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Foreword 

It gives us pleasure to introduce the Proceedings for the 38thinternational MATADOR 
conference. The Proceedings include 83 refereed papers from several countries.  A substantial 
number of papers are from China, Japan, India and Taiwan, which reflects the increasingly 
important role being played by the East Asian countries in manufacturing.  

Since its inception in 1959, the MATADOR conferences have been held at various locations 
within the United Kingdom and overseas. The last conference was held at “home’ i.e. 
Manchester and this conference is being held at The National Formosa University in Taiwan. 
It is the second time that this conference is being held in Taiwan.  

The MATADOR conferences in the 1960s dealt with metal working fundamentals in cutting, 
grinding and forming and the design of machine tools. Since those early days, new areas of 
research in manufacturing have emerged which therefore have become part of the conference’s 
scope as well. A substantial part of this conference is devoted to laser material processing, 
additive manufacturing, micro/nano fabrication and manipulation. Other areas that are 
addressed in this conference include metrology and measurement. The conference has 
continued to attract good quality papers from traditional areas such as machining, design and 
systems engineering, and innovative manufacturing and design. 

We would like to express our gratitude to all the members of the Organising Committee and to 
those members of the International Scientific Committee who kindly refereed the papers.  
Our special thanks to Professor K C Fan whose efforts have made it possible for this 
conference to take place in Taiwan again. Our special thanks to: Ms Janet Adnams and her 
team for their assistance in organising this conference from Manchester; to Zhengyi Jiang for 
his assistance in formatting and preparing the Conference Proceedings; Prof. Wei Gao and So 
Ito for organizing JSPE Affiliation Sessions; Prof. JC Shen and his team for organising the 
Conference at Formosa University.  

We hope you find the papers interesting and stimulating. 

Professors Srichand Hinduja and Lin Li      Professor Wenyuh  Jywe 
Co-Chairmen                Co-Chairman 
The University of Manchester,   National FormosaUniversity, 
UK    Huwei, Taiwan 

28th – 30th March 2015 
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Machinability of thermo-plastic CFRP by inclined planetary milling 

Hidetake Tanaka1, Robert Voß2, Marcel Henerichs2, Konrad Wegener2 
1 Nagaoka Univ. of Tech., 1603-1 Kamitomioka, Nagaoka, Japan 
2 ETH Zürich, Rämistrasse 101, 8092 Zürich, Switzerland 

Abstract. The study deals with an evaluation of the machinability of 
thermo-plastic CFRP by means of the inclined planetary milling. 
The market of thermo-plastic CFRP is developing as the alternate 
material for next generation automobile. However the thermo-plastic 
CFRP is also a difficult-to-cut material. The problems of milling the 
material are not only burrs and delaminations but also melting of 
matrix material by cutting heat. The drilling methodology for such 
kind of materials is the inclined planetary milling. The tool rotation 
axis of the inclined planetary milling is inclined from the revolution 
axis and a tip of a cutting tool is shifted eccentrically. The benefit of 
the inclined planetary milling mechanism is reduction of unbalanced 
mass of eccentricity from that of the helical milling and it improves 
revolution speed and drilling quality. In the study, the authors 
evaluated the machinability of the materials and assessed bore 
quality by means of the inclined planetary milling method. From the 
experimental result, 2 flutes tool achieved the highest bore quality. 
In the case of thermo-plastic CFRP, the matrix could be melted by 
cutting heat and the melted cutting chips were glued and stuck in the 
flute and that made bore quality worse. Focusing on the cutting edge 
wear, there were few clearance face wear on the tip of cutting tools. 
It seems that remained uncut fibers of thermo-set CFRP spring-back 
and abraded the clearance face of the cutting edge however in the 
case of thermo-plastic, melted matrix could not retain the fiber 
orientation and no spring-back effect affected the clearance face. 

Keywords: CFRP, CFRTP, Thermo-plastic, Orbital drilling, 
Inclined planetary milling, 

1.1 Introduction 

Recently, CFRP (Carbon Fiber Reinforced Plastic) is 
widely used as structural material in aviation industries 
because of their advantages such as lightweight and high 
strength. CFRP is divided into 2 types by mechanical 
characteristics of the matrix material as thermo-set and 
thermo-plastic. The thermo-set CFRP (CFRTS) 
dominates the market for structural materials for aero-
space industries because of their properties of higher 
strength and lighter weight than conventional metallic 
materials. The thermo-plastic CFRP (CFRTP) is 
developing in an effort to replace sheet metal forming 
materials for the next generation automobiles in order to 
reduce their weight. Those materials are also known as 
difficult to machine materials in conventional drilling 

techniques. The orbital drilling [1, 2] has been realized as 
one of these solutions. The orbital drilling is similar to 
helical milling by a machining center. In the case of the 
orbital drilling a tool rotation spindle with a cutting tool 
is installed eccentric parallel to a planetary revolution 
spindle and it rotates independently. The holes machined 
by the orbital drilling have higher roundness than holes 
machined by helical milling or conventional drilling.  
The author has established a cutting model of the orbital 
drilling and clarified its machinability and proposed the 
cutting tools having particular cutting edge for CFRP 
drilling according to the past studies [3-5]. The orbital 
drilling has a drawback, i.e., delaminations of workpiece 
by its cutting principle and mechanical vibration. In order 
to bring solutions to the orbital drilling technique, the 
authors have modified cutting mechanism principle of the 
orbital drilling, which named as the inclined planetary 
milling. Its axis of tool rotation is not parallel to the axis 
of planetary revolution. The benefit of the inclined 
planetary milling mechanism is reduction of unbalanced 
mass of eccentricity from that of the helical milling and it 
improves revolution speed and drilling quality. It also 
reduce vibrations by revolution and thrust cutting force, 
which is generated on a bottom face of a cutting tool. 
In the study, the thermo-plastic CFRP is focused as a 
workpiece material in order to compare the 
machinability to the thermo-set CFRP. The authors 
developed three type of specialized cutting tools for 
CFRP milling and carried out drilling tests and 
endurance tool wear tests based on the inclined 
planetary milling technique. The cutting force was also 
measured though out the endurance tool wear test. The 
drilled workpieces and cutting tools were inspected by 
visual observation by use of an optical microscope. 
Bore quality of the workpieces were measured by a 
roundness measurement instrument. The resin 
mounted workpieces were also observed to inspect un-
cut fibres and their orientation. The progress of tool 
wear was evaluated by cutting edge profile 
measurement by the optical confocal microscopy.  
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2. Inclined planetary milling 

2.1 Principle 

The drilling methodology of the inclined planetary 
milling is similar to helical milling techniques by use of a 
machining center. Both of them consist of a tool rotation 
spindle and revolution motion unit. The difference of 
them is how to realize eccentricity of their mechanisms as 
shown in figure 1. In the case of helical milling, the axis 
of tool rotation spindle shifts parallel to the axis of 
revolution. On the other hand, the tool rotation axis of the 
inclined planetary milling is inclined from the revolution 
axis and a tip of a cutting tool is shifted eccentrically. The 
inclined angle is adjustable from 0 to 3 degrees. In the 
case of the orbital drilling, the outermost cutting edges 
penetrate workpiece and the bottom layer is delaminated. 
On the other hand, in the case of the inclined planetary 
milling, penetration is caused by the inner cutting edges 
not the outermost cutting edges because of inclined tool 
rotation axis. When penetration occurred, the inner 
cutting edges penetrate firstly then the outermost edges 
enlarge the drilled hole and the sequence can avoid 
generation of delaminations and burrs. The diameter of a 
target bore is controlled by a tool diameter and the 
eccentricity, which consists of the inclined angle and the 
tool length from the center of inclination as shown in 
figure 2. 

2.2 Inclination angle. 

Control of inclination is necessary to obtain an arbitrary 
eccentricity of the inclined planetary millig. Figure 2 
illustrates schematics of geometrical milling model of the 
inclined planetary milling with a square end-mill (a) and 
a ball end-mill (b) where r: tool radius, D: diameter of 
hole to be drilled, φ: inclination angle and L: distance 
between tool tip and inclination pivot. For the case of 
square end-mill, the inclination angle (φ) is calculated by 
eq. (1) considering with the shape of cutting tool, r, and L 
and eq. (2) represents for the case of ball end-mill. 

 
(a) Orbital / helical milling 

Fig. 1 Differences of interpolated bore milling method 

 
(b) Inclined planetary milling 

Fig. 1 Differences of interpolated bore milling method 
 

 
(a) Square end-mill 

 

(b) Ball end-mill 
Fig. 2. Schematic of cutting by inclined planetary milling 
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2.3 Effective peripheral cutting edge length 

The length of peripheral cutting edge depend on the 
cutting conditions, which restricted according to the 
cutting principle of the inclined planetary milling. 
Optimization of the peripheral cutting edge length can 
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improve the bore quality by enlargement of cutting tool 
stiffness as well as reduce manufacturing cost of the 
tools. Based on the principle of the inclined planetary 
milling, end-mill type cutting tools are suitable for bore 
milling and in the study a square end-mill and a ball end-
mill are selected to calculate the effective length. The 
effective peripheral cutting edge length: lpf of a square 
end-mill is defined as eq. 3 and lpf  of a ball end-mill is 
defined as eq. 4 where fp: feed rate per one revolution. 

φcosppf fl =                                      (3) 
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3. Experiment 

3.1 Cutting tool design 

The authors developed three types of specialized design 
cutting tool for CFRP milling. The overview of the tool 
shape is illustrated in figure 3. They have fillet square 
cutting edge design, the diameter is 5mm including tool 
center coolant hole and its effective peripheral edge 
length is 1.5mm. Three types of cutting tools, which have 
2, 3 and 4 flutes were developed made of solid tungsten 
carbide. The helix angle is 30 degrees. Cutting edge of 
the tools were coated by CVD diamond to enlarge 
resistance against abrasion by carbon fiber.  

3.2 Experimental design 

In order to evaluate the drilling machinability of thermo-
plastic CFRP, drilling a set of experiment was carried out 
by use of a 6-DOF parallel kinematic machining center as 
shown in figure 4 (a), which can perform the inclined 
planetary milling trajectory tool path motion. In order to 
perform the trajectory, the cone shape interpolation with 
z-axis feeding motion (Simultaneous 5-DOF motion) is 
required. Workpiece setup is shown in figure 4 (b). The 
workpiece clamping jig and a dynamometer are fixed on 
a platform. Chips are removed by vacuum unit though the 
flexible tube, which is fixed near by the spindle unit.  
A matrix of the workpieces[6] is PA66 and woven fabric 
orientation. The thermo-set CFRP (Uni-direction) 
workpieces were also tested as a reference material. The 
items of experimental objectives are as follows; 
 
1. Observation of burrs and delamination around the bore 
2. Observation of cutting tool wear and endurance test 
3. Measurement of cutting force during tool wear test 
 
The bores on workpieces and appearance of cutting edge 
of the tools were observed by optical microscope. The 
cutting edge profile was also measured by an optical 

confocal microscope (Alicona, Infinite focus). Cutting 
force during milling was measured by a dynamometer 
(Kistler instrumente AG. Type 9254) Total number of 
bore is up to 1,000 one tool. Cutting force was measured 
every 500 bores until bore number 200, then every 200 
bores until 1,000. Table 1 shows the experimental 
conditions. 

 

 
Fig. 3. Schematic of developed cutting tool for CFRP milling 
 

 
(a) 6-DOF parallel kinematic machining center 

(HEXAGLIDE, IWF, ETH Zurich) 

(b) Configuration of tool and workpiece setup 
Fig. 3. Schematic of developed cutting tool for CFRP milling 
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Table 1. Experimental conditions 

Cutting speed 90m/min  (Thermo-set) 
70m/min (Thermo-plastic) 

Feed rate 0.25/rev 
Revolution speed 180 rev/min 
Inclination 1.433 deg. 

Eccentricity: 0.675mm 
Cutting tools oDA1: 2 flute, Thermo-set 

oDA2: 2 flute, Thermo-plastic 
oDB1: 3 flute, Thermo-set 
oDB2: 3 flute, Thermo-plastic 
oDC1: 4 flute, Thermo-set 
oDC2: 4 flute, Thermo-plastic 

4. Experimental result 

4.1 Bore quality 

The appearance of bore on the workpieces are shown in 
figure 4. In the both case of thermo-set and thermo-plastic 
CFRP, smooth finishing was seen in the beginning, 
however burrs were appeared after 200 bored. Especially, 
uncut fibers were observed in the thermo-set CFRP 
frequently. In the case of thermo-plastic CFRP, chip size 
was larger than thermo-set and melted chips were 
remained on inside of bore. Sometimes a thin cap shaped 
burr was remained on the exit side (Fig. 4. (c) and (d)). 

 
(a) Bore exit appearance oDA1 (Thermo-set, 2 flutes tool) 

 
(b) Bore exit appearance oDA2 (Thermo-plastic, 2 flutes tool) 

 
(c) Bore exit appearance oDB2 (Thermo-plastic, 3 flutes tool) 

 

 
(d) Bore exit appearance oDC2 (Thermo-plastic, 4 flutes tool) 

Fig. 4. Bore exit appearances 

4.2 Cutting force 

There were no difference of the tendency of transition of 
cutting force during the endurance tool wear test within 
the three types of cutting tool. For instance, figure 5 
shows the transition of measurement of cutting force from 
bore number 1 to 1,000 selectively focused on 3 flutes 
cutting tool. The maximum feed force of thermo—set is 
larger than thermo-plastic due to their fiber and matrix 
material differences. It seems that the progress of cutting 
force is rapidly increased until 200 (Thermo-plastic) or 
400 (Thermo-set) bores and then gradually increased. 

4.3 Cutting edge wear 

Figure 6 shows the transition of cutting edge wear 
observation result. Progression of wear of thermo-set is 
severer than thermo-plastic. In the case of thermo-plastic, 
melted cutting chip was adhered and it made flow of chip 
evacuation worse due to the lower melting temperature of 
matrix material. Transition of cutting edge profile is 
shown in figure 7. In the case of thermo-set, cutting 
edge wear on clearance face is dominant however in 
the case of thermo- plastic, the wear on rake face is 
larger than the clearance face and amount of total wear 
is smaller than the thermo-set. It seems that the big 
difference of cutting edge wear on clearance face 
might be caused by the difference of melting 
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temperature of matrix materials. The fiber orientation 
on the inside wall of bore was observed as shown in 
figure 8. The fiber of thermo-set CFRP was oriented 
uniformly and spring-back effect of uncut fiber might 
abrade the clearance face of the cutting edge. However, 
the fiber of thermo-plastic could not maintain their 
orientation after cutting due to the melted matrix. 

 

 

 
(a) Cutting Force oDB1 (Thermo-set) 

 
(b) Cutting Force oDB2 (Thermo-plastic) 

Fig. 5 Transition of measured cutting force 
 

 
(a) Microscopic image oDA1 (Thermo-set) 

 

 
(b) Microscopic image oDA2 (Thermo-plastic) 

Fig. 6 Transition of cutting edge wear 

 
(a) Tool wear progression oDA1 (Thermo-set) 

 
(b) Tool wear progression oDA2 (Thermo-plastic) 

Fig. 7 Tool wear progression 
 

        
(a)Thermo-set                          (b) Thermo-plastic 

Fig. 8. Fiber orientation on inside wall of bore 
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4.4 Circularity 

Circularity of the bore of the workpieces was 
measured by use of a roundness measurement 
instrument. The transition of circularity was gradually 
increasing along with the bore number increasing as 
shown in figure 9. The mean value of circularity of 
thermo-plastic CFRP is larger than that of thermo-set 
because of adhered melted chips. 

4.5 Discussion 

From the experimental results, 2 flutes tool achieved 
the highest bore quality according to the visual 
inspection and measurement results of circularity. The 
tendency of circularity was stable within 30 micro-
meter through the bore number increasing. However 
especially by 4 flutes tool, the circularity changed for 
the worse up to 120 micro-meter. In the case of 
thermo-plastic CFRP, the matrix could be melted by 
cutting heat and the melted cutting chips were glued 
and stuck in the flute and that made bore quality worse. 
Focusing on the cutting edge wear, there were few 
clearance face wear on the tip of cutting tools. It seem 
that remained uncut fibers of thermo-set CFRP were 
spring-backed and abraded the clearance face of the 
cutting edge however in the case of thermo-plastic, 
melted matrix could not retain the fiber orientation and 
no spring-back effect  

 
(a) Thermo-set 

 
(b) Thermo-plastic 

Fig. 9. Bore circularity 
 

affected to the clearance face by optical microscopy 
observation. 

5 Summary 

The thermo-plastic CFRP drilling tests were carried 
out by the inclined planetary milling tequnique. From 
the experimental result, following concluding remarks 
are obtaind. 

 
1. Bore quality of the thermo-plastic CFRP is less 

than that of thermo-set by visual inspection and 
circularity measurement result. 

2. Size of burrs of thermo-plastic CFRP is larger 
than the thermo-set and the burrs consists of 
melted matrix material generated by cutting heat 
were observed. 

3. 2 flutes tool achieved the highest bore quality. 
4. Cutting tool wear were mainly observed on their 

rake face not but on clearance face. 
5. Melted matrix could not retain the fiber 

orientation and no spring-back effect affected to 
the clearance face. 
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