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Chapter 1 Introduction

1.1 Research background

Owing to exponential population growth, rapid industrialization, urbanization,
modernization and improvement in the standard of living, the global electricity
consumption is expected to increase significantly in coming years [1-3]. It is
predicted to continue to grow at an annual rate of 2.4 percent from 2009 to
2035[4-5]. Largest power generation method in the world is coal fired power
generation(see Fig.1.1), there is a large proportion in developing countries with
a focus on China. On the other hand, the coal-fired generation, although in the
state-of-the-art supercritical pressure steam turbine power generation system,
carbon dioxide of 0.9kg per kWh and is discharged, when compared to other
power generation methods, the more improvement of further power generation
efficiency , it is required to reduce emissions of carbon dioxide[6-9].
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Fig. 1.1. Line diagram of thermal power plant.



The continuous adjustments of the structure of electric power generation industry
during last ten years confirm the leading position of large-scale (ultra-)
supercritical coal-fired power plant with extremely high steam parameters in the
foreseeable future. Steam turbine has been adopted in a wide range of power
generation system of the thermal power, nuclear power, geothermal, solar
thermal, etc. Most of the power generating motor used in the whole world is steam
turbine, therefore, it plays an important role for generating power at a high
efficiency, and supplying it stable and sustainable[10-12].

[1] High-pressure turbine [4] valve

[2] Intermediate-pressure turbine [5] Crossaver pipe

[3] Loww-pressure turbines [6] Bearing

Fig.1.2. 1200MW SST-6000 series steam turbines (Siemens).



Key features of the SGT-8000H
gas turbine series

W W Advanced can annular
combustion system

B Evolutionary 30 blading

W 4 stages of fast acting variable-pitch guide vanes
(WVGV) allowing for improved part load efficiency
and high load transients

> 60% combined cycle
efficiency

W Rotating blades replaceable without rotor
destack or lift

B 3D four stage turbine with advanced
materials and thermal barrier coating

® High cycling capability due to
on-board air cocled turbine section
m Shorter outages: All turbine vanes and blades

replaceable without rotor lift; vane 1, blade 1
and 4 replaceable without cover lift

m Proven rotor design
(Hirth serration, central tie rod,
internal cooling air passages)
for world class fast (cold) start
and hot restart capability

W HCO for reduced clearance losses

B Transient protection of clearances for m Performance = Serviceability
reduced degradation with hydraulic clearance
optimization (HCO) active clearance control

m Easy rotor destacking on site:
Disc assembly with Hirth
serration and central tie rod

u Flexibility

Fig.1.3. 296 MW SGT6-8000H heavy-duty gas turbines (Siemens).

Fig. 1.4. 60-inch last-stage blades for steam turbines (Hitachi).



Fig.1.5. Example of 60-inch low pressure turbine blade (Toshiba).

Fig.1.6. Example of high pressure turbine blade (Toshiba).

Generally, gas and steam turbines operate in environments where the ingestion
of solid particles is inevitable (Fig.1.2 and Fig.1.3). Due to their high inertia, these
solid particles are deviated from the flow streamlines, hitting the blade surfaces
and inflicting severe wear damage. This can be characterized by pitting, micro-
cutting, cracks and hot corrosion actions on the leading and trailing edges of the
blades causing an increase in the blade surface roughness. The effects of this
phenomenon are an increase of the pressure loss and a modification of the blade
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geometry. In a steam turbine, numbers of blades are used for energy transfer.
The blades are subjected to centrifugal force hence, become critical parts,
which affect the satisfactory function of a turbine [13-16]. As indicated by its name,
the final stage blade is the longest wing that located in the rearmost of the steam
turbine. This steam energy (mainly kinetic energy) after passing through the wing
cannot be used in power generation. It is effective to reduce the speed of the
steam flowing out to reduce the loss of this kinetic energy. The longer wings are,
the larger area that vapor can pass through so that the flow rate of the steam
becomes smaller. Therefore, high-efficiency steam turbine can be designed
according to this [17-19].

A number of blades are used in steam turbines ranging from a few centimeters
in height in high pressure (HP) turbines to almost one meter long low pressure
(LP) turbines(See Fig.1.5 and Fig.1.6). The failure causes for HP and LP turbines
are high cyclic fatigue caused by number of factors, centrifugal forces, steady
and dynamic stresses, fracture propagation, etc. The best way of avoiding these
failures is by thorough inspection of raw material and defect free manufacturing
of turbine blades. In general, high alloy steels with high chromium content are
used for manufacturing of turbine blades. The machinability of these materials is
poor and therefore these components are invariably produced by shell-mold-
investment casting route directly as net- shaped products. Achieving dimensional
accuracy is one of the main challenges of investment casting, on account of
shrinkage allowances. Hence, turbine blades are machined using turning, milling
and finishing operation s [20]. The material is also important along with the
machining process. There are basically three groups of steam turbine blade
materials used by turbine manufacturers. These are various grades of 12-13%
chromium (Cr) steels with addition of Mo, W, Cb, V, Cu, Al, Ta, Ti and Nb. Higher
chromium precipitation hardening steels such as 17-4PH and Titanium alloys are
also very popular. Following the steam path through a turbine, the environment
for the converging blades varies strongly and, as a consequence, so do the
mechanical requirements. These requirements have a strong influence on the
choice of material and the design with respect to temperature, wetness and
cleanliness of medium, acting forces as well as other factors such as
hardenability and oxidation. Therefore, different blade families exist which can be
categorized according to their use in the primary three turbine modules as high,
intermediate and low pressure blades (HP, IP, and LP). The first two turbine
modules, HP and IP, are characterized [21] by high temperatures and they contain



comparably small blades that have to sustain small centrifugal forces but large
steam-induced bending forces due to relatively high static pressure differences
and impulse changes at the stage. They are equipped mostly with statically
determinate T-roots assembled in tangential grooves around the rotor. The
blades are tightly bound to each other by integral roots and shrouds that ensure
high stiffness of the blade row and also introduce frictional damping to the
structure. Of course, the integral shrouds also serve to seal the blade and hence
reduce the aerodynamic leakage losses. With increasing requirements on life-
span and security of steam turbines, the quality of turbine blades becomes more
and more important. So there is a need to improve the surface qualities, such as
surface hardness and wear resistance [22-23]. Some authors like [24], studied
the CO2 laser based alloying of 17-4PH material and found that the hardness of
the surface is double than the substrate and the surface finish has been improved.
Few authors [25] re-ported direct laser forming (DLF) of turbine blade using the
metal powder. Their paper describes the fabrication of the steam turbine blade
from 316L powders by DLF. The influence of laser specific energy, scanning
speed and powder feeding rate on the forming characteristics of elementary units
is also systematically investigated. The limitation of DLF method is that the
average surface roughness obtained was much higher (10—-26um) and hence
needs a finishing process to obtain a good surface finish. Others [26] studied the
effect of shot-peening at fir tree roots of the blades for the residual stresses and
found that the blades roughness was still high and there was no discernible effect
from fatigue loading when the mean stress was set at 600 MPa. Quality and
productivity improvement are most effective when they are an integral part of the
product and process development cycle. The literature on Design of experiments
(DOE) applied to CNC turning process can be classified based on the measured
responses like tool wear in terms of a sensor (accelerometer, strain gauge,
acoustic emission, temperature, ultrasonic emission, and wear area), surface
roughness, tool life, cutting forces, spindle/drive, chip reflectance, and power or
current.

The rotor blade, as shown in Fig.1.4, which is typically 60 inches in length, has
a complex shape and needs to be made out by a material of low thermal
conductivity to withstand temperatures above 600 degree Celsius. 12%Cr steel
is a series of heat-resistant steel used as turbine blade material because of its
high creep rupture properties as well as superior oxidation and corrosion
resistance properties [27-28]. In order to satisfy the accuracy requirement, it is



usual to be machined on an over 4—axis machine tool using a small diameter ball
end mill. To satisfy the requirements of surface roughness, it is necessary to lower
the pick feed, which leads to an increase of cutting distance and time. In a
material which is low thermal conductivity, as heat flow is hardly to diffuse, the
tool wear easily progresses. As a result, it leads to deterioration of surface
roughness in spite of long cutting time.

There are many researchers have done a lot of work for improving its accuracy
and reduce the lead time. Farouki et al. optimized tool orientation control for 5-
axis CNC milling with ball —end cutters for improvements in accuracy and
efficiency [29]. Chiou et al. proposed a machining potential field method to
generate tool path for multi-axis sculptured surface machining to achieve better
surface finish with shorter machining time [30]. Beudaert et al. proposed an
algorithm to smooth 5-axis tool paths to maximize the real federate and to reduce
the machining time [31]. Grigoriev et al. presented a method to simultaneously
increase the accuracy and decrease the calculation time for complex tool path
programming in multi-axis machining centers [32].

Furthermore, poor machinability due to this causes high temperature on the
tool face and strong chemical affinity with most tool material, thereby leading to
premature tool failure [33]. Many investigations have been carried out on tool
wear and machinability of stainless steel. Shao et al. [27] investigated the effects
of tool geometry, cutting speed, and feed on surface finish as well as tool wear
mechanisms when milling the 3%Co-12%Cr stainless steel, and Akasawa et al.
[34] studied the effects of free-cutting additives on the machinability of austenitic
stainless steel. All the work is contribute to improve the milling efficiency or
accuracy, but it still has a limit due to a small pick feed value. The responses
measured in most of the above mentioned literature is surface roughness, tool
wear, cutting forces and tool life. There are very few reports on re- searches which
studied the power consumption [35], material removal rate [36] and effect of
coolant [37] during cutting operation.

Furthermore, development of the machine tools with a high speed spindle and
table and the improvement of the cutting performance of tool have dramatically
increased the cutting speed and material removal rate. Work to date has shown
that little work has been carried on the high efficiency milling of steam turbine
blade systematically.

1.2 Purpose



Conventional machining method of turbine blade, often use a small diameter,
in the pick feed direction, the surface roughness definitely occurs. In general,
hand finish is necessary. In order to satisfy the surface integrity, small pick feed
value is selected, which caused the cutting distance to be longer. Due to this, tool
wear is severe when milling stainless steel. It will shorten the tool life and affect
the surface accuracy. Moreover, the removal rate is very low because it takes
quite a long time to milling a piece of blade using ball end mill. For improving the
milling efficiency of steam turbine blade and retarding the tool wear, we propose
a new method. The surface roughness and shape error are set 6um and 200um
respectively. The research will verify its validity both in theoretically and
experimentally, and develop a special CAD/CAM for generating the toolpath of
the new method, furthermore, the machining mechanism of the proposed method
is explained though cutting force and cutting temperature.

1.3 Composition

In order to set forth the research, the flowchart of each chapter as shown in
Fig.1.7.
1) Chapter 2: This chapter will introduce the proposed tilt taper end mill method.
Considering the shortcoming using ball end mill, a new method using ball end mill
is proposed, and its validity in both feed direction and pick feed direction is
discussed in theoretically, simulation of waviness error is performed.
2) Chapter 3: This part will introduce the validity of taper end mill by tool wear
experiments. In order to verify the validity of tilt taper end mill, it will compare it
with ball end mill and square end mill method, the optimum cutting conditions are
selected according to experiments, surface integrity and tool wear will evaluated
to examine the validity of proposed method.
3) Chapter 4: this chapter will clean up the mechanism of tilt taper end mill. Cutting
force and cutting temperature are measured of ball end mill, square end mill and
tilt taper end mill respectively. Influences on tool wear are examined, and the
mechanism of validity using tilt taper end mill will be elucidated.
4) Chapter 5: Commercial CAD/CAM cannot be used for tilt taper end mill. For
that reason a special CAD/CAM is developed for generating the tool path of
proposed method, and its validity is examined by experiments.
5) Chapter 6 will summary the research until now, and what will do from now on.



High efficiency milling of steam turbine blade

Tilt taper end mill (Chapter 2)

-

Validity examination  (Chapter 3)
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Cutting force and cutting temperature  (Chapter 4)
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Tool path generation (Chapter 5)
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Summary and future work (Chapter 6)

Fig.1.7. Flowchart of each chapter.
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1.5 Nomenclature

ps  pick feed of the end mill

R radius of ball end mill

R., theoretical surface cusp height of machined surface using a ball end mill
R;, theoretical surface cusp height of machined surface using tilt taper end mill
Pp curvature radius in pick feed direction of turbine blade

W,  waviness error in pick feed direction

fz feed per tooth

R’ the distance from tool rotation axis to cutting edge

pr curvature radius in feed direction of turbine blade

Pin curvature radius of concave surface in feed direction

Pout  curvature radius of convex surface in feed direction

R¢ theoretical surface cusp height of machined surface in feed direction

Z milling efficiency

4 cutting speed

8a axial depth of cut

n number of tooth

D outside diameter of cutting tool
kr cutting edge angle

Y rake angle

a clearance angle

d shank diameter

R: height of profile

N rotational speed

VBmax maximum width of flank wear
Fx cutting force in X direction

Fy cutting force in Y direction

Fz cutting force in Z direction
Temp cutting temperature

tr the edge point of top end

to angle of the taper edge

to a point at the cutting edge

v the length from tr to tp

7] the angle in rotating direction relative to Z axis of tool coordinate.
Us the start angle in rotating direction of part surface
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Ue the end angle in rotating direction of part surface

vs the start angle in height direction of part surface

ve the end angle in height direction of part surface

n normal vector of part surface

Pn the number of tool path

i the ordinal number of the tool path

Ps the start tool path angle in height direction

Pd the angle of two adjacent tool paths

b spatial parameter of the tool path

cp tool path formula

Dcp tangent vector of tool path

/ the distance from pivot point of B axis to the bottom surface of tool
dd depth of cut in normal vector direction

cf the unit tangent vector of the cutter contact points in feed direction
cn surface normal at the point

cb cross product cf and cn

ccp the local coordinate of the starting point
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Chapter 2 Tilt taper end mill

2.1 Conventional methods

Development of the machine tool with a high speed spindle and table and the
improvement of the cutting performance of tool materials have dramatically
increased the cutting speed and material removal rate [1]. Furthermore, the
widespread multi-axis machine tools permit the high efficiency and high precision
machining free surface of a product by controlling the trajectory and the posture
of a ball end mill [2]. Conventional machining method of turbine blade, often use
a small diameter on an over 4 control axes machining tool, Fig.2.1 show the raw
material after rough machining. Give it a feed direction and a pick feed direction,
tool and the table keep an inclination angle which can be adjusted so as to obtain
the required shape. On this occasion, in the pick feed direction, height of cusps
generated on the machined surface.

—
%7
Rl
Q\.
Blade
()
Pick feed | i
Rt :
Workpiece

Fig.2.1. Conventional method.

The cusp height R of the surface machined by a ball end mill with the radius of
R is theoretically expressed as the following equation:
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(2.1)

where pris the pick feed of the ball end mill.

Therefore, the pick feed value affects the cusp height greatly. In addition,
thermal conductivity of the blade material should be low due to the temperature
of working environment is more than 600 degree Celsius. Such as chromium kind
SUS403, its low thermal conductivity causes the tool wear to be accelerated. In
order to satisfy surface roughness requirement, it should use a small pick feed.
When the pick feed is small, the cutting length becomes longer so that the tool
wear becomes serious. Although the number of tool change increases, this also
increase the machining cost. Another, cutting speed at the tip in zero so that it
cannot removal the material completely, the larger change range of cutting speed
at cutting edge also affect the stability of cutting process.

Obviously, conventional method that use small diameter ball end mill can obtain
a high accuracy surface, but milling efficiency is low. Generally, hand finish is also
needed. Based on the problems of conventional method, instead of the ball end
mill, a new method that can shorten the cutting length and adopt a large pick feed
to lower the surface roughness value and the cost as much as possible is needed.

2.2 Tilt taper end mill

Turning with an end mill so called turn-milling is proposed instead of turning
with a single point cutting tool [3-6]. This method prevents troubles often caused
by a long continuous chips produced in turning process and permits the
automation of machining process. However, height of cusps generated on the
curved surface machined with a ball end mill or a corner radius end mill if often
larger than the height of feed marks in turning with a single point tool.

Based on the preceding paragraph, tilt taper end mill method is proposed, it
can use a large pick feed and the surface roughness value is small.

The schema is shown as Fig.2.2. It is given a feed direction and a same pick
feed direction as conventional ball end mill method. The diameter is larger, and
cutting speed not only can be higher but also can keep the cutting speed
changing in a small range, the holder and the table also keep an inclination angle
that can be adjusted to ensure the cutting edge is parallel to the pick feed direction.
The surface roughness value of this method is close to zero in pick feed direction,
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so it can adopt a large pick feed to shorten the cutting distance.

When it is used to machining a curved surface, as shown in Fig.2.3, instead of
curves, it combined by short straight lines, therefore, when real machining the
steam turbine blade, tool wear can be retarded due to short cutting length, the
pick feed is large so that the cutting time becomes shorter, moreover, the surface
roughness value is very small so that can eliminate the hand finish.

Pick feed
o >
I~ Ol .
th T 1 Workpiece

Fig.2.2. Schema view of tilt taper end mill.
2.3 Waviness error

Pick feed is an important factor that influencing the milling efficiency, additionally,
its value also influences the surface integrity. To the 60 inches last stage blade,
pick feed and feed direction are given as shown in Fig.2.3. In the pick feed
direction, arc and short straight line deviate occurs, the waviness error formula is
given as Eq. (2.2).
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Rotor blade Calculating method

Fig.2.3. Waviness error.

W, =pp = ppz - (p_zf)z (2.2)

where pp represent the curvature radius in pick feed direction, the prdenotes the
pick feed value.

N
o

-
(9)]
T

-
(82 o
I

Waviness error (um)

o

0 200 400 600 800 1000

Curvature radius (mm)

Fig.2.4. Waviness error at different pick feed values.

A simulation was carried out when pick feed values were 2mm, 4mm and 6mm
(see Fig.2.4). Waviness error grows down with curvature radius. For 60-inch rotor
blade, the curvature radius p, of steam turbine blade in pick feed direction
discussed is more than 400mm, so only pf=2mm and pf=4mm can satisfy the
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surface roughness requirement, when pick feed value is larger, the cutting time
become shorter, moreover, cutting length also can be shorter so that the tool wear
slightly. Therefore, pr=4mm can be selected for following tool wear experiments.

2.4 Theoretical surface roughness in feed direction

Processing the blade when ps=4mm, the accuracy has been discussed smaller
enough than the target accuracy (6um). In contrast, if the shape is curved in feed
direction, as shown in Fig.2.5, the feed amount per tooth f;, the radius of
curvature pjn ( concave surface )and  pout (convex surface), the maximum cusps
height Rris given by Eq. (2.3) and Eq. (2.4). R’ is the distance from tool rotation
axis to cutting edge (Fig.2.6). Here, if the tool and cutting conditions are constant,
the first half in parentheses is a constant. R’ selects as maximum value16mm,
the effect of f; and pr on Rris shown in Fig.2.7. From this result, it can see that
the height of cusps increases with feed per tooth, and decreases with curvature
radius grows. Concave impact the cusps height is greater than the that of the
convex surface, moreover, the influence of the per tooth is small when radius of
curvature over 100mm, both concave and convex surface can also be a Ry =
6um when feed per tool within 1.4mm/tooth.

= " ‘ fZ e,
pout/

(a). Convex (b). Concave

Fig.2.5. Cusps when milling curved surface
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Fig.2.6. Sectional view of tilt taper end mill.

R = -R'- /R’Z — (%)2 - sinf — -pout — | Pout?® — (%)2 l (2.3)
R, = r— IR'Z - (f;)2 | sino + _pm — pin2 — (’%)2 l (2.4)

where R'is the distance from tool rotation axis to cutting edge, f; is the peed per

tooth, p is curvature radius in feed direction, 0 is the inclination angle.

30
pin=10
241 pout=10
T 18 |
=
& 12
6 | pin=100
Mpmﬂg&
t=
0 L3900
0 0.3 0.6 0.9 1.2 1.5

Feed per tooth fz (mm/tooth)

Fig.2.7. Relationships between feed per tooth and surface roughness Rr.
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2.5 Conclusions

Considering the problems of conventional method using ball end mill, a new
method using tilt taper end mill was proposed, conclusions can be drawn as
following:

1. In pick feed direction, waviness error occurs, in case of curvature radius over
400mm, it is under 6ym when pick feed less than 4mm.

2. In the feed direction, cusps occurs, the height increases with the feed per
tooth and decreases with curvature radius grows, the value is less than 6um
when curvature radius over 100mm. When milling concave, the value is
larger than milling convex.
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Chapter 3 Validity examination

3.1 Introduction

In chapter 2, a new method was proposed for milling steam turbine blade, and
the validity had been discussed in theoretically. The validity in real milling is also
need to be examined. However, when we use freeform surface, it is difficult to
ensure the same conditions and evaluate the accuracy. Considering the
differences of conventional method and proposed method, model experiment is
needed. In order to measure the surface integrity, the surface is plane. An
important merit of taper end mill is that can retard the tool wear, therefore, tool
wear experiments is necessary. When doing the experiments, surface integrity
such as surface roughness and surface profiles are be evaluated, using these
factors to examine the validity. Tilt taper end mill owns the characteristics of ball
end mill and square end mill, in order to prove the advantage of tilt taper end mill
method, tool wear experiments of the three methods are carried out, the results
will be discussed.

3.2 Experimental conditions

Removal rate is the removal amount in per unit time. Here, we use removal
rate to represent the milling efficiency. Its formula is given as the following:

Pf xf,xVxagxn

Milling efficiency Z = (mm?3/min) (3.1)

where, pr pick feed (mm), fz: feed per tooth (mm/tooth), V: cutting speed
(m/min), aa: axial depth of cut (mm), D: the diameter of the tool, n: number of
tooth.
The tool diameter and number of tooth are constant, so only pick feed, feed per
tooth, cutting speed and axial depth of cut influence on the milling efficiency.
Pick feed is an important factor that influence the milling efficiency, additionally,
its value also influences the surface integrity. For the 60 inches last stage blade,
when using tilt taper end mill ,as discussed in chapter 2, the pick feed value can
be selected 4mm. The commercial tool was selected in these experiments.
Therefore, the left three parameters can be selected in the recommended range.
Experimental diagram of tilt taper end mill as shown in Fig.3.1. Cutting angle is
10 degree, in order to keep the cutting edge is parallel to the pick feed direction,
the table was rotated 10 degree relative to Y axis. The feed direction and pick
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feed direction see Fig.3.1.

Tilting table

Fig.3.1. Experimental diagram.

The holder used a throw away end mill which the inserts could be changed
conveniently, the holder (SANDVIK R210-032A25-09M) as shown in Fig.3.2. It
has two cutting edges, the cutting edge angle kris 10 degree, its setting up error
is less than 0.2 degree, rake angel y and clearance angle a are 0° and
7°respectively. The important sizes is shown in Table 3.1. Deflections of cutting
tools are ignored. Cutting tool wear is the result of load, friction, and high
temperature between the cutting edge and the workpiece. Several wear
mechanisms can occur during metal cutting: adhesive wear, abrasive wear,
diffusion wear, oxidation wear, and fatigue wear [1]. The tribological properties of
a single tool material never satisfy all performance requirements. Coated tools
can produce high wear resistance on the surface with high toughness in the
substrate material. Properly applied coatings increase the hardness of cutting
tools at high cutting temperatures, thus minimizing abrasive wear. The coating
provides a chemical barrier to decrease diffusion or reaction between the tools
and the workpiece, thus reducing tool wear. Most of the heat generated during
machining goes into the chips, and the tool substrate stays cooler than with
uncoated tools. The high lubricity of most coatings reduces the coefficient of
friction between the cutting tool and the workpiece, which also reduces cutting
temperature. Lubricity and the chemical-thermal barriers provided by coatings
reduce adhesion and welding of chips to the tools. The formation of built-up edge
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(BUE) and cratering of the workpiece are also minimized. While coating increases
initial cost, the benefits of coatings are often more than their cost. Coated tools
generally have longer tool life, fewer tool changes, with improved workpiece
surface finish, etc. The cost per part is lowered [2-7]. In these experiments, the
inserts (SANDVIK R210-090412M-MM 1040) is M kind cemented carbide coated
by TiAIN multilayer which is fit the holder. One insert milling operations were used
to evaluate the machinability. The schema and important sizes as shown in Fig.
3.3.

The experiments were carried out on the 3-axis control milling machine
(Osakakiko rakuraku-mill 3V), as shown in Fig.3.4. In order to keep the cutting
edge is parallel to the pick feed direction, the workpiece needs to be inclined,
here, tilt table (Tudacoma TT-200) was used, as shown in Fig.3.5.

/ Shank

20mm
Insert —_—

(a) Holder for tilt taper end mill

()

)=

¢d

A

Insert L

Shank

(b) Schema of the holder.
Fig.3.2. Throw away cutter holder for tilt taper end mill.
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Table 3.1 Tool specification.

Maximum diameter D 32 [mm]
Shank diameter d 25[mm]
Overall length L 210 [mm]
Rake angle 0[°C]
Clearance angle 7[°C]

(a) Images of insert

4x R1.2 9.4

(b) Schema of cutting insert.
Fig.3.3. Cutting insert.
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Fig.3.4. Photograph of machine tool (Osakakiko rakuraku-mill 3V).

Fig.3.5. Photograph of tilt table (Tudacoma TT-200).
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Before performing the tool wear experiments, it needs to determine the left
three parameters. Cutting conditions are given in Table 3.2. Pick feed is 4mm,
the feed length is 80mm. When two parameters are constant, the left one is
variable, the surface roughness value are used to evaluate the influence on
surface integrity, the smaller the value, the better surface quality can be obtained.
As it need many times to justify each cutting factors influence on surface
roughness, here, the workpiece width is taken 100mm as shown in Fig.3.6.
Surface roughness was measure by the digital microscope ACCRETECH
SURFCOM 130A as shown in Fig.3.7. The down-milling method was chosen in
the experiments to reduce the tool wear and produce better quality of workpiece
surface finish [8].

The relationships between feed per tooth and surface roughness R; is
presented in Fig.3.8. When cutting speed and axial depth of cut are constant,
surface roughness increases with feed per tooth except fz=0.1 mm/tooth, besides,
when fz=0.38mm/tooth, surface roughness value is minimum. At feed per tooth
0.1mm/tooth, surface profile keeps steady, but in some places, peculiarity
occurred, it probably caused by remained chips.

The relationships between cutting speed and surface roughness is shown in
Fig.3.9. When axial depth of cut is constant and fz=0.38mm/tooth, surface
roughness decreases with cutting speed, when V=160m/min, surface roughness
value is the smallest. From the result, it also can see that high cutting speed can
improve the surface integrity, this may be due to the reduction of work hardening
when the high cutting speed cause the temperature at the tip.

The relationships between axial depth of cut and surface roughness is
denoted in Fig.3.10.When selected feed per tooth and cutting speed are constant,
the surface roughness values have a slight up and down. Although the surface
roughness value is minimum when aa=0.05mm, aa=0.05mm is the base condition,
when aa =0.15mm, the surface roughness is very little as well and the efficiency
is higher than that of aa=0.05mm, therefore, here, select aaas the optimum factor
value.

According to the former three experiments, the base conditions of removal
amount in per unit time are selected as following:

* Feed per tooth fz=0.38 [mm/tooth]

* Cutting speed V=160 [m/min]

* Axial depth of cut a;=0.15 [mm]

For the selected cutting condition, the milling efficiency is 365 mm3, and then
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when the efficiency and a factor were constant, the influences the other two
factors on surface roughness were examined.
Table 3.2 Cutting conditions.

Machine tool Osakakiko rakuraku-mill 3V Tudacoma
TT-200

Tool holder P32 ( Sandvik R210-032A25-09M)

Insert Coated cemented carbide (Sandvik

R210-0904 12M-MM 1040)

Workpiece SUS403 (100%80)
Cutting speed V [ m/min] 30~160

Tool revolution N [rev/min] 300~1600

Feed per tooth f,[mm/tooth] 0.1~1.54

Pick feed p, [mm] 4

Axial depth of cut a, [mm] 0.05~0.4

Fig.3.6. Image of workpiece used for parameter selection.
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(a) Detector

(b) Operator
Fig.3.7. Photographs of surface roughness tester ACCRETECH SURFCOM
130A).

30



€6
\E V=105 [m/min]
o a=0.15
- a [mm] Y
(7]
()
3 | *
5 | ® 4
>
o &
(0]
(&)
©
©
a0
0 0.6 1.2 1.8

Feed per tooth [mm/tooth]

Fig.3.8. Relationships between feed per tooth and surface roughness.

—~ 3
£
=
N
¢ |7
" i
%)
: ! t
<
)
=)
© 1 |
o f7=0.38 [mm/tooth]
‘(l:% a:=0.15 Imm]
]
9D 0
0 40 80 120 160

Cutting speed [m/min]

Fig.3.9. Relationships between cutting speed and surface roughness.
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Fig.3.10. Relationships between axial depth of cut and surface roughness.

When cutting speed was constant, the influences of feed per tooth and axial
depth of cut on surface roughness is presented in Fig.3.11. The results show
when milling efficiency and cutting speed are constant, the surface roughness
value nearly keep constant.

Fig.3.12 show the influence of cutting speed and axial depth on surface
roughness. When cutting speed and milling efficiency are constant, surface
roughness values increases with the cutting speed, while the values all around 1
micron, the former results presented that surface roughness decreases with the
cutting speed, so within the experimental range of axial depth of cut, surface
roughness decreases with axial depth of cut.

Fig.3.13 shows influences of feed per tooth and cutting speed on surface
roughness. The results shows that when milling efficiency and axial depth of cut
are constant, the surface roughness values increase with feed per tooth, as high
cutting speed can lower the surface roughness value, so it can see that large feed
per tooth will lower surface integrity.

It also can be seen that when the milling efficiency is constant, surface
roughness changes within 1.5 ym. For verify the validity of taper end mill, we
select the maximum surface roughness value, thus, the selected cutting
conditions are:

* Feed per tooth fz=0.91 [mm/tooth]
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* Cutting speed V=67 [m/min]
* Axial depth of cut a2 =0.15 [mm].
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Fig.3.11. Influences of feed per tooth and depth of cut on surface roughness.
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Fig.3.12. Influences of cutting speed and axial depth of cut on surface roughness.
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Fig.3.13. Influences of feed per tooth and cutting speed on surface roughness.

Tilt taper end mill owns some characteristics of ball end mill and square end
mill, in order to confirm the validity of the proposed milling method, tool wear
experiments of tilt taper end mill, ball end mill and square end mill were performed.
The theoretical surface roughness of ball end mill which radius is 3mm is set
1.2um so that the pick feed is 0.17mm, feed speed is set maximum of machine
tool. For the square end mill, its diameter is 12mm, pick feed is set 4mm and tool
revolution is set 1600 min-"in order to ensure the cutting speed is approach the
cutting speed of tilt taper end mill. Therefore, the cutting conditions is decided in
Table 3.3. Ball end mill (Sandvik R216.42-06030-AC10P 1620) and square end
mill (Sandvik1P230-1200-XA 1630) were selected, diameter are 6mm and 12mm
respectively, have two-flute and the material was cemented carbide coated by
TiINAI multilayer. All the experiments were carried out with coolant on.
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Table 3.3. Cutting conditions.

Tilt taper end Ball end mill Square end
mill mill
Work material SUS403 (HRC45)
Material TiAIN coated cemented carbide
Tool Diameter 32 6 12
[mm]
Number of 2 2 2
flutes
Pick feed pf [mm] 4 0.17 4
Cutting speed V 67 188 60
[m/min]
Feed per tooth £, 0.91 0.1 0.455
[mm/min]
Axial depth of cut aa 0.15 0.15 0.15
[mm]
Cutting fluid Water —insoluble cutting oil N4 kind
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Another cutting conditions for tool wear experiments were selected according to
experiments. This time, the cutting parameters except axial depth of cut of three
cutting methods were chosen based on the influences on surface roughness.
Because this research just discuss the finish milling, depth of cut is 0.1mm.The
diameter of the square end mill (Sandvik1P230-0600-XA 1630) is 6mm. Cutting
conditions are given in Table 3.4, it was performed on 3 axis milling machine
(Duravetical 5060) as show in Fig.3.14.

Table 3.4. Cutting conditions.

Taper end mill Ball end mill Square end mill
Machine tool 3 axis milling machine Duravetical 5060
Material TiAIN coated cemented carbide
Tool niameter 32 6 6
[mm]
Number of 1 2 2
teeth
Pick feed pr[mm] 3.0~5.0 0.08~0.22 3.0~5.0
Feed per tooth fz 0.38~1.90 0.04~0.12 0.01~0.15
[mm/tooth]
Tool revolution N 300~1600 6000~1000 2000~10000
[mm™]
Axial depth of cut 0.1
aa [mm]
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Fig. 3.14.Machine tool (Duravetical 5060).

According to the importance for milling efficiency of each cutting parameter, pick
feed value was decided first, and then feed per tooth, at last select the cutting speed.
For taper end mill, we set feed per tooth and rotational speed are 1.14mml/tooth,
1050min-" respectively.
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Fig.3.15. Relationships between pick feed and surface roughness using tilt taper
end mill.
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The results as shown in Fig.3.15. It was evaluated in pick feed direction. Surface
roughness value grows with the pick feed and then diminishes with the pick feed, and
at last becomes increasing. It can see that when pick feed value is 3mm, Rz is
smallest. However, when pick feed is 4.5mm, surface roughness is extremum, and
the value is approach to the value then pick feed is 3mm. Therefore, we selected pick
feed value is 4.5mm.
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Fig.3.16. Relationships between feed per tooth and surface roughness using tilt

taper end mill.
6
p~4.5mm
4 | fz= 0.38 mm/tooth

e 1

0 | |
0 600 1200 1800

Surface roughness Rz (um)

Rotational speed [min™]

Fig.3.17. Relationships between rotational speed and surface roughness using tilt
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taper end mill.

Surface roughness values in Fig.3.16 and Fig.3.17 are measured in feed direction,
it can be seen that the surface roughness is minimum when feed per tooth is
0.38mm/tooth and rotational speed is 1600min-! respectively. Surface roughness
increases with feed per tooth, and grows quickly when feed per tooth over 0.76
mm/tooth. R; reaches the peak at 670 min-' and then becomes small gradually with
the rotational speed. Thus, cutting parameters of taper end mill are as following:
® Pick feed p= 4.5mm
® Feed per tooth ,=0.38 mm/tooth
® Rotational speed N= 1600min-".
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Fig.3.18. Relationships between pick feed and surface roughness using square end
mill.

For square end mill, the initial conditions are feed per tooth fz=0.03mm/tooth and
rotational speed N=5000min-", the results as shown in Fig.3.18. When pick feed value
is 4mm, surface roughness value is lowest, so this pick feed value is decided.
Relationships between feed per tooth and rotational speed with surface roughness
are shown in Fig.3.19 and Fig.3.20 respectively. When feed per tooth is 0.03mm/tooth
and rotational speed is 6000 min-', Rz is minimum. Therefore, the cutting conditions
of square end mill are selected as:
® Pick feed p= 4mm
® Feed per tooth £,=0.03 mm/tooth
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® Rotational speed N= 6000min".
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Fig.3.19. Relationships between feed per tooth and surface roughness using square
end mill.
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Fig.3.20. Relationships between rotational speed and surface roughness using
square end mill.
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Fig.3.23. Relationships between rotational speed and surface roughness using ball
end mill.

For ball end mill, the initial conditions are feed per tooth fz=0.08mm/tooth and
rotational speed N=8000min-', the results as shown in Fig.3.21. When pick feed value
is 0.11mm, surface roughness value is smallest, so this pick feed value is chosen.
When feed per tooth is variable, surface roughness value is undulate, the value at
fz=0.1mm/tooth is nearly same as the value at fz=0.03mm/tooth, and it is an
extremum, therefore, we select feed per tooth as 0.1mm/tooth. Rotational speed is
chosen as 7000min-' when Rz is minimum. Thus, cutting conditions of ball end mill is
decided as following:
® Pick feed p~ 0.11mm
® Feed per tooth £=0.1 mm/tooth
® Rotational speed N=7000min-".

According to the above experiments, the cutting conditions for tool wear
experiments can be given in Table 3.5. We will examine the validity of taper end mill
though evaluating tool wear and surface integrity.
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Table 3.5.Cutting conditions.

Tilt taper end Ball end mill Square end
mill mill
Work material SUS403 (HRC45)
Material TiAIN coated cemented carbide
Tool Diameter 32 6 6
[mm]
Number of 1 2 2
teeth
Pick feed pr [mm] 4.5 0.11 4
Cutting speed V 161 34 113
[m/min]
Feed per tooth £, 0.38 0.1 0..03
[mm/min]
Axial depth of cut a, 0.1 0.1 0.1
[mm]
Cutting fluid Water —insoluble cutting oil N4 kind

3.3 Tool wear experiments

In order to confirm the validity of the proposed milling method, tool wear
experiments of tilt taper end mill, ball end mill and square end mill were performed.
Because the basic examination is still in its infancy, model experiments were designed
(see Fig.3.24). The experimental method of tilt taper end mill is similar as former
section (Fig.3.24 (a)), ball end mill and square end mill use the same method
(Fig.3.24 (b)). All the experiments were carried out using down milling method and
kept coolant on. The material that used was SUS403 stainless steel, test workpieces
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were cuboid, of dimensions 100x100x80mm. At first, we using cutting conditions that
given in Table 3.3.For finish milling of 60 inches rotor blade, the total removal amount
was set 11.43x10% mm3, each milling method needed about 80 times to complete the
total work. The milling efficiencies of tilt taper end mill, square end mill and ball end
mill were 363.6 mm?3/min, 363.6 mm3/min, and 51 mm?3min respectively. Therefore,
the total cutting time as shown in Fig.3.25. It can be seen that square end mill can
finish a piece of blade taking the same time as taper end mill, and ball end mill takes
about 17 times of that of taper end mill in theoretically.

=y

(a) Tilt taper end mill method (b) Conventional milling method

Fig.3.24. Experimental diagram.
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Fig.3.25. Total cutting time of each milling method.
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In this experiment, tool life was determined not only by tool wear, but also take the
surface quality into account. The validity of the proposed method is examined though
the comparisons of surface roughness, surface profile, machined surface and tool
wear. The experiments were carried out on the 3-axis control milling machine
(Osakakiko rakuraku-mill 3V Tudacoma TT-200), surface roughness Rz and surface
profile were measured with a surface roughness measuring device (ACCRETECH
SURFCOM 130A). Tool wear and machined surfaces were evaluated with digital
microscope (KEYENCE VHX-1000) and scanning electron microscopy (SEM) (JSM-
5300).
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Fig.3.26. Removal degree vs. surface roughness of tilt taper end mill, square end mill
and ball end mill

In this experiments, surface roughness Rz of ball end mill was measured in pick
feed direction, and those of the other two method were measured in feed direction.
Removal degree is the percentage of removal amount. Surface roughness R:
increases with the machining process (see Fig.3.26), it seems to correlate quite
closely with tool wear VBmax variation (Fig.3.27). It can be found that the progression
of flank wears of ball end mill and square end mill follow a three-stage pattern: rapid
initial wear, gradual uniform wear and accelerating wear[9-14]. Removing the same
amount, ball end mill should take a long cutting length, which probably results in
reaching accelerating wear stage before completing 50 % work.

45



——Tilt taper end mill —8-Square end mill Ball end mill

250

)

o

o
|

150

100

Flank wear VBmax (jum)
i
o

0

0% 20% 40% 60% 80% 100%
Removal degree

Fig.3.27. Removal degree vs. flank wear of tilt taper end mill, square end mill and ball
end mill.

Machined surfaced images as shown in Fig.3.28-30. The materimal can not be
removed completely with the tool wear. Apparent abrasion wear occurs on the rake
face and flank face of ball end mill at removal degree of 47.5% (see Fig.3.31 and
Fig.3.32), whereas no crater wear can be seen. Since the tool center is in contact
with the machined surface, wear takes place on this part of the tool will have adverse
effect on the surface finish (see Fig.3.28). When finish the total work, square end mill
takes the same cutting length as using tilt taper end mill. There are no obvious
abrasion wear like that of ball end mill can be seen, especially on the rake face (see
Fig.3.33-36). Although the value of flank wear of square end mill is less than that of
tilt taper end mill, it effects the surface roughness more adversely (see Fig.3.26-27).
Another, the machined surfaced appears rubbing marks, and the marks become
serious with the tool wear progress (see Fig.3.29). However, even at removal degree
of 100%, surface profile of square end mill has not yet become disorder, which may
be attribute to its smooth worn surface. For tilt taper end mill, rake face and flank face
conditions are presented in Fig.3.35 and Fig.3.36. Tool wears on both rake face and
flank face are very slight when finishing the work about 37.5% (Fig.3.35 (a) and
Fig.3.36 (a)), in spite of the width of tool wear increases with cutting length, the wear
just occurs at the coating film layer, there no visible substrate wear, even removal
degree at of 100%, the coating film layer has not yet removed completely.
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(a) Removal degree: 10%

b) Removal degree: 20%
(b) gr

(c) Removal degree: 47.5%

Pick feed

Feed '

100.00um

Fig.3.28. Images of machined surfaces at different removal degree using ball end
mill.
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(a) Removal degree: 10%

(b) Removal degree: 100%
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Fig.3.29. Images of machined surface using square end mill (100x) at removal degree
of 10% and 100%.
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(a) Removal degree: 37.5%
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ig.3.30. Images of machined surface using tilt taper end mill (100x) at removal
degree of 37.5% and 100%.

49



(a) Removal degree: 10%

(b) Removal degree: 20%

Fig.3.31. Images of rake face of ball end mill at different removal degree.
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a) Removal degree: 10%
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(b) Removal degree: 20%
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(c) Removal degree: 47.5%
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Fig.3.32. Images of flank face of ball end mill at different removal degree.

(a) Removal degree: 0%

8 100.00um

(b) Removal degree: 100%

Fig.3.33. Images of rake face of square end mill at different removal degree.
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(a) Removal degree: 20%

(c) Removal degree: 100%

100.00um

Fig.3.34. Images of flank face of square end mill at different removal degree.
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(a) Removal degree: 37.5%

(b) Removal degree: 75%
g

(c) Removal degree: 100%

Fig.3.35. Images of rake face of taper end mill at different removal degree.
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(a) Removal degree: 37.5%

(b) Removal degree: 75%

(c) Removal degree: 100%

Fig.3.36. Images of flank face of taper end mill at different removal degree.
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Owing to little variation of cutting speed on minor cutting edge of insert, the
machined surface keeps uniform until completed the total work (Fig.3.30), and in
somewhere the parent metal cannot be removed completely, it probably caused by
tool wear at the minor cutting edge. From the surface profiles, tilt taper end mill can
keep machined surface uniform until the end of milling process. In this study, the
required surface roughness Rz is 6um. Therefore, using ball end mill can only
complete about 23.2% of the total work. And even using the square end mill, it cannot
satisfy the surface roughness requirement after finishing about total work of 72.9%.

Furthermore, tool change not only increases the lead time and cost, but also affects
the accuracy of machined surface. Although the milling efficiency of square end mill
is larger than that of taper end mill, only a single insert was used in the tool wear
experiments of tilt taper end mill. Compared with other two methods, the proposed
method can use a high milling efficiency and the same time retard tool wear to obtain
a high surface quality.

When using Table 3.5 to examine the validity, the milling efficiency of taper end mill,
ball end mill and square end mill are 273.6mm3, 15.4mm?3 and 144mm?3 respectively.
Cutting time of each milling method as shown in Fig.3.37. When finishing a piece of
blade, using ball end mill takes about 18 times of using taper end mill in theoretically,
and using square end mill takes about 2 times of using taper end mill.

90 r
<
E60 ©
o
£
5
230 |
o)
2

0
Taper end mill Ball end mill Square end mill
Milling method

Fig.3.37. Total cutting time of each milling method.

Surface roughness Rz nearly keeps the same trend as flank wear, it can only
complete about 10% of total removal amount, even square end mill, not yet 40%.
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For taper end mill, flank wear increases with the removal degree, and the surface
roughness can keep steady until complete the total work. The three methods owns a
similar tool wear trend, at initial stage, it increases quickly and then keeps steady, at
last changes rapidly.

——Tilt taper end mill -#-Square end mill Ball end mill
25

20

15

10

>

L 4

Surface roughness Rz (um)

0 ! ! ! !
0% 20% 40% 60% 80% 100%

Removal degree

Fig.3.38. Removal degree vs. surface roughness of each milling method.
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150
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0% 20% 40% 60% 80% 100%
Removal degree

Fig.3.39. Removal degree vs. flank wear of each milling method.
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Fig.3.40. Images of machined surface using ball end mill at different removal
degree.
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(a) Removal degree: 9%
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(c) Removal degree: 52.5%

Fig.3.41. Images of machined surface using square end mill at different removal

degree.
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(a) Removal degree: 17%
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Fig.3.42. Machined surface using taper end mill at different removal degree.
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(a) Removal degree: 1.25%
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(b) Removal degree: 6.25%
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(c) Removal degree: 13.75%
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Fig.3.43. Images of flank wear of ball end mill at different removal degree.

61



(a) Removal degree: 9%

100.00um

(b) Removal degree: 35%

(c) Removal degree: 52.5%

100.00um

Fig.3.44. Flank wear of square end mill at different removal degree.
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(a) Removal degree: 17%

(b) Removal degree: 67%

(c) Removal degree: 100%

Fig.3.45. Images of flank wear of tilt taper end mill at different removal degree.
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Fig.3.46. Machined surface profiles using ball end mill at different removal degree.
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Fig.3.47. Machined surface profiles using square end mill at different removal degree
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Fig.3.48. Machined surfaced profiles using taper end mill at different removal
degree.

66



Moreover, for ball end mill and square end mill, surface roughness value is changes
similar with flank wear. Due to flank face is contact with the machined surface directly,
it effected by flank wear easily. Images of machined surfaces at different removal as
shown in Fig.3.40-42. Flank faces at different degree are presented in Fig.3.43-45,
and machined surface profiles at different degree are shown in Fig.3.46-48. It can be
seen materials cannot be removed from the parent material at removal degree 8.75%
when using ball end mill, but the machined surface still keep regular, and with the tool
wear, scratch height becomes larger( see Fig.3.43 and Fig.3.46), so that lower the
surface integrity. For square end mill, scratch can be seen at initial stage, and with
the tool wear, scratch of machined surface becomes serious, width and height both
increase rapidly (see Fig.3.44 and Fig.3.47). For taper end mill, in some places, the
material cannot be removed from the parent material completely with tool wear, there
are no obvious scratches on the machined surface (see Fig.3.42 and Fig.3.48), it
probably caused by the cutting edge become blunt(see Fig.3.45). Machined surface
profiles can keep steed until completing total removal amount. Although flank wear
increases with removal degree, the cutting edge is still sharp and tool wear just occurs
in coating film layer.

From this examination experiment, it can see that proposed taper end mill can not
only keep a higher surface integrity, but also retard the tool wear. Among the three
milling methods, only taper end mill can complete the total work, square end mill
cannot finish 40%, and ball end mill just complete less than 15%.

3.4 Conclusions

This chapter examined the validity of taper end mill though tool wear experiments
based on the selected conditions. The following conclusions can be drawn from this
chapter:

1. For taper end mill, when pick feed was selected 4mm, the influence on surface
roughness R, of each parameter was examined, the optimum values were
selected. And then when milling efficiency and a selected cutting parameter are
constant, the influence on surface roughness of two parameters were examined,
and the cutting conditions at the maximum point are selected. And then cutting
conditions of ball end mill and square end mill were selected according to this
conditions. Comparing with ball end mill and square end mill method, using tilt
taper end mill can reduce the cutting time approximately 94% and 25 %
respectively in theoretically.
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Axial depth of cut is set 0.1mm, the influence on surface roughness R; of pick
feed, feed per tooth and revolution speed were examined respectively. Optimum
parameters of each milling method were selected for tool wear experiments.
Comparing with ball end mill and square end mill method, using tilt taper end mill
can reduce the cutting time approximately 94% and 47 % respectively in
theoretically.

Tool wear experiments were carried out according to the selected two cutting
conditions. The results show that only taper end mill can complete the total
removal amount under required surface roughness, and until completing the work,
machined surface keeps regular with tool wear. Surface integrity of the other two
methods were effected by tool wear easily, surface roughness value over the
required value before completed the total work.
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Chapter 4 Cutting force and cutting temperature

4.1 Introduction

Stainless steel is well known as a material that is difficult to machine, even
though it is widely used in high-temperature-environment components that
require corrosion resistance, high strength, and ability to withstand creep rupture.
Machining is generally difficult because of the toughness of the material and work
hardening behavior. Most problems encountered during machining are caused by
heat generation. The low thermal conductivity of the material results in high
cutting temperature, which is associated with deformation and friction at the tool-
chip and tool-workpiece interface [1]. Excessive strain during the ensuring
machining passes creates undesirable microstructural alterations of the
machined sub-surfaces, causing work-hardening [2]. The combination of applied
stresses and temperatures causes flank wear and chipping [3]. These thermos-
mechanical phenomena affect the surface integrity of the piece. An important
related to the properties alteration on workpiece surface occurring during
machining is the residual stress distribution and corrosion behavior [4]. As is
known, the cutting temperature is the important factor which directly affects the
cutting tool wear, work surface integrity and machining precision in process. The
temperature distribution on the tool-workpiece interface may be determined with
the known heat flux conducting into the tool and the workpiece [5]. There are
numerous techniques to pick up a temperature signal, for example, a tool—
workpiece thermocouple, all embedded artificial thermocouple and infrared ray
thermometry, which have been proposed in the field of metal machining [6-11].
The cutting forces significantly affect the cutting temperatures, tool wear and tool
life, machining dynamics, the machined surface integrity, and so on [12]. Some
researchers have developed a mechanistic approach to determine the effect of
the flank wear on the cutting forces and the chip geometry in orthogonal cutting.
In this work, they show that the thrust force component is more sensitive to tool
flank wear. In the contrary, tool flank wear does not affect both qualitatively and
quantitatively the shearing angle and the friction angle, but results in an additional
rubbing or ploughing force on the wear land [13-15]. The wear can be defined as
the loss of material from the cutting edge due to mechanical or chemical factors
associated with the cutting process. The cutting edge wear process according to
the cutting path in machined material shows three areas that characterize the
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behavior of the tool edge recession, which are; running (abrupt wear), linear wear
(known as stability period) and catastrophic wear increasing significantly the
recession of the tool edge (tool failure) [16]. Especially rapid tool wear in
machining has long been recognized as a challenging problem [17].

The former chapter has examined the validities using tool wear experiments,
but it still cannot explain the reason of its validity, this chapter will introduce the
phenomena of cutting force and cutting temperature, and though the results
explain the influences on tool wear and surface integrity.

4.2 Experimental method

This research will measure the cutting force and cutting temperature based on
the cutting conditions selected by experiments. Cutting conditions as shown in
Table 4.1. The cutting forces were measured with a kistler 9251A three
component dynamometer, a kistler 5015A charge amplifier, a computer data
acquisition (Graphtec GL7000). The measurement system frequency was far
more than 4 times than the frequency of cutting forces. The sampling frequency
was 1kHz. The average value of cutting force measurements was taken as the
experimental data. And in order to shows the changes of cutting force and cutting
temperature, we will measure both them at the same time.

* Tool rotation

Feed direction
e

N\

Pick feed

Z
%} v Jig
X

Workpiece

3-components
dynamometer

Fig.4.1. Experimental setup.
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Fig.4.2. Sectional view of specimen.
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Fig.4.3. Concept of measurement method.
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Table 4.1. Cutting conditions.

Tilt taper end Ball end mill Square end
mill mill
Work material SUS403 (HRC45)
Material TiAIN coated cemented carbide
Tool Diameter 32 6 6
[mm]
Number of 1 2 2
teeth
Pick feed pr [mm] 4.5 0.11 4
Cutting speed V 161 34 113
[m/min]
Feed per tooth f; 0.38 0.1 0..03
[mm/min]
Axial depth of cut a, 0.1 0.1 0.1
[mm]

The experimental setup as shown in Fig.4.1. It has the trend to drift when 3-
component force gauge using a piezoelectric effect of the crystal measuring the
low frequency band. For this, the sample mounting jig, tightened at a uniform
tightening stress distribution as much as possible, the squareness of female
screw with respect to mounting surface of the three-component force sensor, and
the parallelism of end face of the tightening cap bolt head with respect to the
mounting surface and flat counter bore part are enhanced. In order to measure
the cutting temperature and cutting force of the same point, the thermocouples
are embedded in the workpiece. We used two ways to measure the temperature
change. The sectional view as shown in Fig.4.2. The thermocouple is selected K
type by 0.2mm chromel and alumel, and compensation lead wire are copper, The
other one in composed by 0.2mm chromel and the workpiece. All the wire were
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not machined with the workpiece, and the compensation lead wire are Nickel-
Chromium alloy and Nickel alloy. In order to avoid the influence of the noise, the
head of chromels are put in the PFA fluorocarbon polymers tubes which the
external diameter are 0.4mm. Concept of the measurement method as shown in
Fig.4.3. For the cutting force and temperature, we select three parts of the
sampling, and average data of each part are seen as the maximum value of
cutting force or cutting temperature. The temperature will evaluated by the sum
of the two thermocouples. The experiments of ball end mill and square end mill
were carried out on 5 —axis machine tool (MAKINO D500), and the experiments
of taper end mill were performed on 3-axis machine tool (OSAKAKIKO Rakuraku
Mill 3V).

4.3 Experimental results and discussion

—~—Fx -=Fy Fz Temp

100 100 §
Z 8 | 18 £
o} ©
[&] u —
:C_S 60 .//14——'/* 4 60 8
o R R /r/ £
s 40 ¢ : . {40 8
= (@))
=] c
O 2 4 20 =
-]
O

0 | | | | 0

0% 3% 6% 9% 12% 15%

Removal degree
Fig.4.4. Cutting force and cutting temperature using ball end mill.

The cutting force and cutting temperature using ball end mill as shown in Fig.4.4.
With the tool wear, the cutting force in X, Y, and Z direction keep the nearly the
same trend, the value in Y direction is larger than that in the other two direction,
about 1.3 times and 1.4 times that of in X, Z direction, respectively. The pick feed
value is larger than that of feed per tooth and axial depth of cut, thus, the force in
Y direction appears greater. The values of feed per tooth and axial depth of cut
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are same, the force in these directions keep nearly the same. Cutting temperature
using ball end mill keeps similar trend with cutting force until removal degree
8.75%, especially with the cutting force in Z direction, and then the value
decreases, it may be caused by tool worn, and real axial depth of cut becomes
small. The heat generated by friction between flank face and machined surface

is reduced.
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Fig.4.5. Cutting force and cutting temperature using square end mill.
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Fig.4.6. Cutting force using tilt taper end mill.
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The relationship between flank wear and cutting force and temperature are
given in Fig.4.7. Flank wear is positively correlated with cutting force in each
direction, and nearly negative correlation with cutting temperature, the reason is
that the tool wear both in rake face and flank face are not seriously, it cannot
complete the total removal amount just because the surface roughness value
over required value.

The cutting force and cutting temperature using square end mill as shown in
Fig.4.5. The cutting force and cutting temperature are smaller than that of using
ball end mill, although the pick feed value of square end mill is larger, the cutting
speed is over 100m/min, the higher speed lower the cutting force, so that the
cutting temperature is also smaller than that of using ball end mill. The reason
that the cutting force decreases due to increasing velocity is that the material
strength decreases with increasing temperature at high cutting velocity. From
Fig.3.38 and Fig.3.39, tool wear and surface roughness keep steady until
removal degree 35%, and there are no apparent abrasion can be seen, therefore,
the cutting force in each direction keeps increase steadily with tool wear as a
whole. There is no obvious correlation between flank wear and cutting force or
cutting temperature in this stage (see Fig.4.8).

The cutting force using taper end mill as shown in Fig.4.6. The value is more
than that of using ball end mill and square end mill. The reason is that the removal
amount is greater, and the maximum diameter is larger. The force in Y direction
is smaller than that in X or Z direction, the reason is that the workpiece is rotated
10 degree relative to Y axis in order to keep the cutting edge parallel to machined
surface, a part of force is distribute in Z direction. For taper end mill method, the
cutting force keeps steady increase with the progress, cutting force in Z direction
changes with the flank wear can be seen (see Fig.4.9). Another, the surface
roughness Rz changes nearly the same as the cutting force in Y direction, the
reason probably is that part of the cutting edge close to the corner retreats more
than area because the cutting speed is high, and until complete the total removal
amount, tool wear is still occur in the film layer, friction occurs at the surface
between the minor cutting edge and the workpiece is slight.
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The cutting force at different removal degree are given as Fig.4.10 -12. For the
ball end mill, in the three directions, the peak value of cutting force in each period
is changing irregular, the reason is that there is whirling of spindle, the shape
errors of two cutting edges, and attachment error of tool holder and so on. The
maximum cutting speed of ball end mill is 34 m/min, it is smaller than the high
speed milling, which caused the cutting force to be higher and tool chatter
seriously. Therefore, the tool wear is easily and surface roughness value increase
quickly. Cutting force values are almost positive, it reflects that the tool acts in
direction of pressing the workpiece.

For the square end mill, the cutting force in three direction keeps regular, until
removal degree is 52.5% the waviness of cutting force appears no obvious
fluctuation of peak value. Due to this, the milling process is steady so that the tool
wear is retarded, and as a result of good surface integrity.

For taper end mill, it can be seen that the cutting process is discontinuous, and
the real cutting time in a period is quite short, thus, the cutting heat will not be
accumulated at the cutting area, it can overcome the shortage that using ball end
mill for milling stainless, and it can retard the tool abrasion of cutting edge so that
extending the tool life. Although the value of cutting force is larger, the peak value
still keeps steady until complete the total removal amount. With of tool wear on
both rake face and flank face are enlarged with progress, the coated film layer
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Fig.4.10. Cutting force using ball end mill at different removal degree.
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Fig.4.12. Cutting force using taper end mill at different removal degree.
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is degressive, which caused the friction coefficient to be larger, and then the
friction force becomes greater. Owing to the wear only occurs at the film layer, it
affects the surface integrity slightly.

4.4 Conclusions

In this chapter, in order to explain the mechanism using taper end mill, the
cutting force and cutting temperature were measured, some conclusions can be
drawn as following:

1. In order to measure the cutting force and cutting temperature of each milling
method, a measurement device was designed.

2. On the whole, the results shows that cutting force and cutting temperature
increase with process. Cutting force using ball end mill and taper end mill
shown a positive correlation with flank wear.

3. Forthe selected cutting conditions, peak values of cutting force using ball end
mill change irregularly, oppositely, the waviness of cutting force using square
end mill and taper end mill can keep steady, but only using taper end mill can
keep steady until complete the total work.

4. The cutting process using taper end mil is discontinuous so that the heat can
be removed, real cutting time only takes approximately 10% of a period.
Owing to this, the tool life is extended and surface integrity keeps good.
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Chapter 5 Tool path generation

5.1 Introduction

The former chapters have discussed the validity of taper end mill method when
milling plane model, and examined the cutting force and cutting force for
explaining it. The surface of steam turbine blade is freeform surface, tool path is
needed when milling it. Computer-aided manufacturing (CAM) systems as well
as computer numerical control (CNC) machine tools are widely used in today’s
manufacturing industries [1, 2]. For the complex surfaces, the traditional machine
tool can no longer satisfy the requirement of such complex task. Only by the help
of CAD/CAM can fulfill the requirement. Free-form surface design and
manufacturing are important steps in product developments for free-form surface,
many research have done the work to generate tool paths using different
approaches [3-9]. Machining industry is presented with a growing demand to
produce increasingly more complex shapes in difficult-to-cut material grades [10].
The machining of mechanical parts, such as turbine blades, is challenged with
both geometrical complexity and the material's properties. The shape must be
modeled as a free-form. Since the blades are exposed to severe conditions, they
must be made from special grades of difficult-to-cut material, which causes the
cutting forces to vary widely. The risk of a poor surface finish is high because
cutting forces strongly influence the surface finish in multi-axis milling of complex
geometries [11]. To achieve high efficient and gauging-free cutter path planning,
many algorithms for the cutter-path generation and the cutter-gauging avoidance
have been developed [12-19]. These researches mainly focus on the ball end mill
or square end mill, there is no research on generating the tool path for tilt taper
end mill. Current commercial CAM is difficult to generate the tool path for the
proposed method. Due to this, the objective of this chapter is to solve it and obtain
a high accuracy surface, it will present an implementing work in automatic
generation of 5-axis tool paths and NC code for the special taper end mill, and
then verify the validity through modeling experiments of sphere.

5.2 Conceptual approach

Because the work is the primary stage of special CAM development, it will take
no account of tool path optimization. This section will introduce the definitions of
the special tool and the parametric surface, and the NC data generation by
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software MATHEMATICA 9.0.
5.3 Tool path generation

Tool orientation control plays a key role in the efficiency and quality of 5-axis
machining operations. The main objective it to specify the parameters (tilt and
inclination angles) that define the tool orientation at each cutter contact (CC) point,
so that the machining time is minimized and the machined surface is gouge-free,
within tolerance, and of uniform quality across the surface [20]. Tool orientations
of ball end mill and taper end mill as shown in Fig.5.1. As the cutting edge is
parallel to the tangential line, commercial CAD/CAM cannot define the tool
orientations and cutting point directly. Therefore, tool definition is needed.

, Central axis

Ball end
mill
Normal
vector Central axis
Normal’, .
vector
v« Part surface —, >=e5— Tilt taper
. / . end mill
“~ Tool path -~
(a) Conventional method (b) Tilt taper end mill

Fig.5.1. Tool orientation.

Instead of the ball end mill, the propose method uses a tilt taper end mill to
machine the steam turbine blade. Local coordinate system as shown in Fig.5.2.
In order to satisfy the concept of proposed tilt taper end mill, the coordinate
conversion is needed. At first, cutting point on the cutting edge was defined. Tool
sectional view in XZ plane as shown in Fig.5.3, tr is the edge point of top end, to
is angle of the taper edge, tp is the point at the cutting edge, »is the length from
tr to tp, it is decided according to the defined point. @ is the angle in rotating
direction relative to z axis. Eq. (1) represents the coordinate of arbitrary point on
the cutting edge for a given tool, t-and te are known quantities. Defined taper end
mill as shown in Fig.5.4.
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Normal vector

vector

Target surface

Tangential line at w(u,v)

Fig.5.2. Local coordinate system.

Fig.5.3. Sectional of taper end mill.
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Unit: mm

Fig.5.4. Schematic of the defined taper end mill.

tx (tr + vcos(t0))cos(w)
tp(v,w) = Ity‘ = I(tr + vcos(t@))sin(a)) (1)
tz vsin(t0)

Before generating the tool path, it has to define the target shape. In order to
facilitate the validity evaluation of the developed CAM, here, spherical surface is
selected. Its formula is given in Eq. (2). Each point on the surface should own
directionality, us and ue represent the start angle and end angle in rotating
direction respectively, and vs and ve represent the start angle and end angle in
height direction respectively. Both the start angle is 0 degree, end angle in two
direction are -360 degree and 45 degree. The u and v are the parametric
variables of sphere, thus, u € [ us, ue ] and v € [vs, ve]. When setting the
curvature radius r 40mm, the target shape as shown in Fig.5.5.

wx rcos(v)cos(u)
w(u,v) = |wy| = rcos(v)sin(u) (2)
wz rsin(v) — rsin(ve)

Partial derivatives in u and v are calculated respectively. Thus, normal vector
n (u, v) is the outer product of two tangent vector (see Eq. (3)).
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ow(u,v) ow(u,v)

U — du av
n( ) U) ow(u,v) ow(u,v) (3)
X
u ov

h
0 ¢ /) va
5 =10 t". = ,-f”’/ /)
= > ' /20
40 = 0
Unit: mm

Fig.5.5. Target surface.

This experiment adopt the Contour machining. Pn is the number of tool path, i
is the ordinal number of the tool path. Ps is the start tool path angle in height
direction, so it is equal to ve, Pd is the angle of two adjacent tool paths relative to
the center of sphere, therefore, spatial parameter b(u) of the tool path can be
derived. Each tool path formula is denoted as cp(u, i), as shown in Fig.5.6. Thus,
its tangent vector Dcp can be calculated (see Eq. (7)).

Pd= (ve—vs) /(Pn—1) (4)

b(w) = [p, _py, ;] (1€ [0,Pn—1]) (5)
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rcos(Ps — Pd * i) cos(u)
cp(u,i) =| rcos(Ps— Pd = i) sin(u) (6)

rsin(Ps — Pd = i) — rsin(ve)

Dcp = % (7)

Unit: mm

Fig.5.6. Generated tool path.

When generating the NC code, it has to take into the structure of the machine
tool, here, we adopt the desktop 5-axis machine tool (TAKUMI UNC-100-M5) (see
Fig.5.7), arrangement of each axis as shown in Fig.5.8. The | is the distance from
pivot point of B axis to the bottom surface of tool, therefore, it includes the tool
length, in the experiment, its length subtracts the tool length is 54.939mm. Depth
of cut dd can be set according to the machining allowance. All the tool paths start
at u is zero. The cf is the unit tangent vector of the cutter contact (CC) points in
feed direction, cn is surface normal at the point, cb is their cross product, ccp (i)
is the local coordinate of the starting point (see Fig.5.9).

dcp(u,i)

_ __ 0
cf = 5t (8)
ou
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ccpx

ccpy
ccpz

cep(i) = =¢cp(0,1) (9)

Fig.5.8. Structure of machine tool.

92



cb

ccp

cf

Fig.5.9. Local coordinate system.

Using the calculated cc data, machine coordinate can be deduced to generate
the corresponding NC data. At present, coordinate transformations of 5-axis
machine tool all adopt 4x4 matrix. Eq. (10) includes all the coordinate information
of CC points, Eq. (11) represents the translation in Z direction, Eq. (12)
represents the rotation relative to C axis, and Eq. (13) is the rotation relative to B
axis. When the tool is rotated relative to B axis, it has to compensate the rotation
translation of cutting edge, that because when the tool rotated, the cutting edge
cannot contact the target cutting point, so it cannot remove the material enough,
as a result, the machining accuracy becomes low. Therefore, the inverse
transform of the rotation is compensated. Additionally, tp in Eq. (13) is the
midpoint of the cutting edge to satisfy the proposed method, in a word, the
theoretical machining is the midpoint of the cutting edge is exactly at the cutting
point.

cfx cbx cnx ccpx

MO= cfy cby cny ccpy (10)
cfz cbz cnz CCpz
0 0 0 1
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1 0 0 O
_{o 1.0 O
M1 = 0 0 1 dep (11)
0 0 0 1
cos(a) —sin(a) 0 O
M2 = sin(e) cos() O O (12)
0 0 10
0 0 0 1
cos(f) 0 sin(f) —cos(B)tpx — sin(p)tpz
_ 0 1 0 0
M3 = —sin(f) 0 cos(B) sin(B)tpx — cos(P)tpz (13)
0 0 0 1

The M4 is the inner product of the former four matrixes, it represents the overall
coordinate transform when tool moves between two cutting points. Eq. (15) and
Eq. (16) mean that choose the forth row and third row as pp and qq respectively.
In order to facilitate the calculation, we use px and so on to represent some value
of the matrix.

M4 = MO X M1 x M2 x M3 (14)

pXx
pp = 1;32’ =M4-[0 0 0 1]° (15)
1

qx
qq = f’fz’ =M4-[0 0 1 0] (16)
1

Since CL and orientation data are defined with respect to the coordinate system
of workpiece, they need converting for machine control commands in machine
coordinate system [21]. Each absolute coordinate of cutting points can be
calculated by Eq. (17). As the target shape is symmetrical, we just consider the
positive direction. Besides, the rotation center of B axis is not the tool end, when
B rotating, the x and y coordinate of machine system is changed with it, thus, it
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also should be taken into consideration.

bb = arccos (qz) (b €[0,/2])
- ax
cc = arcTan (qy)

xx = px cos (cc) + 1sin (bb) + py sin (cc)
yy = py cos (cc) - px sin (cc)
zz = pz— 1 +1cos (bb) (17)

5.4 Application

Using the generated NC code, an experiment is carried out to examine the
validity of the proposed method. Target surface as shown in Fig.5.10.Cutting
conditions are given in Table 5.1.The tris 1mm, {6 is 15", and the radius of the
tool 3mm. ve is set 45, Pn is set 32, and the depth of cut is 0.4mm. The material
is chemical wood, pick feed is set about Tmm. Machined surface was inspected
by CMM (Mitutoyo LEGEX9106). In pick feed direction, the proposed method use
short straight lines to replace curves, the geometry error cannot be avoided,
however, machining error in feed direction is very little. Therefore, only line profile
of section in vertical direction are discussed. Fig.5.11 shows the line profile of the
section, it appears smooth, and cannot see obvious error, Fig.5.12 shows its
curvature radius error relative to target value. It can see that the errors changes
in a small range within 50um. The theoretical curvature radius is 39mm, the
experimental value is 39.04mm, which relative error can be controlled within
0.15%. In a word, the validity of the proposed method in the experiments is
verified.
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Target surface

Fig.5.10. Target surface.

Table 5.1 Cutting conditions.

Machine UNC-100-M5

Tool Diameter ®6mm,

Tiltangle t; 15°,

tool tip radius 1Tmm.

Workpiece Chemical wood
Feed per tooth f [mm/tooth] 0.075
Pick feed pr [mm] 1
Feed speed F [mm/min] 450
Coordinate measuring machine Mitutoyo LEGEX9106
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Fig.5.11. Line profile of section.
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Fig.5.12. Curvature radius error of machined profile.

5.5 Conclusions

Commercial CAD/CAM cannot satisfy concept of proposed tilt taper end mill,
some work was did in this chapter, and conclusions can be drawn as following:
1. A special CAM is developed to realize the proposed milling method. The

special tool definition and target shape definition were carried out.
2. NC generation algorithm was given. Tool coordinate can be computed
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automatically.

From the application example, it knew that the generated NC code could be
successfully implemented in machining spherical surface, and relative error
can be controlled within 0.15%.
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Chapter 6 Summary and future work

In order to shorten the cutting time of steam turbine blade, instead of ball end
mill, this research proposed a method using tilt taper end mill. Its validity was
examined through simulations and experiments. Moreover, the validity was
elucidated by cutting force and cutting temperature. A special CAD/CAM was
developed for tilt taper end mill. From the results, it can see that using tilt taper
end mill can satisfy the surface roughness and shape requirement, and can
shorten the cutting time remarkably.

The following will summary from chapter 2 to chapter 5.

6.1 Conclusions of each chapter

Chapter 2 Tilt taper end mill

Considering the problems of conventional method using ball end mill, a new
method using tilt taper end mill was proposed, conclusions can be drawn as
following:

3. In pick feed direction, waviness error occurs, in case of curvature radius over
400mm, it is under 6ym when pick feed less than 4mm.

4. In the feed direction, cusps occurs, the height increases with the feed per
tooth and decreases with curvature radius grows, the value is less than 6um
when curvature radius over 100mm. When milling concave, the value is
larger than milling convex.

Owing to the little surface roughness value, hand finish is not needed. Cutting
speed on the cutting edge of tilt taper end mill changes in a small range, it is not
like with ball end mill that the cutting speed changes from zero, this is benefit to
keep the machined surface uniform. Moreover, pick feed can be selected a larger
value than that of ball end mill, it will shorten the cutting length, therefore, results
of shortening cutting time and retarding tool wear are expected.

Chapter 3 Validity examination

This chapter examined the validity of tilt taper end mill through tool wear
experiments based on the selected conditions. The following conclusions can be
drawn from this chapter:
4. For taper end mill, when pick feed was selected 4mm, the influence on
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surface roughness R; of each parameter was examined, the optimum values
were selected. And then when milling efficiency and a selected cutting
parameter are constant, the influence on surface roughness of two
parameters were examined, and the cutting conditions at the maximum point
are selected. And then cutting conditions of ball end mill and square end mill
were selected according to this conditions. Comparing with ball end mill and
square end mill method, using tilt taper end mill can reduce the cutting time
approximately 94% and 25 % respectively in theoretically.

5. Axial depth of cut is set 0.1mm, the influence on surface roughness R; of pick
feed, feed per tooth and revolution speed were examined respectively.
Optimum parameters of each milling method were selected for tool wear
experiments. Comparing with ball end mill and square end mill method, using
tilt taper end mill can reduce the cutting time approximately 94% and 47 %
respectively in theoretically.

6. Tool wear experiments were carried out according to the selected two cutting
conditions. The results show that only taper end mill can complete the total
removal amount under required surface roughness, and until completing the
work, machined surface keeps regular with tool wear. Surface integrity of the
other two methods were effected by tool wear easily, surface roughness value
over the required value before completed the total work.

For tilt taper end mill and square end mill, it is easy to affected by feed per tooth,
and for ball end mill, pick feed influences surface roughness R; greatly. When
using the first cutting conditions, ball end mill only completed about 23%, square
end mill can reach the removal degree about 78%. Flank wear of ball end mill
increases quicker than those of the other two methods. The reason is because
chipping occurs at the top. For the square end mill, scratch occurs from the start,
it influences the surface roughness, and with the removal degree scratch
becomes serious, even this, the profile of machined surface keeps steady. Tool
wear of tilt taper end mill with removal degree nearly the same as that of square
end mill, the reason is that they owns the similar milling efficiency. From the
relationship between flank wear and surface roughness, it can see that surface
roughness R; of ball end mill and tilt taper end mill positively correlated with the
flank wear, and for square end mill, R, appears positively correlated with flank
wear before flank wear approximately 90um. Although the slope of tilt taper end
mill is larger, due to the small constant value, surface roughness R, can be less
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than 6um before completing the total work.

When using the second cutting conditions, ball end mill and square end mill
can finish the total removal amount approximately 12% and 38% respectively,
their surface roughness deteriorated rapidly before reaching 6um. For tilt taper
end mill, the surface roughness R; increases gradually until removal degree
100%. For ball end mill and square end mill, chipping is an important factor
influences on surface roughness. Especially square end mill, apparent chipping
can be seen from removal degree 35%. Some adhesion on cutting edge of tilt
taper end mill can be seen, it causes the material cannot be removed totally.
There are good linear relation between flank wear and surface roughness when
using ball end mill and tilt taper end mill. The influence of flank wear on surface
roughness when using tilt taper end mill is weaker those of the other two methods.

Chapter 4 Cutting force and cutting temperature

In this chapter, in order to explain the mechanism using taper end mill, the
cutting force and cutting temperature were measured, some conclusions can be
drawn as following:

5. In order to measure the cutting force and cutting temperature of each milling
method, a measurement device was designed.

6. On the whole, the results shows that cutting force and cutting temperature
increase with process. Cutting force using ball end mill and taper end mill
shown a positive correlation with flank wear.

7. Forthe selected cutting conditions, peak values of cutting force using ball end
mill change irregularly, oppositely, the waviness of cutting force using square
end mill and taper end mill can keep steady, but only using taper end mill can
keep steady until complete the total work.

8. The cutting process using taper end mil is discontinuous so that the heat can
be removed. Owing to this, the tool life is extended and surface integrity
keeps good.

The cutting force increases with flank wear in three directions in general. For
square end mill, it changes irregularly because chipping occurred. Cutting
temperatures when using ball end mill and square end mill not present some
regular with tool wear, it is probably caused by noise. Only using ball end mill and
tilt taper end mill, the cutting force in three direction keep a good linear with flank
wear. Among the three methods, tilt taper end method appears Fz easily affected
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by flank wear. From the comparisons of wave shape of cutting force, it can see
that when using ball end mill, the force in three direction changes irregular. The
cutting speed is lower, chatter is serious at this cutting speed area. It is also a
reason that cutting force of ball end mill is larger that of square end mill. Cutting
speed of tilt taper end mill is high, the machined surface can keep uniform until
removal degree 100%. The cutting process of tilt taper end mill is discontinuous,
the real cutting time in a period only about 10%, it has enough time to cool off the
heat generated by cutting, and can retard the tool wear. This probable can explain
the mechanism of its validity.

Chapter 5 Tool path generation
Commercial CAD/CAM cannot satisfy concept of proposed tilt taper end mill,

some work was did in this chapter, and conclusions can be drawn as following:

4. A special CAM is developed to realize the proposed milling method. The
special tool definition and target shape definition were carried out.

5. NC generation algorithm was given. Tool coordinate can be computed
automatically.

6. From the application example, it knew that the generated NC code could be
successfully implemented in machining spherical surface, and relative error
can be controlled within 0.15%.

From the model experiments of a 45 degree spherical surface, it can see that
proposed method can satisfy the shape error requirement, the profile error
change between 30um and 50um, it is far less than 200um. The results shows
that the validity of processing curved surface when using tilt taper end mill.

6.2 Future work

Before realizing the machining of steam turbine blade, there is still much work
need to do. At first, is has to examine the validity when milling freeform surface.
In chapter 5, convex of constant curvature has been discussed, but curvature of
concaves have not been examined. Therefore, the freeform surface contained by
concave and convex. A process plan based on the CAD geometric model is
created, that defines how the part geometry will be generated through the use of
certain machining processes and tools. Tool paths are created for each cutting
process — sequences of cutter contact (CC) points on the part surface are
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defined, and cutter location (CL) data are then generated according to the desired
tool shape and orientation at each point. This time a post-processor creates
numerical control (NC) code based on the CL data and properties of the particular
CNC machine. After verification of the part program by simulation or trial cut, it
can be employed in running the CNC milling machine for mass production in
future. At last, it will perform a steam turbine trial process experiment.

The tools of former experiments were commercial, they are cannot exhibits the
merits of the proposed method. Thus, a special tool is needed to be developed
for improving the machining accuracy and efficiency as much as possible.
Influences of approach angle, relief angle, coated film and corner of insert on
surface roughness will be examined. Changes of cutting force and cutting
temperature will be verified to explain the influence of each cutting parameter.
Tool life experiments of the developed tool also will be carried out.

Application range of tilt taper end mill will be examined. The merits when milling
low thermal conductivity material such as titanium alloy, nickel alloy and so on
will be verified. Moreover, building a tool wear and tool life predict equation at
different cutting conditions.
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