discharge grinding (WEDG). Micro-channels 

were fabricated with  manipulating the various machining parameters such 

as laser beam power, feed rate, and axial depth of cut. Simultaneously, a 

comparison of machining results between conventional machining and laser 

assisted micro grinding (LAMG) was conducted. The experiments were 

focused on evaluating the effect of CO2 laser heating on the workpiece and 

confirming the possibility to improve the machinability of Al2O3. Based on 

the parameter tests, fabrication of deeper channels was also tried by finding 

a reasonable combination between laser beam power and axial depth of cut. 

As a result, an improved machining process was proposed for the better 

channel quality at last.  

 

 
Fig. 1  Thermal cracks after laser beam machining on alumina surface 
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Chapter 2 

.  Materials and methods. 

2.1 Experimental setup 

Fig. 2 shows the schematic diagram of the CO2 laser assisted machining 

(LAM) system. This system consists of 3-axis precise stage and motion 

controller. 1 mm-thick alumina (Al2O3, 99.6%, Lianyungang Zhong Ao 

Aluminium Co., Ltd (ZALY), China) was used as a workpiece, and its 

material properties are shown in Table 1. A polycrystalline diamond (PCD)  

micro tool with a diameter of 300 µm was fabricated by wire electric 

discharge grinding (WEDG) [8]. This customized tool was used in the 

experiments with the high-speed spindle system (E3000 series, Nakanishi, 

Japan). The data of cutting force in both feed and thrust direction was 

measured during the parameter tests using a dynamometer (9257b, Kistler 

Instrumente AG, Germany) with resolution of 10 mN. A CO2 laser beam with 

a wavelength of 10.6 µm from the source (Firestar vi30, Synrad Inc., USA) 

was passed through the several lenses and irradiated onto the workpiece with 

a scanner (SCANCube®14, SCANLAB AG, Germany). The scanner was 

tilted 45 degree to irradiate laser beam closer to the tool. A maximum power 
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of laser was 30W and spot diameter was about 200 to 250 µm at the focused 

point, and the distance between the micro tool and the center of laser spot was 

fixed at 150 µm for all experiments. 

To identify the effect of LAM, the differences in cutting force, surface 

finish and material removal rate (MRR) between with and without the laser 

heating were compared and discussed. The fabricated channels were observed 

with scanning electron microscopy (SEM), and the cross-section profile, and 

surface roughness were measured by a 3D surface profiler (µsurf, Nanofocus, 

Germany). The surface roughness of the channel was achieved by the average 

of five measurements of Ra along the channel direction. And MRR was 

calculated using the volumetric profile data divided by machining time. 
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Fig. 2  Schematic diagram of CO2 laser assisted grinding system 

 

 

Table 1.  Material properties of the Al2O3 

 

 

 

 

 

 

 

Density (𝜌) 3.9 g/cm3 

Specific heat capacity (𝐶𝑃) 0.8 kJ/(kg·K) 

Thermal conductivity (𝐾) 30 W/(m·K) 

Thermal expansion coefficient (RT-800) 7.9 (10-6/K) 

Melting point 2,000°C 
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2.2 WEDG-ed PCD Tool 

High hardness of the tool is essential for machining micro structures on 

alumina due to its superior mechanical properties. As shown in Table 2., PCD 

has high enough hardness to machine alumina, and it has also great 

performance in abrasive and shock resistant, because of its random-oriented 

structure of particles by its nature. So it is widely used in machining of 

difficult-to machine materials such as non-ferrous alloy, glass and ceramics 

[9]. To fabricate micro channels on alumina with a fine quality using LAM, 

customized PCD tools fabricated by wire electic discharge grinding (WEDG) 

was used. And also, every craters on the surface of the tool generated by 

WEDG is to work as a grinder by itself [10]. 

Table 2.  Hardness(HK, kg/mm2) of the tool material 

 

 

 

*Al2O3 : 1500 

 Furthermore, WEDG is very suitable for optimizing the size and form of 

the tool according to the objectives in the study. For example, as shown in 

Polycrystalline diamond (PCD) 6000 

Cubic Boron Nitride (CBN) 3500 

Tungsten carbide (WC) 1500 
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Fig. 3, there were three steps to achieve the micro tools for this research. 

First, a tool having a diameter of 1 mm was cut from the brazed PCD and 

tungsten carbide by wire cutting. Then, a stepped-tower shaped tool having 

a diameter of 300 µm was finally fabricated also by WEDG for the closest 

distance between laser spot and the edge of the tool (Fig. 3(c)). The 

diameter of the tool was decided to cover all heat affected zone by laser 

heating, and the edge radius at the bottom face was limited to be under 10 

µm not to have an influence on the channel quality except machining 

parameters such as laser power, depth of cut (DoC) and feed rate (Fig. 3(d)). 

Machining ceramics in an industrial field using grinding or diamond 

machining are the most practical methods and one of the major problems is 

their extremely high machining cost which represents 60~90 percent of the 

cost of the final product [11]. Fig. 4 shows that the worn craters after 

machining process (Fig. 4(b)) can be easily refreshed by WEDG (Fig. 4(a)). 

Therefore, using WEDG-ed PCD tool can be more cost-effective than 

consuming commercial micro end-mills to perform various parametric 

experiments in this research. 
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Fig. 3  SEM images of fabrication process of a PCD micro tool (a) PCD rod brazing 

with Tungsten carbide base, (b) 1st cut with Wire, (c) Customized form of the 

tool (d) The radius of the tool tip 

 

Fig. 4  SEM images of an end face of the tool (a) Craters before machining, (b) Wear 

after machining 
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Chapter 3 

.  Results and discussion 

3.1 Effect of CO2 laser beam on Al2O3 surface 

In order to know how CO2 laser effect on the surface of alumina by itself, 

laser beam machining (LBM) was conducted by varying the laser beam 

power and feed rate as shown in Table 3. In this research, laser beam was 

irradiated at a fixed spot, and X-Y stage moved along the channel direction. 

Observing the SEM images in Fig 5, both the width and depth of the 

channel was getting wider and deeper, and thermal cracks and recast layer at 

the side edge of the channel also increased, as laser power increased at the 

same feed rate. On the other hand, the width of the channel maintained 

regardless of the feed rate at the same laser power, while the deeper 

machining depth was achieved by increasing the laser power. From the 

results, it can be assumed that the laser power is the major parameter for the 

width of the channel. Therefore, tool diameter of 300 µm was decided 

because most of the machined widths by LBM were measured about 200 ~ 

250 µm, as mentioned at the previous chapter. 

Fig. 6 shows the entire results of average machining depth in LBM at 
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every laser power and feed rate acquired from 3D surface profiler. 

Considering both channel geometry and machining depth, LAM parameter 

tests conditions were selected as the blue-shaded area in the graph, because 

too low feed rate or too high laser power caused poor surface geometry and 

unstable machining depth such as 20 µm/s-feed rate and 13.5W-laser power. 

These results of machining depth by each laser power were paired with axial 

DoC during fabrication of channel in LAM processes later in this study. 

 

Table 3.  Laser beam machining conditions 

Parameter Value Unit 

Laser power 9.0  10.0  11.0  11.5  13.5 W 

Scan speed 20 (1)  100 (2)  500 (3)  1000 (4) µm/s 
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Fig. 5  SEM images of the channel in LBM on alumina 
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Fig. 6  Machining depth by laser power and feed rate in LBM 
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3.2 Distance between tool and laser beam spot  

Before investigating LAMG, it is required to define the distance between 

the tool and the center of laser beam spot. Because the distance had influence 

on not only workpiece but also the tool with the different laser heating energy, 

so that the quality of the channel can be changed according to the distance. 

Machining conditions except the distance were maintained as laser power of 

11.5 W, feed rate of100 µm/s, and axial DoC of 20 µm. 

Better surface roughness was achieved at the distance of 150 µm (Fig.7 (a1) 

and (a2)), which is the closest distance with the tool, while cutting force of 

150 µm was higher than that of 300 µm. Although the lowest cutting force 

was acquired in grinding the same path after LBM sequentially, which was 

the experiment to figure out the effect of the machined geometry by LBM, 

the worst surface roughness was scored at the same time (Fig. 8). Lower 

cutting forces were achieved with laser assisted than without laser regardless 

of the distance, but surface roughness was getting worse as the distance 

increased. It can be expected that too much distance caused not enough energy 

to pre-soften the workpiece and too much cooling time generated craters on 

channel by the re-solidified alumina grains with fractures. Therefore, the 

distance between the tool and the center of laser beam spot was maintained at 
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150 µm in this study, which showed the better results both in cutting force 

and surface roughness than without laser. 

Fig. 7  SEM images of distance between tool and the center of laser spot (a1) 150 µm, 

(b1) 300 µm, and the channel (a2) LAMG at 150 µm, (b2) LAMG at 300 µm 

Fig. 8  (a) Cutting force, (b) Surface roughness by distance of laser spot 
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3.3 Effect of CO2 laser assisted micro grinding  

 In this section, to confirm the effect of laser heating and investigate the 

characteristics in laser assist, parameter tests of micro grinding with and 

without the laser heating were compared in following machining conditions 

(Table 4). Every grinding process was conducted by fabricating a single 

channel, of which channel length was 2 mm.  

Table 4.  CO2 laser assisted grinding conditions  

Parameter Value Unit 

Laser power 9.0  10.0  11.0  11.5 W 

Feed rate 100  500  1000 µm/s 

Axial depth of cut (DoC) 10  20  30  40 µm 

 

3.3.1 Effect of laser beam power 

In order to investigate the effect of laser beam power, the power was 

manipulated from 9.0 W to 11.5 W with fixed axial DoC of 20 µm and feed 

rate of 100 µm/s. Similar channel quality was achieved between without 

laser and laser assisted as shown in Fig 9. However, laser assisted grinding 

at the power of 11.5 W acquired deeper channel than without laser (Fig. 10). 
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The results may be due to the fact that grain growth to the depth direction 

and thermal expansion by laser heating led to more material removal under 

the same machining parameters [7]. Figure 11. shows the cutting force, 

surface roughness, and MRR according to the laser beam power. 

Considering the results, the advantage of laser local heating started above 

laser power of 9.0 W at this machining condition. It seemed that below 9.0 

W was not enough laser power to pre-soften the workpiece. Cutting force 

decreased by up to 70% in thrust and 57% in feed direction each, surface 

roughness also decreased by up to 15%, and MRR increased by up to 27% 

above 9.0 W of the power. Therefore, the effect of CO2 laser assisted was 

confirmed in the specific range of laser power. 

Fig 9.  SEM images of the channel (a) Without laser, (b) Laser assisted at 11.5 W 

Fig 10.  Section profile between without laser and laser assisted at 11.5 W 
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Fig 11.  (a) Cutting force, (b) Surface roughness, (c) MRR by laser power 
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3.3.2 Effect of axial depth of cut 

Considering the edge radius of the tool and the machining depth of LBM at 

11.5 W and 100 µm/s-feed rate shown in Fig. 6, parameter tests for axial DoC 

were conducted from 10 to 40 µm in every 10 µm. Fig. 12 shows SEM images 

of comparison conventional machining to LAMG by axial DoC. In case of 

DoC of 10 µm in LAMG, laser mark occurred at the middle of channel, due 

to axial depth of cut was shallower than machining depth of LBM itself (Fig. 

12 (1)-(b)).  

Although edge crack of the channel occurred more as axial DoC increased 

in not only conventional machining but also LAMG, laser heating contributed 

to reduction of both average values and variations of cutting force in every 

condition. Cutting force decreased by up to 48% in thrust direction and 36% 

in feed direction, surface roughness also decreased by up to 18%, and MRR 

increased by up to 46% (Fig. 13). However, in view of average surface 

roughness of the workpiece before machining was under 1 µm, machining at 

axial DoC 40 µm was too harsh despite the laser heating. Therefore, 

machining with CO2 laser heating achieved the best performances when axial 

DoC was input 5 to 10 µm more than average machining depth of LBM itself. 
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Fig.12  SEM images of the channel (a) Without laser, (b) LAMG by DoC 
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Fig.13  Comparison of (a) Cutting forces in thrust direction, (b) Cutting forces in 

feed direction, (c) Surface roughness, (d) MRR by DoC 
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3.3.3 Effect of feed rate 

In this section, feed rate was manipulated by 100, 500, 1,000 µm/s with 

fixed axial DoC at 20 µm and laser power at 11.5 W. Fig. 14 shows the quality 

of machining without laser was getting worse dramatically as the feed rate 

was getting higher. While LAMG at the feed rate was succeeded without tool 

fracture, every machining without laser at 1,000 µm/s was failed, due to tool 

fracture at the early stage in the process (Fig. 14 (3)-(a)). Surface roughness 

decreased by up to 20% and MRR increased by up to 25% at high feed rate 

in LAMG as shown in Fig. 15. However, the cutting forces in thrust and feed 

direction abnormally decreased (Fig. 15 (a), (b)) and the lower machining 

depth was acquired at 1,000 µm/s regardless of the laser heating (Fig. 16). It 

can be concluded that the channel was not possible to be fabricated precisely 

at the high feed rate condition because it was hard to pre-soften the workpiece 

effectively. Nevertheless, CO2 laser assisted grinding was more likely to 

increase the feed rate i.e., MRR, compared to the conventional machining 

without laser heating. 
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Fig.14  SEM and optical microscope images of (a) Without laser, (b) LAMG by feed 

rate 
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Fig.15  Comparison of (a) Cutting forces in thrust direction, (b) Cutting forces in 

feed direction, (c) Surface roughness, (d) MRR 

Fig.16  Comparison of section profiles of LAMG by feed rate  
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3.4 Fabrication process of micro channel  

Based on the previous parameter studies, fabrication of deeper channel in 

LAMG was tried. At first, machining layer by layer was conducted with the 

same conditions from 1st cut to finish cut repeatedly (Table. 5 (a)). As a result, 

as shown in Fig. 17 (a) and 18 (a), noticeable edge cracks occurred sparsely 

along the channel that had not been observed at machining once. It can be 

assumed that repetitions of excessive laser heating generated latent and 

accumulated fatigue at the edge of channel from the Gaussian laser beam 

irradiation as shown in Fig. 17 (b). Furthermore, the machining condition was 

too harsh from the first cut, the edge of channel was already damaged 

unnoticeably. Therefore, alleviated machining damages and sophisticated 

process were essential to improve these defects.  

In order to alleviate the damages through the process, every pair of laser 

power and axial DoC were reorganized appropriately as axial DoC was about 

10 µm added up to average machining depth of LBM itself. It helped to reduce 

the steps and the total amount of laser heat-affects. As a result, considerable 

improvement of edge crack and MRR were achieved at the same time. 

Consequently, fabrication the micro channel of width 300 µm and depth 100 

µm on alumina using LAMG succeeded with a competitive quality as shown 
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in Fig. 18 (b) and (c). 

Table 5.  Conditions of previous and proposed LAMG process 

Process 

(a) Previous (b) Proposed 

Laser power 

[W] 

Axial DoC 

[µm] 

Laser power 

[W] 

Axial DoC 

[µm] 

1st cut 10.0 10 9.0 10 

2nd 11.0 20 11.0 25 

3rd 11.0 20 11.5 30 

4th 11.0 20 11.0 25 

5th 11.0 20 - - 

Finish cut - 10 - 10 

 

Fig. 17  (a) Edge crack by previous machining process, (b) Latent damages by laser 

heating  
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Fig. 18  (a) SEM image of channel by previous machining process, (b) SEM image of 

channel by proposed machining process, (c) Comparison of section profiles 

(a) to (b)  
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Chapter 4 

.  Conclusion 

This research confirmed the effect of CO2 laser assisted grinding on Al2O3 

and investigated the machining characteristics experimentally. It was found 

that the CO2 laser heating can enhance the machinability of Al2O3, compared 

to the conventional machining process without laser. It was possible to 

increase the material removal rate while decreasing the cutting force and 

surface roughness. Machining by laser heating at higher feed rate was also 

possible without tool fracture. The results imply that CO2 laser can be 

effectively used as a heat source in LAMG, because it is possible to pre-soften 

a specified area of the workpiece.  

Although the advantages of the laser assisted were obvious, the repetitive 

laser heating induced accumulated fatigue at the edge of the channel. 

Therefore, to ease the defects in deep channel machining process, pairs of 

laser power and axial DoC were reorganized based on the experimental 

investigations and reducing the machining steps. It was found that applying 

the machining conditions compatible with the result of LBM are essential for 

the best channel quality. As a result, Micro channel without edge crack were 

successfully fabricated using LAMG by the proposed machining process. 
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. 국문 초록 

본 연구는 대표적인 난삭재인 알루미나 세라믹의 레이저 보조가

공을 통한 마이크로 채널 제작에 대해 기술한다. 일반적으로 알루

미나를 포함한 세라믹 소재는 고 경도 및 높은 취성으로 마이크로 

스케일의 구조물 가공이 매우 어렵기에, 많은 복합 가공 연구가 

시도되고 있다. 그 중에서 레이저 보조 가공은 레이저 빔을 열원

으로 하여 국부적인 영역을 미리 연하게 만들어 세라믹의 효율적

인 가공이 가능하다. 본 연구는 와이어 방전 가공을 통해 맞춤 제

작된 다결정 다이아몬드 공구 및 CO2 레이저를 보조 열원으로 사

용하여 우수한 품질의 마이크로 채널 제작에 성공하였다. 그 과정

에서 절삭력 감소, 표면 조도 개선, 재료 제거율 증대 등의 레이저 

보조 효과에 대해 실험적으로 증명하였으며, 더욱 깊은 채널 제작 

시 발생 가능한 채널 에지 크랙 이슈를 개선하기 위해 가공 파라

미터 조율을 통한 개선된 프로세스를 제안하였다. 

 

주요어: 알루미나, 레이저 보조가공, 마이크로 채널, PCD 

학번: 2018-24739 
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