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Abstract 

 

Abstract 
This master thesis has been performed on and written at Sandvik Coromant in Sandviken 
which is a division of Sandvik AB. Sandvik AB is an engineering industry with focus on high 
technology and the companies turn over for 2004 were 7 billion USD. The business is located 
in 130 different countries and has an estimated number of 38 000 employees all over the 
world. 
 
This master thesis is a continuance of a previously conducted thesis made by Petter Stenmark. 
The purpose of the this project were to investigate the factors that affect the form error in 
finishing milling with insert mills and present effective ways of decreasing these errors.  
 
Seven different variables has been investigated in this thesis and these are: 
 
• Axial rake angle 
• Feed per tooth 
• Radius of cutting edge 
• Young’s modulus 
• Mass distribution 
• Workpiece material 
• Milling machines 
 
A increase in axial rake angle has, through simulations, calculations and experiments with 
solid mills, been verified to decrees the form error which was one of the conclusion Stenmark 
had made. No conclusions could, however, be made regarding the percentile reduction of the 
form error the axial rake angle had.  
 
The influence of the feed and the radius of the cutting edge showed to be somewhat linked to 
each other. An increase of cutting feed did not necessarily increase the normal force Fy that 
controls the magnitude of the deflection to the presumed levels. This had a lot to do with the 
relation between the edge radius and the chip thickness. If the edge radius were very large 
would the divergens between a feed 0.1 and 0.3 mm not effect the form error very much.  
 
The next two variables, which are Young’s modulus and mass distribution, are also linked to 
each other. Many prototype cutters in different material were produced and experimented with 
so that different material related calculations could be verified. The result form these 
experiments and calculations were that the cutter shaft stiffens was secondary while the mass 
location had larger importance on the form error.  
 
Different materials have different machine ability. For tougher materials larger cutting forces 
are required to cut a chip. The workpiece material will because of this influence the form 
error. 
 
The selection of milling machine is one of the most influential parameter that governs the 
form error. Different machines have different dynamic characteristics because of variation in 
bearing diameter and positions, mass distribution in the spindle and so on and the variations in 
form error as a result of these characteristics showed to be large.    



Abstrakt 

Abstrakt 
Detta examensarbete har utförts och skrivits på Sandvik Coromant i Sandviken. Sandvik AB 
är en verkstadsindustri med fokus på hög teknologi och företagets omsättning var 55 miljarder 
kronor 2004. Sandviks affärsverksamhet är förlagd till 130 länder och har för närvarande 38 
000 anställda värden över.   
 
Det här arbetet är en fortsättning av ett tidigare examensarbete som utförts av Petter 
Stenmark. Meningen med arbetet har varit att undersöka de faktorer som påverkar formfelet 
vid finfräsning med vändskärsverktyg och presentera effektiva lösningar för att reducera 
detta. 
 
Sju variabler har undersökts i detta examensarbete: 
 

• Axiell lutningsvinkel 
• Matning per tand 
• Eggradie 
• Elasticitetsmodul 
• Massfördelning 
• Arbetsmaterial 
• Typ av fräsmaskin 

 
En ökning av den axiella lutningsvinkeln har genom simuleringar, beräkningar och 
experimentella försök visat sig ha en reducerande effekt på formfelet. Tyvärr kunde ingen 
definitiv slutsatts dras om hur stor reduktionen blev vid olika vinkelökningar. 
 
Den påverkan matning och eggradien hade på formfelet visade sig i vissa fall vara 
sammanlänkade. En ökning av matningen behövde nödvändigtvis inte betyda att formfelet 
ökade nämnvärt. Detta berodde till stor del på förhållandet mellan spåntjocklek och 
eggradien. Om eggradien var väldigt stor i förhållande till spåntjockleken så påverkades inte 
formfelet nämnvärt när matningen ökar från 0,1 till 0,3 mm. 
 
Den nästa två variablerna i listan, som är elasticitetsmodul och massfördelning, är också till 
viss del sammanlänkade. En mängd fräsprototyper producerades i olika material för att 
experimentellt verifiera de mass- och styvhetsberäkningar som gjorts i examensarbetet. 
Resultatet från experimenten blev att fräsens styvhet är av sekundär betydelse för formfelet 
medan massans fördelning över verktygsskaftet har en väldigt stor betydelse. 
 
Olika material varierar i skärbarhet och därmed påverkas även formfelet. Anledningen till 
detta är att ett material som är svårbearbetat kräver en högre skärkraft vilket i sin tur leder till 
en större verktygutböjning. 
 
Valet av fräsmaskin påverkar i högsta grad formfelet. Olika maskiner varierar i dynamisk 
stabilitet. Anledningen till detta är att maskinerna byggs på olika sätt. Lagerpositioner och 
massfördelning i spindeln är exempel på saker som styr den dynamiska styvheten.        
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1 Introduction 
This chapter describes the background, objective, limitations and methods that has been used 
to conduct this master thesis 
 

1.1 Background 
Vibrations and lack of dynamic stability are important problem areas in a cutting process. 
Forced and self introduced vibrations limits the removal rate and thereby the productivity. 
Tool life are often reduced due to high vibration levels and the vibrations leaves form errors 
and surface defects on the workplace. Vibrations can also cause a noisy and unpleasant work 
environment and put an extra load on the cutting machine in a destructive way. 
 
Finishing and roughing with milling tools based on insert technology leaves the milled 
surface with a different result than the theoretical surface that the periphery edge of the cutter 
would generate in an unloaded scenario. Cutting forces, centrifugal forces etc bends the mill 
and forces the cutting insert out of position resulting in surface defects on the workpiece. A 
known fact is that solid milling tools generates better surfaces than insert tools. This could be 
explained by higher young’s-modulus and the absents of contact surfaces between the insert 
and it’s position on the cutter and the sharper cutting edges on the solid mill, higher helix 
angles. 
 
The milled surface that is obtained with the insert cutter are strongly dependent of the cutting 
depth, ae. The magnitude of the form error that can be derived from insert movement and 
elastic deflection of the system spindle, tool and workpiece has not get been fully 
investigated. There can still be a number of unknown factors that can contribute to the surface 
topology. 
 
Two master theses have proceeded this study in this area the past year. Erik Glans and Peter 
Madlung carried 2003 out a thesis on “an analysis of the possibility to finish mill shoulders 
and cylindrical walls to a tolerance of 0,010 mm with insert tools”. They investigated among 
other things an invention proposal for positioning and repositioning of inserts in milling tools. 
Petter Stenmark master thesis “investigation of cutting edge movements in finishing with 
insert tools” were conducted in 2005. He worked out the load variation during a cutting lapse 
for the finishing milling tool and analysed the factors that affected the process.  
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1.2 Objective 
The objective is to specify an insert cutter, a solid and interchangeable top tool that is capable 
of finish milling steel and aluminium surfaces, with a cutting depth ap of 8 mm, to a form 
error less than 0,010 mm. With this objective would Sandvik bee the only company on the 
market with the ability to generate these tolerances. It would give Sandvik a strong advantage 
in over there competitors.  

1.3  Limitations 
The project comprises peripheral milling with Sandvik Coromants newly developed milling 
cutter CoroMill Z90 with two teeth. The variable experimental factor has been limited to the 
axial angle of inclination and Petter Stenmarks force model and CutPro has been used as in 
data for the calculation models. 
 

1.4 Method 
In the initial stage of the project literature studies were conducted to build up a theoretical 
platform on witch the project would be based on. In the literature study Petter Stenmarks 
thesis were included as a platform for the continuation of the project. Besides Stenmarks 
report literature and documentation of dynamics, mathematics and cutting theory has been 
studied. The book’s that has been used in the literature study has been borrowed of the project 
mentors and Sandvik Coromant library. 
 
The examination project has contained one theoretical and one practical part. The theoretical 
part consists of calculations and approximations of the deflection in the normal direction of 
the workplane, for the milling tool CoroMill Z90, during a milling lapse. With results from 
these calculations as starting point, conclusions about the surface finish and the form error can 
bee drawn. For calculations of the tooltip deflection, two separate mathematical models were 
developed. The calculations were then compared to the surface profile obtained when milling 
a workpiece with the same parameters as the one used in the calculations. Besides the 
comparison between the workpiece and the calculation models the workpiece profile also 
were compared to the results from the software program CutPro. A third mathematical model 
was developed to investigate the entire deflection profile along the cutter body. 
 
This thesis has been presented both in writhing and through two verbal presentations. The 
first verbal presentation were conducted at Sandvik Coromant in Sandviken the 12 of 
December 2005 and the second presentation were held at Luleå University of Technology in 
Luleå the 16 of December 2005. 
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2 Nomenclature 
ae Engagement width [mm] 
ap Cutting depth [mm] 
c (equivalent) Damping [N∗s/kg]  
cn (equivalent) Moddamping [N∗s/kg]  
cnk (equivalent) Critical moddamping [N∗s/kg]  
Dc Cutter diameter [mm] 
dFt Differential tangential force [N]  
dFr  Differential radial force [N] 
dFa  Differential axial force [N] 
dS  Differential cutting edge length [mm] 
dZ  Differential axial depth of cut [mm] 
E Young’s modulus [N/m4] 
F Force [N] 
f Frequency (period number, oscillation per timeunit) [Hz] 
f0 Comparison frequency: f0=(2/π)(EI/mL4)1/2 [Hz] 
fn Eigen frequency (resonant frequency) number n [Hz] 
h Chip thickness [mm] 
I Moment of inertia [l4] 
KT  Tangential shearing coef. Parameter 
KR  Radial shearing coef. Parameter 
KA  Axial shearing coef. parameter 
Kte Tangential edge force coefficient [N/mm] 
Kre  Radial edge force coefficient [N/mm] 
Kae  Axial edge force coefficient [N/mm] 
Ktc  Tangential shearing coefficient [N/mm²] 
Krc  Radial shearing coefficient [N/mm²] 
Kac  Axial shearing coefficient [N/mm²] 
k Stiffness [N/kg] 
kc1 Specific cutting force [N/mm2] 
kn Modal stiffness [N/kg] 
L Length (meter)[m] 
m Mass [kg] 
mL Mass per length [kg/m] 
mn Modal mass [kg] 
n Number of eigen (angle)frequency and egenmod 
N Newton (1 N =mass∗gravitation) 
p tangential chip thickness order    
Qn Modal load [N] 
q Radial chip thickness order 
qn Modal displacement [m] 
r  Axial chip thickness order 
T Period time T=1/f=2π/ω [s] 
t Time [s] 
vc

 Cutting speed [m/min] 
w Beam defection [m] 
Xn Modfunction 
x Displacement [m] 
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β Dimensionless frequency parameter: β=ω/ω0 
λs  Axial rake angle [degree] alt [radian] 
γo  Lag angle [degree] alt [radianer] 
γf  Radial rake angle [degree] alt [radian] 
κk Lead angle [degree] alt [radian] 
γp  Axial angle [degree] alt [radian] 
μ Help variable: μ=πβ1/2 

ς Relative damping 
ςn Relative moddamping 
ω Angular frequency [rad/s] 
ω0 Comparison angular frequency: ω0=π2/(EI/mL4)1/2 [rad/s] 
ωd Damped angular frequency [rad/s] 
ωn Eigen angular frequency (resonant angular frequency) number n [rad/s] 
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3 Company presentation 
This chapter contains the history of AB Sandvik Coromant, marketing and organisation. 
Besides this the position of Sandvik Coromant in the Sandvik group will be mapped out.  
 

3.1 History 
Göran Fredrik Göransson founded in 1862 Högbo Stål och Jernwerks AB were he with the 
Bessemer-method developed high quality steel. The company were however struggling with 
the finances and only four years after the start the company went bankrupt. This minor 
setback did not intimidate Göransson and 1868 he founded a new company named Sandvik 
Jernverk AB. This name was then kept until 1972 when it was chanced to the present name 
Sandvik AB. 
 

3.2 The Sandvik group 
Sandvik AB is an engineering industry with focus on high technology and the companies turn 
over for 2004 were 7 billion USD. The business is located in 130 different countries and has 
an estimated number of 38 000 employees all over the world. Sandvik AB has three main 
field areas. 
 
• Sandvik Tooling 
• Sandvik Mining and Construction 
• Materials Technology 
 
Sandvik Tooling sells and develops tools and tool systems for machining of metal. The largest 
clients can be found in the auto and aerospace industry were components with high demands 
on durability, corrosion and temperature resistant play an important Peripheral in production. 
These material properties complicate machining and put high demands on the tools that is 
used to machine these components. The cutting products that Sandvik Tooling produces are 
drills, milling tools and turning tools. The main materials used in these tools Cemented 
carbide, synthetic diamond, ceramics and CBN. Materials like these have an extreme 
durability against wear and suits machining in aluminium, steel, titanium and different alloys 
perfectly. 
 
Sandvik Mining and Construction aims its business toward the mining and construction 
industry. Special mining machines and tools are developed for both over and under ground 
applications. Sandvik has a wide range of product solutions with specially developed trucks, 
forklifts, hydraulic taps and mining rigs. Sandvik Mining and Construction main markets are 
located outside of Europe. South America, Africa, Asia and Australia are examples of 
continents were the mining industry expands and here is also were Sandviks markets are 
located. 
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Sandvik Materials Technology is the last large segment in the Sandvik group. This part of 
Sandvik has specialised in advanced material technology. Pipe, plate and thread products are 
here manufactured in stainless steel, metallic and ceramic resistant materials and different 
special alloys. The processing industry is an example of were ceramic components often are 
used when high demands are set on temperature resistance. The market for these components 
is large and Sandviks products have been requested from the food-, medicine-, chemistry and 
electronic industry. 
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4 Theory 
This chapter is a presentation of the theory in mechanics, mathematics, machining and chip 
removal theory that the reader should be familiar with in order to fully assimilate the report. 
 
Machining is a method that can be described as follows. Parts of the workpiece are removed 
in the shape of chips in a way that leaves the finished product in a desired form. To create 
these chips a tool is used which engages in contact with the workpiece with a relative 
movement during the operation. 
 

4.1 Milling 
In milling the main movement is created through rotation of the tool. Then the tool eider is 
then feed towards the workpiece or the workpiece is feed towards the tool. The later 
alternative is more common in older hand operated milling machines. The introduction of 
CNC operated machines has enabled the operator to feed the tool toward the workpiece in 
practically any direction imaginable. This gives a large freedom in ability to form many 
different shapes without repositioning the workpiece.  
 
There are a large number of different milling tool configurations but they can all be divided in 
to two groups. The first type is Peripheral mills were mill variants like slits-, peripheral-, side 
mills are examples of these categories. The second type is face mills. Mills that can be 
ascribing to this category are face mills and end mills. The common factor for all of these 
mills is that they all have cutting edges on the end surface witch is something that the first 
category are missing. A milling tool has in general several cutting edges allowing the mill to 
machine surfaces in a quicker pace. These cutting edges can be grinned out of the solid mill 
body, brazed E-tops or screw on inserts. The cutting edges have a large number of angles that 
all influences the cutting process. When developing a new milling tool optimisation of these 
angles can be of grate importance for the end result. This examine project is directed towards 
insert milling. Therefore will only the angles of most importance for this type of mill be 
described. A description of the most fundamental variation of angular positioning will also be 
presented so that the reader can understand the function of the angles and how they effect the 
cutting process. 
 
λs = Axial rake angle  
γo =Lag angle  
γf  =Radial rake angle  
κ  =Lead angle  
γp =Axial angle 
γf =Radial angle 
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The lead angle κ, Figure 4-1, is an angle with which one easily can regulate the chip 
thickness. A 90° lead angle generate a short and thick ship in comparison to a smaller lead 
angle where the ship will be longer and thinner. The type of mill that is used in this project 
has a position of 90°, Figure 4-2, and since the cutting operation is a shoulder milling type 
this angle will not be altered. 
 
    
     

Figure 4-1 Lead angle κ, axial rake angle λs, 
chip rake angle γo  

  
 

 
 
 
 
 

 
 
Figure 4-2 Lead 
angle 90°

The axial rake angle λs, and chip rake angle γo, are two angles with which one can regulate the 
effect consumption, chip removal and tool life. An increase in chip rake angle with one degree 
results in a lowering of the effect consumption with approximately one percent. A lowering of 
the effect consumption is synonymous with lowering the force acting on the cutting insert. An 
increase in chip rake angle leads, however to a weaker tooltip which can result in a shorter 
tool life. Figure 4-3 and Figure 4-4 illustrates the effects of the angel variations. 
 
 

   
 
 

Figure 4-3 Positive lag angle 
 

   

 
 

 
Figure 4-4 Negative lag angle

 
An increase in chip rake angle also results in a decrees in the force acting on the insert and is 
of great interest in problems with static deflection. 
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The axial γp, and radial γf, angle are two angles that defines which type of mill geometry one 
uses,  
Figure 4-5. 
 

 
Figure 4-5 Radial angle γf, Axial angle γp 

 
There are only three out of the four combinations used between these two angles. The first 
variant is the so-called double negative geometry, Figure 4-6. This type of combination of the 
axial and radial angle is often used in machining operations where the tool endures pulsating 
loads. Examples of operations where these conditions comes into play is when milling in cast 
iron where the material have a high concentration of carbon and sometime insufficient 
elimination of slag. The double negative combination is however very effect consuming and 
require high stability in the milling machine.  

Figure 4-6 Double negative geometry
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The second configuration of geometry is called double positive, Figure 4-7. This combination 
is the least effect consuming. The decree in effect consumption has a lot to do with the result 
in shorter contact length between the chip and the tool. Other advantage with this combination 
is that the chip, in a natural way, are transferred up and out of the chip channel. The double 
positive geometry is often used in machining of aluminium and ductile steels were the 
material properties are soft and stubborn resistant. 

Figure 4-7 Double positive geometry 
 
The last combination with practical use is the positive/negative geometry. This configuration 
has a positive axial angle and a negative radial angle. This will give the cutter properties that 
lies some where in between the two other combinations. positive/negative geometry, Figure 
4-8, gives the cutter a fairly high resistance against pulsating loads and can still, in an 
effective way transport chips up and out of the chip cannel. On the downside it should be 
noted that the effect consumption would increase compared to the double positive 
combination.   

Figure 4-8 Positive/negative geometry 
   
The mill-tool used in this project is somewhat in between the double positive and the 
positive/negative combination where the axial angle is 18° and the radial is –0.8°. 
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4.2 Milling dynamics 
To understand the dynamics of the milling machine and tool one must understand the concept 
of dynamic stiffness. Dynamic stiffness means in short the systems ability to resist vibrations. 
Another way of explaining dynamic stiffness is to look at it as the time as it takes for the 
system to damp out the vibrations the have occurred due to for instance an impulse blow. 
 
The mill tool body that is connected to the spindle can be seen as a clamped-free beam and 
the system will in some ways also behave like such. If the tool is exposed to a impulse force, 
for example a tap blow at the tip of the free end, the mill will start to vibrate. The mill shaft 
starts, after the blow, to vibrate with a certain predestine frequency. This frequency is called 
the eigen frequency or the natural frequency. The eigen frequency is dependent on a number 
of different factors. Examples on some of the factors that influence the eigen frequency are 
the tool material, tool length, geometry and constrains between the spindle and the tool. The 
frequency has no connection with the amplitude since the vibration velocity will increase 
when the tool deflection increases and this phenomenon will keep the frequency constant. The 
relation between the tool length and the eigen frequency is linked so that if the length is 
shorted the frequency increases, Figure 4-9.    
 

Figure 4-9 Connection between length and period time 
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4.2.1 Forced vibrations 
In order for a beam that has been set in motion by a force to keep vibrating with constant 
amplitude, new energy needs to be introduced to the system to compensate for the losses of 
energy due to different phenomenon that damps the system. The static stiffness, frequency of 
the force cycle, eigen frequency and the magnitude of the force that puts the system in motion 
are the variables that determine the deflection amplitude of the beam. Figure 4-10 shows a 
plot over what happens with the deflection amplitude depending on the ratio between the 
disturbing frequency and eigen frequency. The figure shows clearly that the amplitude 
increases at an enormous rate when the tooth passing frequency is brought near the eigen 
frequency of 769 Hz.  

 

Figure 4-10 Frequency dependant amplitude 
 
This phenomenon is called resonance and the theoretical aptitude would reach infinity if the 
disturbing frequency would have the exact same frequency as the eigen frequency and no 
damping is present in the system. An infinite amplitude is not possible in reality. Instead there 
are two different scenarios that can take place when something like this happens. The first 
scenario is that the deflections will bee so large that the beam breaks. The other alternative is 
that the damping gradually increases until the load can bee obtained and maximum deflection 
amplitude is the reached. If the frequency exceeds the eigen frequency the amplitude will yet 
again drop considerably. 
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If the frequency keeps increase, beyond the first harmonic, the system will sooner or later 
reach resonance again. This so-called frequency overtone will yet again cause the deflection 
amplitude to rise and reach a new peak. The shape of the deflection caused by different 
overtones varies. The Figures 4.11-13 shows the shape of the three first deflections or mode 
forms that a clamped-free beam will assume. Figure 4-11 illustrates the first deflection shape 
that the beam undertakes when hitting the first harmonic frequency. When the frequency rises 
and coincides with the first or second overtone, the beam will assume a wave like form. The 
first overtone has one node and the second one has two and so on until the n:te overtone that 
will have n numbers of nodes. Examples of the mode shapes of the first and second overtone 
are illustrated in Figure 4.12-13. It should bee noted that the amplitude generated by the 
overtones in general is smaller than the one generated by the first eigen mode.  

 
 

 
Figure 4-11 First mode 

 

 

 
Figure 4-12 Second mode 

 
 

 
Figure 4-13 Third mode

4.2.2 Causes of forced vibrations 
There are many moving and rotating components in a milling machine that can generate 
forced vibrations during machining. Amplified vibration can, for example, occur when the 
period between the passing of two tool teeth generates a frequency that harmonises with the 
eigen frequency. This type of vibrations is dependent on the number of spindle speed and 
number of cutting teethes. A variation in spindle speed is an effective way of eliminating this 
kind of vibrations. Another type of forced vibrations can be derived to stability and the 
rotating components that can be found in the machine. Problematic components are for 
instance miss alignment of axes, dislocated gravity centre in bearings, unbalanced rotating 
parts and poorly mounted components. Vibrations from these machine parts can then be 
transferred over to the tool and cutting edge in form of harmonised oscillations. 
 
4.2.3 Effects of forced vibrations 
The most extreme result of forced vibration is tool rupture but unstable conditions can cause 
other negative inputs on the milling process even if the oscillations don’t have this devastating 
effect. The cutting edges will of course change position when the tool vibrates and this shows 
on the machined surface and leaves a remaining form error. Forced vibrations can also 
contribute to unsuccessful upholding of surface tolerances. Another negative effect is tool 
wear that can accelerate when the cutting depth of varies with the oscillations. Besides these 
problems can vibrations cause an increased level of noise that negatively effect the working 
environment.
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4.3 Description of calculation models 
The calculation models are based on a fictive discreet single-degree-of-freedom system, with 
a feather and a damper, Figure 4-14.  
 

Figure 4-14 Single-degree-of-freedom system 
 
A force F(t), is acting on the system and if Newtons second law is applied one can 
mathematically describe the arrangement with  
. 
 

)(tFxkxcxm =⋅+⋅+⋅ &&&    Equation 1 
Newtons 
second law

 
The force F(t), has been obtained from Petter Stenmarks master thesis in which he has used 
Kienzles equations to predict the force Y-komposant acting on the mill during machining, 
Figure 4-15. 
 

 
Figure 4-15 Tool forces on workpiece 

 

x(t) 

F(t)

k 

c m 
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Based on the force variation in time, has the force been piecewise divided into equation 
segments and combined to Equation 2 and Equation 23 depending on the calculation model 
used. The piecewise division is inevitable since the mathematical models require that the 
force be written as a function of time. Figure 4-16 illustrates the force amplitude at different 
times of a single cut. 

Figure 4-16 Force amplitude during cut 
 
The combination of Newton’s second law and, Equation 1 and the force function based on 
Stenmarks calculations have been the foundation of two calculation models. These models 
describe the tool tip deflection as a function of time and force. 
 
4.3.1 The Fourier model 
One way to approach a milling operation is to consider it as a periodic process that will 
continue in infinity. The definition of each period is the time it takes between the passing of 
two teeth. The passing of teeth, repeatedly hammering into the workpiece, can give rice to an 
amplification of the tool deflection. The first model is based on Fourier theories1 that can be 
used to mathematically describe this periodic system. The force, F(t) Equation 2, undertakes a 
Fourier series expansion according to Equation 3 and the time dependant movement x(t), has 
been expanded with the same method into Equation 17.  
 

                                                 
1 For theories behind the Fourier model se; Tse, Francis S, Morse, Ivan E, Hinkle, Rolland T (1978). Mechanical 
Vibrations – Theory and applications- second edition. Pages 109-116. 
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Equation 3 
Fourier force

A combination between Equation 1 and Equation 3 leaves the movement equation with the 
following appearance, equation (4.4).  
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Equation 4 
Motion equation 

 
 
The right side of the Equation 4 consists of an infinite sum of harmonic functions. The 
linearity of the equation makes it possible to solve the steady-state solution with the 
superposition principle, leaving Equation 5. 
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Equation 5 
Superposition of 
motion equation 

  
The following Equation 6-19 is needed in order for Equation 5 to bee solved.  
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Function of 
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Equation 10 
Eigen angular 
frequency 
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Equation 11 
Relative damping 
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Damped angular 
frequency  
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Equation 13 
Period time 
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Frequency relation 
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Angle of bevel
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Equation 17 
Displacement 
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Complex 
displacement 

 
 
With 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

n

n
n a

b
arctanα      

    

 
Equation 19   
Phase angle 
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To be able to calculate the tool tip displacement one needs, besides the force F(t), the values 
of the constants m, c, k and f. In this project these constants were obtained by tap tests, se 
chapter five regarding the experimental equipment. The tap test gave m, c, k and f for the 
systems different modes. These modes can then be summand by superposition due to the 
linearity of the system and the total displacement can thereby be calculated with Equation 20. 
 

)()....()()()( 321 txtxtxtxtx ntot ++=   n=1,2,3….
  

Equation 20 Total 
displacement 

 
4.3.2 Duhamel model 
The second calculation model had another approach to the cutting process than the first one. 
In this case the exiting force F(t), is viewed has a transient and has no periodic amplification. 
This simplification shortens the calculation time considerably. The elimination of the periodic 
frequency, that in worst case scenario amplifies the deflection, can be done if the ratio r, 
Equation 15, is close to zero or has a very small value. The ratio r is the ratio between the 
periodic and natural frequency. The reason for shorten calculation time is that the summation 
that follows with the Fourier model is exchanged for an integral. This integral is called 
Duhamel´s integral2, Equation 21. Another advantage with the Duhamel integral is that it can 
be used to calculate the discreet displacement and combined with the modal shape form a 
modal analysis. This would be unjustifiable time wise with the Fourier model. The Duhamel 
convolution integral of a system’s output signal from its input with respect to the input 
signal’s amplitud and its time course.    
 

                                                 
2 For theories behind the Duhamel integral see Dimarogonas, Andrew D (1992). Vibration for engineers, Pages 
219-225 
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Equation 21 
Duhamels 
integral 

  
The impulse answer dtth )( −τ , for a discreet single-degree-of-freedom system with a damper 
and a feather is given in Equation 22. 
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Equation 22 
Impulse answer 

 
The piecewise deviation of the force for this model is hard to describe and will instead be 
presented as the deviation of displacements in Equation 23. 
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Equation 23 
Displacement 

 
The reason for the difficulty of presenting the piecewise deviation of the force F(t), is that the 
graph needs to take the boundary conditions from the previous section under consideration 
and refit the curve, se Figure 4-16. 
 
4.3.3 Feedback vibrations with Duhamel 
Even though the theory around the transient load and the usage of the Duhamel integral is 
based around a single force impulse can the Duhamel integral be used for plotting 
regenerative effects. This requires a little more calculations and preparatory work but the 
output from the displacement graph is far more accurate then the result from the Fourier 
model. The problem with this analysis is that it requires a force function that repeats itself and 
at the same time uses the vibrations from the first force impulse as boundary conditions for 
the second. A regenerative calculation has been done for this project with two following force 
impulses that simulates the machining of two chips. This required an extension of the 
displacement Equation 23.  



Theory 

 27  

4.4 Modal analysis 
The first two calculation models show only what happens with the tool tip deflection and give 
no information nothing about the shape of the rest of the tool shaft. A model of the estimated 
shape for the milling tool has also been conducted. 
 
A mathematical way of describing the deflection with respect to time and shaft length is 
through modal analysis3. In modal analysis convolution is used to combine a modal shape 
with a modal displacement. This method gives the time dependant displacement along the tool 
shaft. The modal analysis even allows the force to move along the shaft and move too 
different locations at different times. This makes it possible to let the force start at the tip of 
the cutting edge and stop the end, Figure 4-17. 
 
The Duhamel convolution integral can be used as equation for the modal displacement since 
time usage is considerable less for this method than for the Fourier summation. The modal 
parameters obtained from the tap test are only representing the conditions for the specific 
point was the accelerometer is placed. This makes the disables usage of modal masses, modal 
damping and modal stiffness from the tap test in the modal analysis. Instead one has to 
calculate these parameters by hand, using beam deflection theory. For the modal analysis 
calculated in this project has Euler-Bernoullis4 elementary cases for transverse loaded beams, 
Figure 4-17 been used. 
 

    
Figure 4-17 Plane bent clamped-free Euler-Bernoulli beam 

                                                 
3 The method of modal analysis and the equations used can all be viewed in Åkesson, B, Tängfors, H, 
Johannesson, O (1977). Böjsvängande balkar och ramar, Page 244-258 
4 The coefficients and equation used for the calculation of the clamped-free Tables of eigenmodes for vibrating 
uniform one-span beams, Publication no 23, Gothenburg. 
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The Euler-Bernoulli beam has a bending stiffness EI(x), and a mass per length mL(x), that can 
vary along the beam shaft. This would not limit the calculation model to a constant cross 
section along the mill tool. The Euler-Bernoulli beam has been combined with a fictive 
discreet single-degree-of-freedom system. The discreet system represents the beam deflection 
in the n:th eigen mode Xn(x). 
 

  
 
 
•  kn= modal stiffness 
•  mn= modal mass 
•  cn= modal damping 
•  Qn= modal load 
•  qn= modal displacement 
 
 
 

Figure 4-18 Fictive discreet system 
 
The theoretical deflection w(x,t), for the Euler-Bernoulli beam in Figure 4-17, can be 
approximated through the expansion of generalized Fourier series. The approximation is a 
weighted sum of the beams eigen modes. This gives Equation 24. 
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Equation 24 
Deflection 

 
 
4.4.1 Modal displacement 
The modal displacement and the modshape need to be calculated before Equation 24 can be 
approximated. The modal displacement was calculated with the Duhamel integral, Equation 
25. 
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Equation 25 
Modal 
displacement 
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Equation 26 
Modal load
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And the modal impulse response is 
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Equation 27 
Modal impulse 
answer 

The modal masses mn, were calculated with Equation 28. 
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Equation 28 
Modal mass 
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and the modal stiffness 

Equation 29 
Modal Damped 
angular frequency
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Equation 30 
Modal stiffness 

Eigen frequencies are calculated as 
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Equation 31 
Modal eigen 
angular frequency 
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Equation 32 
Modal eigen 
angular frequency

The modal damping can be calculated with a combination between Equation 33-34, and 
theories from either the Kelvin-Voight model or the Maxwell modell. It would have been very 
time consuming to indulge in these theories so therefor has the values of the modal damping 
been selected from tabled values5. 
. 

                                                 
5 Tabled values can be viewed in Dimarogonas, Andrew D (1992). Vibration for engineers. 

 

nk

n
n c

c
=ζ      

Equation 33 Relative 
moddamping 
 



Theory 

 30  

 
nnnk wmc ⋅⋅= 2      

    

 
Equation 34 Critical 
moddamping 

 
4.4.2 Eigen modes 
For the calculations of the eigen modes6 Xn, has the elementary beam theory for a clamped-
free beam been chosen, Figure 4-19. 
 

Figure 4-19 Clamped-Free beam  
  
 
The Equation 35 applies for the calculation of eigen modes for this specific arrangement. 
 

                                                 
6 See Tables of eigenmodes for vibrating uniform one-span beams, Publication no 23, Gothenburg. 
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Equation 35 
Modfunction 
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Equation 36 
Modfunction 
component 

The values of μn can be found tabulated in the literature but can also be approximated through 
Equation 37. 
 

2

2
1

⎟
⎠
⎞

⎜
⎝
⎛ +≈ nnβ        

 
 

 
Equation 37 
Frequency 
parameter 
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Equation 38 
Frequency 
parameter 

 

The result from the calculations results in a smaller deflection than the surface profile would 
indicate. This has many explanations such as insufficient boundary conditions, wrong cutter 
diameter and bearing position. An illustration of the different calculation steps can be viewed 
in appendix 1.  

Boundary conditions: w(0)=w´(0)=0 
   M(L)=T(L)=0 
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5 Experimental equipment 
In this chapter has the equipment, used in experimental verifications of the calculations, been 
accounted for. Sandvik Coromant has supplied the equipment used in the project and all 
experiments have been conducted in Sandvik Coromants machine workshop in Sandviken. 
 

5.1 Machine tools 
The following machine tools have been used during milling operations. 
 
Matsuura MC-760V is a numerically controlled milling machine with three axes. The machine 
has a maximum spindle speed of 4500 rpm and a power of 9 kW. The tool operates vertically 
and the spindle does both the rotation and the feeding.  
 

 
 

Figure 5-1 Matsuura MC-760V 
 
Matsuura RAIIIF is a numerically controlled machining centre with three axes. The 
machining centre has a maximum spindle speed of 15000 rpm and a power of 7.5 kW. The 
tool operates vertically and the spindle does the feeding.  
 

 
 
Figure 5-2 Matsuura RAIIIF 
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SAJO 6000 is a numerically controlled machining centre with three axes. The machine has a 
maximum spindle speed of 6000 rpm and a power of 37 kW. The tool operates horizontally 
and the table does the feed translation towards the tool.  
 

 
 

Figure 5-3 SAJO 6000 
 
MORI SEIKI NV5000 α1 is a numerically controlled machining centre with three axes. The 
machine has a maximum spindle speed of 15000 rpm and a power of 34 kW. The tool 
operates vertically and the spindle does the feeding translation.  
 

 
 

Figure 5-4 MORI SEIKI NV5000 α1 
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5.2 Milling tools 
The following milling tools have been used during milling operations. 
 
CoroMill Z90 
This is the type of mill that this examines project aims to optimise. CoroMill Z90 is an insert 
mill that Peter Stenmark used as base for his calculation models and measured the surface 
profile. This model exists in a number of different prototypes. This project has been limited to 
two different prototypes with two and three cutting edges. The cutter with two cutting edges, 
Figure 5-5 has a Capto-coupling and the cutter with three inserts has a cylindrical shaft, 
Figure 5-6, that is mounted in a collet chuck. A documentation of the cutting edge angles is 
tabulated in appendix 2. 
 

 
Figure 5-5 CoroMill Z90 with two inserts and Capto-coupling 

 
Figure 5-6 CoroMill Z90 with three inserts and cylindrical shaft 

 

Brazed connection 

Steel Tip 

Cermented  
Carbide  

Cutter Materials: 
Steel 
Densiment 
Or Aluminium 
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Figure 5-6 shows the different variation of the cylindrical cutters used in the project. The right 
cutter is a standard prototype with cylindrical shaft that has been made in three different 
materials. These materials were steel, densiment and aluminium. The left cutter is an 
assembly of different materials brazed together. The cutter shaft is made of cermented carbide 
steel that has high stiffness but also high density and the tip is made of steel that has a lower 
density and is easier to machine but is not nearly as stiff as the carbide steel. 
 
CoroMill Plura 
Three different solid cermented carbide milling tools from the Plura family has been used in 
mapping of the axial rake angles part during a milling operation. 
 
• The first type, R216.32-20025-AP20A, is a solid mill with two cutting edges. This tool is 

developed to machine cooper and aluminium. The diameter of the cutter is 20 mm and has 
a helix angle of 25° and a chip rake angle of 13°. 

 
• The second type, R216.32-20030-AC32P, is a solid mill with two cutting edges 

developed to machine steel, stainless steel, cast iron and titanium. The diameter of the 
cutter is 20 mm and has a helix angle of 30° and a chip rake angle of 10°. 

 
• The third type, R216.34-20050-AK38H, is a solid mill with four cutting edges. This cutter 

was developed for roughing of cold and hot worked steel. The diameter of the cutter is 20 
mm and has a helix angle of 50° and a chip rake angle of 18°. 

 

 
Figure 5-7 CoroMill Plura cutters with a helix angle of 25°, 30° and 50° 
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30°
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5.3 Tap test 
Tap tests are experiments with impulse excitation were the dynamic characteristic of a system 
are determined. The following equipment was used during the tap test in order to obtain the 
modal parameters: 
 
1 Transfer measuring software, CutPro MALTF 
2 National Instruments DAQCard Al-16E-4 Card 
3 Signal conditioner 
4 Input channel 
5 Output channel 
6 Hammer 
7 Accelerometer 
8 Milling tool 
9 Machine spindle 
 
After mounting the accelerometer in position, with accordance with Figure 5-9. The spindle 
was then turned into position so that the accelerometer pointed in the axle direction that 
should be investigated. Since the dynamic characteristics varies in different directions were 
the acceleration measured along both the machines X- and Y-direction. When the 
accelerometer was positioned, the cutter received a tap at the opposite side of the 
accelerometer. This was repeated five times and after each tap the force impulse and the 
transfer functions was measured appendix 3,6,10,13 and 16.  
 

 
 

Figure 5-8 Tap test equipment; 1) Transfer measuring software, CutPro MALTF.  
2) National Instruments DAQCard Al-16E-4 Card. 3) Signal conditioner.  
4) Input channel (The force). 5) Output channel (acceleration). 
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The tap test procedure was conducted at four points along the tool shaft and three points along 
the spindle in an attempt to capture the mode shapes of the tool shaft,  
Figure 5-10. The results of the mode shapes can be viewed in appendix 10,13 and 16. 
 

Figure 5-9 Tap test equipment in 
machine;  
4) Input channel (The force).  
5) Output channel (acceleration). 
6) Hammer. 7) Accelerometer.  
8) Milling tool. 9) Machine spindle 
 

 
Figure 5-10 Accelerometer positions 

 
Some measurements of CoroMill Z90 in Matsuura RAIIIF and the MORI SEIKI machines 
had low accuracy due to integration problems at low frequencies. This resulted in loss of 
important data for curve fittings of the transfer functions that led to false results in the CutPro 
simulations. A laser replaced the accelerometer in order to measure the transfer function at 
these low frequencies with a very successful result.   
 

Figure 5-11 Laser measuring velocity of the mill exposed to an impulse force 

Accelerometer positionTap positions 
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5.4 Surface profile 
The surface profile has been measured with the equipment shown in Figure 5-12. The 
measurement equipment consists of a needle mounted on a sled. When the measurement starts 
the needle drops down on the surface of the surface that are about to bee analysed. The sled 
drags the needle along the surface registering the surface variations along the way and sends 
the contour line data to the connected computer. This is repeated several times with a small 
translation sideways in needle position. The next drags will follows just besides the previous 
one and this is repeated several times. The computer adds all contour lines together and 
presents a three-dimensional graph, appendix 5, 8, 12, 14, 17. From this graph can each and 
every one of the contour lines be singled out and examined.  

 
Figure 5-12 Topology measurement equipment 
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6 Variables and experimental methods 
Chapter six describes the variables and experimental methods that have been used in this 
master thesis. 

6.1 Variables 
The variables that have been investigated have to some extent already been determined by 
Stenmarks master thesis since he has limited his work to variations in axial rake angles. This 
Thesis has, however, been extended to also contain variations in Young’s modulus, weight 
distribution, feed per tooth and different radiuses of the cutting edges. 
 
6.1.1 Axial rake angle 
An increase of the radial rake angle should, according to the Stenmark calculation model, 
reduce the force Fy with a reduction in cutter deflection and form error as a result of this. 
There is therefore of great interest to follow up on the impact this variable has on the cutting 
process and try to verify Stenmarks thesis regarding this angle. 
 
6.1.2 Feed per tooth and cutting edge 
The force component Fy would, according to Kienzle, decrees in magnitude with a smaller 
feed per tooth since the chip thickness are reduced. A reduction in feed would lead to a larger 
influence of the cutting edge on milling process. This parameter should have a impact on the 
cutting force Fy and the form error and should therefore be investigated further. 
 
6.1.3 Young’s modulus 
The stiffness of a material is presented in Young’s modulus. This parameter would be 
interesting to investigate if a large part of the form error can be derived to the deflection of the 
cutter shaft and not as movement between different interfaces.  
 
6.1.4 Mass distribution 
The density of a material is somewhat tied to Young’s modulus and a high modulus are often 
linked to a high density. An investigation of how important the mass is for the deflections of 
the machine-mounted tool was investigated. The mass importance in relation to the stiffness 
of the material and if and where mass should be reduced has also been conducted. 
 
6.1.5 Workpiece material 
Petter Stenmark has used two different materials, which are SS1672 and SS2541-03 in his 
milling experiments. Simulations and verifications in CutPro and the calculation models have 
been conducted for both these materials but all of the milling experiments in this master thesis 
have been conducted with SS2541-03 as workpiece material. 
 
6.1.6 Milling machine tools 
Different machine tools have different dynamic characteristics and using different machine 
tools while investigating a milling process with a specific tool is therefore crucial for 
capturing a deflection span. 
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7 Calculation models 
The following chapter describes the developed deflection models and during what conditions 
they can be applied. 

7.1 Background7 
At the starting point of this project there were no reliable calculation models for prediction of 
the remaining form error left by the cutter. A calculation model was developed during the 
preceding project, executed by Petter Stenmark, with which the normal force acting on 
CoroMill Z90 during a single cut could be calculated. The results from the force model were 
then compared to analytical force approximations from CutPro, which is a computer software, 
developed for machining simulations. The results from these two models were highly 
diverging when it came to force amplitude. This lead to the fact that no conclusion could be 
drawn whether or not anyone of them was correct. Similarities were, however to be found, 
regarding the force amplitude. The two models shared the same three force sections, as shown 
in Figure (4.16). They both had a steep starting section leading up to the maximum amplitude, 
a small decline at the second and a steeper third section that leads down to the neutral plane. 
A profound investigation of how the axial rake angle influences the cutting process was 
conducted in both Stenmarks model and CutPro. This investigation showed that other 
similarities between the to models could be found. The normal force amplitude sunk with an 
increment of the axial rake angle. The amplitude between the two models did not sink, 
expressed in percentages, at an equal rate and the section pitches diverged as well. 

7.2 Stenmarks calculation model 
A corner milling tool rotating without contact with a workpiece follows a certain pattern. This 
pattern is a result of the tool rotation and feed. The path that a cutting edge takes when feed in 
the right direction and clockwise rotation at a constant rate of fz and vc has been illustrated in 
Figure 7-1. The feed movement, in the figure, is large so that the pattern will be clear to the 
reader. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7-1 Pattern of cutting edge in the XY-plane. (Stenmark 2005). 
  
                                                 
7 Heading 7.1 and 7.2 is a summary from Stenmarks master thesis 2005  
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With this pattern follows certain geometry when material is removed from a workpiece. 
Figure 7-2 illustrates the cross section shape of the chip that the cutter will remove with a 
single cut. The chip thickness h, and the width of the cut ae has been considerable magnified 
to make the figure clearer. At the starting point of cutting edge intrusion in to the workpiece, 
point 1 in Figure 7-2, the cutting depth is zero. Then when the cutting edge starts to work its 
way through the material will the chip thickness rapidly increase to its maximum value hmax. 
After the reaching hmax, will a slow descent of the chip thickness back to zero again while the 
cutting edge exits the material, point 2 in Figure 7-2. The chip thickness h affects the area of 
the contact surface between the cutter and the workpiece and the contact surface stands in 
direct proportion to the cutting force.  
 
 

 
Figure 7-2 Cross section of removed material by the cutter 
during a cut (Stenmark 2005) 

 
The cutting force can be divided into three orthogonal components in normal Fr, tangential Ft, 
and axial Fa, direction, see Figure (7.3). Fr and Ft both contributes to the deflection of the 
cutter in Y- and X-direction. 
 

 

 
Figure 7-3 Direction of the force composants. (Stenmark 2005) 

 
The gradual intrusion of the cutter is a result of the axial rake angle λs, given the CoroMill 
Z90. The tip of the insert is the first to enter and the first to leave the workpiece. And the top 
of the insert edge is the last to enter and the last to leave. If the cutter has a small axial rake 
angle, all of the active part of the cutting edge would be inburied in the workpiece during a 
short period of time. At zero degrees axial rake angle all of the active cutting edge be 
simultaneous in contact with the workpiece during the cut. The axial cutting depth ap, together 
with chip thickness h, and the axial rake angle λs, controls the total contact surface between 
the insert and the workpiece.  
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When the cutting with a cutting depth ap, of exactly one millimetre, Ft and Fr may be 
calculated as.  
 
 

p
m

ct ahhkF c ⋅⋅= −1
1      

     
 

Equation 39 
Tangential force 

 

sNm
sNr hkF −= 1       

    
 
 

Equation 40 
Radial force 

 

 kc1, ksN, mc and msN are material constants. Ft and Fr can be transposed into components in X- 
respectively Y-direction according to Figure 7-4.  
 

 

Figure 7-4 Cutting forces in tangential and radial 
direction and their X- and Y-components. 

 
The X- and Y-components of the force can easily be calculated sinusoidal fractions. A 
summation of the contributions in X- respectively Y-direction gives the cutting force when 
the axial cutting depth ap, is one millimetre. Calculations of the cutting force when the cutting 
depth is greater than one millimetre, which often is the case, can be conducted by a division of 
axial cutting depth into smaller components with the axial cutting depth ap, of one millimetre 
and the be summoned. This will result in ΣFx and ΣFy that is the total force acting in X- 
respectively Y-direction at the insert in a specific time during the cut. ΣFx and ΣFy can be 
calculated with Equation 41 and Equation 42. 
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Equation 41 
Force in X-
direction
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Equation 42 
Force in Y-
direction

 
Calculations of ΣFx and ΣFy at a sequence times during the cut, from entrains point until the 
insert exits the workpiece, results in a force amplitude dependant of time. This can then be 
plotted as seen in Figure 4-16.
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7.3 The Fourier model 
The theory described in, 4.3.1 The Fourier model, is the foundation on which the calculation 
model has been built. Stenmark used Microsoft Excel for his calculations but the complexity 
of the formulas used in this model required a better view over the formulas so the software 
Maple 9.5 were therefore used as program for all calculations. 
 
 
7.3.1 Input data 
To be able to use the Fourier based model some input data is required. The model is, like 
mentioned earlier, relying on results form the Stenmark force plot. As seen in the plot the 
Fourier model needs values F1, F2, t1, t2 and t3, se Figure 7-5. Stenmarks force model 
depends on what material the workpiece consists of. An exchange of the material in the 
workpiece will lead to a different outcome of the amplitude in the force plot. The same goes if 
any angle changes in the cutter and insert geometry, variations in cutting speed vc, tool 
diameter Dc, cutting depth ap, and the cutting width ae. Because of these relations between the 
Stenmark model and the cutting parameters one needs to be careful when using output data 
from Stenmarks model and be sure that all parameters are correct. The Fourier model also 
requires information of cutting speed vc, and that the tool diameter Dc. The dynamic 
parameters fn, mn and ςn also needs to be introduced in the calculations. The dynamic 
parameters have been retrieved form tap tests conducted on a Z90 milling tool mounted in a 
machine tool, for results see appendix 3,6,10,13 and 16. It is important to understand that the 
dynamic parameters vary between different machines and the results from the tap test only 
apply for the specific tool-machine combination tested.  
 

 
Figure 7-5 Stenmarks cutting force model
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7.3.2 Verifying the model 
The output data form the Fourier based model had to be compared with something so that the 
results could be verified. This has been done with a comparison between the Fourier output 
and the results from CutPro but also with the later described Duhamel based model, The 
Duhamel based  model, and the measured surface profile from conducted milling tests, 
appendix 5,8,12,14 and 16. The surface profile is a good verification ground but should not be 
seen as an absolute truth. Angular positioning is a problem with these types of measurements 
and a misalignment of the surface profile can have a large impact on the results. The access to 
two mathematical models, Fourier and Duhamel, has the advantage that the models can 
validate each other. This type of verification does not verify whether or not the calculations fit 
reality but if the models give similar results, chances of a correct execution of the two models 
increases.        
 
 
7.3.3 Output from the Fourier model 
The Fourier model allows several different results to be obtained. Each graph gives useful 
information about how the model calculates and how well it approximates the result.  
 
7.3.3.1 The force graph 
For starters can a graph of the approximated force F(t), Figure 7-6. This plot can verify that 
the model uses a correct force variation through out the tooth-passing period. The accuracy of 
the approximation can be altered in the model depending on time consumption verses 
precision in the calculations. 
 
 

Figure 7-6 Assumed cutting force as a function of time during one edge engagement 

F
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7.3.3.2 The displacement graph 
The second graph that can be plotted is the one of most interest for the project. This graph 
visualises the tool tip movement during a milling sequence for an infinite number of passing 
teeth’s. There is however a problem with the results from the graph. The vibrations leading up 
to the next excitation increases in amplitude in an unnatural way, Figure 7-7. There is no force 
or reintroduced energy that can justify this deflection behaviour. The phenomenon can only 
be linked back to the Fourier sine and cosine series and the relation between these even and 
the odd function. The vibrations just before the next tooth passing will also influence the 
shape of the upcoming translation peak. Despite the negative or somewhat misleading 
answers from the Fourier model will many positive results be given. The result in amplitude 
gives a god indication of to what level the deflection will be risen to. The model is fairly easy 
to build and compute in mathematical software such as maple. 

 

 
Figure 7-7 Displacement of tool tip versus time during a milling sequence 

 
7.3.3.3 Displacement vs.  frequency 
The third graph, Figure 7-8, that can be plotted from the Fourier model is showing the 
variations in displacement at different ratios between the natural frequency and the tooth 
passing frequency. Fore an example could this graph show that the deflection amplitude 
would rise if the tool were to be provided with more teeth’s but all other parameters were held 
constant.    

Figure 7-8 Displacement amplitude of tooltip vs. frequency 
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7.4 The Duhamel based  model 
The theory described in 4.3.2 Duhamel model, is the foundation on which the calculation 
model has been built and Maple 9.5 has been used to perform the calculation model for this 
case.  
 
7.4.1 Input data 
Just like for the Fourier based model there are some input data required when using the 
Duhamel based model. This model is also relying on results from the Stenmark force plot. 
From the plott the Duhamel based model needs the same values of F1, F2, t1, t2 and t3 like 
the Fourier based model needed, se Figure 7-5. The Duhamel based model also requires 
values of cutting speed vc, and that the tool diameter Dc. The dynamic parameters fn, mn and ςn 
also needs to be introduced in the calculations. The dynamic parameters are the same as used 
in the Fourier model that had been retrieved from tap tests conducted on the milling tool Z90 
mounted in a machine tool, for results see appendix 3,6,10,13 and 16. 
  
7.4.2 Verifying the model 
The output data form the Duhamel based model has been verified in the same way are the 
Fourier model. The Duhamel model has been compared with the Fourier model, surface 
profile, modal analysis and with results from CutPro. 
 
7.4.3 Output from the Duhamel based model 
The Duhamel model generates only one type graph but has been calculated with two different 
force transients. The generated graph is similar to the second graph from the Fourier model 
and describes the displacement of the tooltip.  
 
7.4.3.1 Single transient Duhamel based model 
Figure 7-9 shows the result from the Duhamel model where the Stenmark force function has 
been applied with a duration between time zero to 0.004 s. After the force transient has 
passed, small vibrations follows with a gradual damps out until the system yet again will 
come to rest. This model generates much better vibration behaviour than the Fourier based 
model.     

Figure 7-9 Displacement of tooltip vs. time during milling operation 
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7.4.3.2 Multiple force on Duhamel based model 
In this model Stenmark force function has been applied twice with the interval of tooth 
passing period. In the illustrating example, Figure (7.10), first between time zero to 0.004 s 
and then again between 0.0241 to 0.281 s. This simulates two cuts with a CoroMill Z90 with a 
single cutting edge and a cuttingspeed of 250 m/min. When the second force transient is 
applied the amplitude, direction of movement and velocity of the tool vibrations from the first 
transient are added to the function. This gives the system the boundary conditions or history 
that the calculation needs for prediction of the influence that the vibrations might have on the 
deflection.  
 
 

 
Figure 7-10 Displacement of tool tip during two edge engagements in a milling 
operation. 

 
Figure 7-10 also shows the transition phase between the vibrations and the second force 
transient. The largest problem with this type of calculations is to create large number of force 
cycles and predict long term effects. This might be a problem but a cycle with ten teeth 
passing is absolutely possible to program and within this interval should the effects start to 
show. In this case the vibrations after one tooth engagement is almost completely damped out 
before the next tooth engagement. Therefore it is no need to do more than two engagements. 

μm 
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7.5 Difference between Duhamel and Fourier based models 
A magnification of the displacement plots, Figure 7-11, from the Duhamel and Fourier based 
model shows that even if the maximum displacement amplitude are similar between the both 
graphs so can variations in movement pattern be found. These variations are not very large. 
The reasons for this is mainly that the damping of the system is high but also that the time 
between the force impulses are long.      
 

Figure 7-11 Comparison between Fourier and 
Duhamel displacement. 

7.6 Modal analysis 
The modal analysis is based on the theories described in Modal analysis. Once again has 
Maple 9.5 been used as for the computing. 
 
7.6.1 Input data 
This model is relying on result form the Stenmark force plott just like the Fourier as well as 
the Duhamel based models were. And like the other models the same values of F1, F2, t1, t2 
and t3 are required, se Figure 7-5, cutting speed vc, and that the tool diameter Dc, for the 
calculations. The dynamic parameters fn, mn and ςn needs to be known as well but here is were 
the modal calculation takes an other turn then the previously described calculations.  The 
dynamic parameters used in the modal analysis have been calculated instead of measured. 
Future more has a new parameter, the modeshape Xn, been calculated and used in this model. 
The model parameters may also be measured. 
 
7.6.2 Verifying the model 
The output data form the modal analysis has been compared with the other calculation 
models. This model shows a smaller deflection then the other models, which is natural since 
the boundary conditions for this model are far more restricted since no contribution from 
flexibility in machine tool and spindle is considered.  

Fourie Duhamel
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7.6.3 Output from the modal analysis 
The modal analysis generates a three-dimensional plot showing the tool shaft deflection as a 
result of the Stenmark cutting force transient. The maximum deflection amplitude is 
somewhat lower then the maximum amplitude for the other models. The result from the 
modal analysis is the deflection obtained for this type of material, dimensions and force 
regardless of other influential phenomenon. This allows a quick comparison between different 
material types, see appendix 9 and 19, and an indication of how much of the form error that is 
a result of the boundary conditions.     

 
Figure 7-12 Deflection plot from modal analysis 
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7.7 CutPro 
CutPro is a machining simulation software developed for prediction and optimisation of 
productivity in the process industry as well as for educational use. CutPro has four major 
modules, which are turning, milling, drilling and boring. In this project has only the milling 
module been used and only the input and output data for this module will be described in this 
report. CutPro has the ability to simulate different aspects of the milling process. Two 
different types of simulations have been conducted in this project. The first simulation is 
called single time domain, and simulates cutting forces, tool vibrations, surface finish, spindle 
power and spindle bending power in a single time domain. The second simulation is called 
single analytical stability lobes and gives an indication of how cutting data should be 
combined for enabling the most efficient machining.  
 
7.7.1 Input data 
The cutter geometry is the first thing that needs to be defined in CutPro. Here the type of 
cutter is specified and how many flutes it should have. Z90 is an inset cutter and for insert 
cutters the number of inserts and positions along the tool shaft needs to be decided as well as 
insert material. After this is done one needs to specify the positions of the inserts relative each 
other and all the cutting angles for the inserts. Solid end mills have been used in this project as 
well but the description of these types of cutters is simpler cause they don’t have inserts. 
Regardless of cutter type CutPro requires that the diameter and tool length for the given 
cutter, Figure 7-13.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-13 Example of cutter deviation 
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The deviation of the ideal circular path, for each cutter tooth, has been measured at three 
levels along the cutting edge. This was done to increase the accuracy in the CutPro 
calculations regarding the surface finish. The divergens for the different mills used are tabled 
in appendix 15 and 18. 
 
 
Different cutting force models can be used depending on the type of milling that is simulated. 
The force model used for the simulations in CutPro is the Kienzle Equation 46-49.8 This force 
model has a power law dependency between chip thickness and cutting forces.         

                                                 
8 The Kienzle equation and the other alternative equations that can be used for milling simulations in CutPro can 
be viewed in the CutPro manual, pages 80-89.  
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The workpiece material used in the project has been SS2541-03 CMC 02.2 which is a low 
alloyed steel that has been hardened and tempered and SS1672 CMC 01.2 that is a unalloyed 
steel, non hardened with a 0.25-0,55% proportion of Carbon. The cutting coefficients for 
SS2541 and SS1672 that are needed for the analysis in CutPro have been tabled in Table 7-1.  
 
 

Coefficient SS2541-03 SS1672 
KT 2300 1620 
KR 848 592 
KA 324 234 
p 0,25 0,26 
q 0,41 0,45 
r 0,63 0,65 
Table 7-1 Cutting coefficients for Kienzles equation  

 
7.7.2 Output data 
The results from the single time domain simulation were plots of cutting forces in X-, Y- and 
Z-directions. Plots of tool and workpiece vibrations as well as grapes of spindle bending, 
power and torque variations. The result of the milled surface can be visualised and finally can 
a graph of the variation in chip thickness throughout the cut be obtained. The single analytical 
stability lobe prediction generated the stability lobes by indicating the axial depth of cut and 
spindle speeds for a fixed width of cut. This type of simulation gives an insight in what types 
of cutting data combinations a specific mill and machine system can use without experience 
large vibrations, appendix 4 and 11.    
 

7.8 Comparison with Stenmarks results 
The first verification of the cutting models and milling experiments were a comparison 
between the calculation results from measured profile depth, which Stenmark had published 
in his master thesis with the present studies using CutPro, Fourier, and Duhamel.   
 

Cutter deflection (mm) Feed fz 
(mm/tooth) 

Number of  
inserts (z) 

Profile depth 
(mm) CutPro Fourier Duhamel 

0,1 2 0,08 0,045 0,050 0,045 
0,3 2 0,09 0,095 0,095 0,095 
0,1 1 0,08 0,040 0,045 0,040 
0,3 1 0,09 0,085 0,090 0,085 

Table 7-2 Comparison table for CoroMill Z90 with Capto coupling in Matsuura 
RAIIIF. 

Tool radius 
Measuring point  R1 (mm) R2 (mm) Radial divergens 

(mm) 
1 15,922 15,942 0,02 
2 15,918 15,941 0,023 
3 15,915 15,94 0,025 
4 15,911 15,936 0,025 
5 15,916 15,934 0,018 

Table 7-3 Radial divergens for CoroMill Z90 in Matsuura RAIIIF 
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   Feed 0.3 mm/tooth 
Cutter deflection (mm) Material Cutting speed 

vc (m/min) 
Profile depth 

(mm) CutPro Fourier Duhamel 
SS2541-03 250 0,046 0,049 0,055 0,055 

SS1672 250 0,044 0,035 0,037 0,035 
SS1672 300 0,044 0,031 0,039 0,035 
SS1672 400 0,033 0,030 0,036 0,034 
SS1672 500 0,036 0,033 0,036 0,035 
SS1672 600 0,034 0,030 0,036 0,034 

Table 7-4 Comparison table for CoroMill Z90 with Capto coupling in SAJO 6000  
 

Measuring point dR1 (mm) dR2 (mm) Radial divergens (mm) 
0 0,032 0,092 0,06 
4 0,033 0,09 0,057 
8 0,035 0,085 0,05 

Table 7-5 Radial divergens for CoroMill Z90 in SAJO 6000 
 
Reviewing the results from the CutPro simulation, the Fourier based model and the Duhamel 
based model one can see that the deflection variations between these models are small and 
that they follows the results from the measured profile depth very well except for two of the 
calculation. The calculations for the tool deflection of the machined surface in Matsuura 
RAIIIF with a feed of 0.1 mm/toot were considerably lower than the measured profile depth. 
The reason for this can be understood if one takes a look at Figure 7-14 and 15. The left 
picture of the cutter, with an edge radius ER, of 30 μm the feed of 0.1 mm/tooth and a radial 
cutting depth ae, of 0.5 mm, shows the relation between the edge radius and the ship that is 
about to be generated. When the cutter starts to generate the chip the cutting edge starts to act 
more like a plough, ploughing its way through the material instead of cutting. This cutting 
condition can not be described with the Kienzle equation since this equation only work for 
cutting and do not work for predicting forces in a ploughing action. Milling with small radial 
cutting depths ae, and small feeds fz, and a relative large er will cause a redirection of the 
pressure, relative to a theoretical insert with no edge radius Figure 7-15 and an increased 
cutting force, that acts on the insert, Figure 7-14. The reason for the increased force is that the 
arc length in Figure 7-14 is longer that the straight edge in Figure 7-15 resulting in a larger 
contact area for the insert in Figure 7-14. The pressure needs to be held at a certain level in 
order to generate the cut. So when the area increases an increasement in force follows in order 
to keep the pressure constant.       
 

Figure 7-14 Pressure directions on 
insert with ER 30 μm 

 

Figure 7-15 Pressure directions on 
insert with ER 0 μm 

P P
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8 Machining experiments 
This chapter describes the machining experiments conducted in this project. The aim with 
these experiments has been to verify the presented theories regarding the force relation 
between different axial rake angles, different deflections in different materials and the effect 
from sharper cutting edges.     

8.1 Experimental rig 
The same type of machine tool has been used in this project as Stenmark used in his report. 
Before the shoulder were created were all plane surfaces on the workpiece face-milled so that 
they should be as flat and perpendicular as possible. After this preparation the milling of the 
shoulder began. The shoulder was created in three or six steeps depending on the type of end 
mill used, Figure 8-1. The finished shoulder was machined with axial cutting depth ae, of 0.5 
mm and a total axial cutting depth ap, of 24 mm. 

Figure 8-1 Workpiece before, during and after machining. (Stenmark 2005). 
 
A small area, on the milled surface, with a width of one millimetre, Figure 8-1, was then 
examined and measured. The measurement was done with a needle that dragged along the 
surface multiple times with a speed of one millimetre per second and a sideways reposition 
between each drag of 0.025 mm. Each time the needle dragged along the surface was the 
variations in topology were registered. This results in a three dimensional computer built 
surface plot, Figure 8-2.   

 
Figure 8-2 3-D plot of Milled surface 
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From the computer generated 3-D surface one typical surface profile be single out and 
measured, Figure 8-3. When generating a topology like this, with a drag needle, the graph 
result will be misaligned with a levelled plane and measuring such a profile would give the 
wrong amplitude of the surface error. To be able to measure the correct surface error or 
profile depth one needs to adjust angular position of the surface profile against a horizontal 
plane. This plane can be hard to find but all measurements have been adjusted with the bottom 
of the scallops aliened. This might not be the normal plane but it is hard to find a better one 
and this will enable a fair comparison between the different measurements.  
 

Figure 8-3 Singled out surface profile 

8.2 Chip tails 
Another phenomenon that needs to be addressed during finishing with a shoulder milling 
process is this chip tails. Studying chips from the milling experiments shows that a small tail 
is attached to the end of the chip flank,  
Figure 8-4.  
 

 
 

Figure 8-4 Chip from milling experiment showing a chip tail 
 
To be able to understand what happens and how these tails are generated is essential to know 
why the form error looks like it does in Figure 8-3. Figure 8-5 shows how the first cutting 
level is generated. When the cutter is machining the shoulder the normal force makes it 
deflect and leaves a form error on the surface. After this surface has been machined the tool 
goes back to the starting point and is lowered to the next level. The relation between these two 
levels is illustrated in Figure 8-6. When the tool is machining the second level the cutting 
forces will cause it to deflect again.  
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Figure 8-5 Form error at first level 
 

 
 
Figure 8-6 Comparison between first and 
second level

 
If the cutter is stopped and removed, at the middle of the second level, one can see that the 
cutter is machining the first level once again, Figure 8-7. Figure 8-8 shows a cross section of 
the cut that illustrates this even clearer.      
 
 

 
Figure 8-7 Removed cutter form 
second level showing chip to be cut 

 

 
 

Figure 8-8 Cross section of second cut

8.3 Solid end mill experiments 
The first end milling experiment, conducted in this project, had the purpose to verify 
reduction of the force komposant, in Y-direction Figure 4-15, as a result of an increased axial 
rake angle. The time frame for this project did not allow manufacturing of prototypes with 
different axial rake angles. Instead a number of different solid end mills were ordered 

Chip 
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having different helix angles to represent the variation in axial rake angle. Besides the helix 
angle the ordered cutters had similar cutting edge geometry. Unfortunately was a slight 
divergens in radial rake angle inevitable between R216.34-20050-AK38H and the other two 
cutters. The larger radial angle for this cutter should lead to a smaller deflection and thereby 
also a reduction in form error and should be taken under consideration while reviving the 
profile results from the experiments. 
 
8.3.1 Experimental execution 
The machine tool described in 8.1, has been used for all solid end mill experiments. 
Reviewing the stability lobes in appendix 11 one can see that using cutting depth ap, 4 mm 
allows all processes to be conducted during stable conditions. Milling during stable conditions 
makes it easier to measure and estimate the form error. Milling the shoulder with an axial 
depth of 4 mm renders in a six-step generation to achieve the 24 mm deep shoulder. This 
means that the cutter has to pass over previously milled surfaces generating ship tails and 
evening out the form error for these sections. The form error can however be obtained from 
the last section and the scallop bottoms from the first five milling sequences can be used for 
levelling the surface profile. The cutting speed vc, for the experiment were chosen to 280 
m/min and the feed per toot fz, were 0.1 mm/tooth. The topography of all milled surfaces 
topologies was then measured and analysed regarding profile and distance between scallops. 
 
8.3.2 Results 
A few problems were encountered during the milling experiments. The first problem was that 
the shaft on the mill with 25° helix angle deflected so much that the end mill kept milling all 
previous section steps removing the scallops and eliminating the ability to level the surface 
profile properly. This problem to level the topology correctly lead to the decision to discard of 
all results from the milled surfaces generated with the 25° helix mill leaving only the results 
from the mills with 30° and 50° helix angle. The decision to eliminate all topology generated 
with the 25° mill lead to a new problem. This left the experiment with only two mills as 
references to each other but a more severe problem was that these two mills had different 
radial rake angles.  
 
The result from the milling experiments appendix 12 and Table 8-1, shows that the surface 
error decreases if the operation is conducted with the mill that has a helix angle of 50° 
compared to the one with 30°. A good understanding of how much of the decreased profile 
error that can be linked back to the helix angle and the how much that origins from the radial 
rake angle is difficult to say. Reviewing the results from CutPro one can see that the results 
diverge somewhat from the measured profile. The profile for the 30° cutter should have 
slighter higher amplitude according to CutPro compared to the measured profile and the 50° 
mill should have smaller amplitude than the topology indicates. This makes it even more 
difficult to approximate the contribution in form error that comes from helix respective axial 
rake angle.       
 
 

Attempt Material Helix 
angle 

Feed fz 
(mm/tooth) 

Profile depth 
(mm) 

1 SS2541-03 25 0,1 XXX 
2 SS2541-03 30 0,1 0,158 
3 SS2541-03 50 0,1 0,124 

Table 8-1 Measured Profile depth from milling experiments in Matsuura MC-760V 
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9 Different shaft materials 
This chapter considers the impact of using different cutter materials and material 
combinations.  
 
One way to get a feeling for the impact different cutter materials have for the milling process 
is to study the Equation 24.  
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Equation 24 

 
This equation consists of the modal form Xn and the modal displacement qn. The modal form 
Xn, has nothing to do with the material of a prismatic beam but within the modal displacement 
equation (4.25) one finds the impulse answer that is highly dependant of the material and also 
the modal force that is not.   
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Taking a closer look at the impulse answer dtth )( −τ , Equation 27, for a discreet single-
degree-of-freedom system consists of three different main constants. These constants are the 
modal mass mn, the modal damping ςn, and the damped angular frequency ωd. All of these 
constants are material dependant and in order to understand the effect a variation of these one 
would have to expand Equation 27.    
   

 
    Equation 27  
 

The sinusoidal part of Equation 27 will only cause the value of hn(t-τ)dτ to oscillate between 
one and zero but it is only the maximum value of the equation that is of interest at this point. 
The value of sin(wdn

.(t-τ)) can therefore be assumed to be one which generates the maximum 
value of hn(t-τ)dτ and simplifies the analyse of the material coefficients. This simplification 
leaves Equation 49a.     
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Equation 49a 
Simplified impulse 
answer

Equation (50a) can then be extended into (50b) 
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Equation 50b allows a simple verification of what happens if one parameter was varied and all 
others are held constant.  
 

9.1 Mass influence 
Equation 50c shows what would happen if all the parameters except the modal mass mn were 
held constant. 
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Equation 50c 
Extended impulse 
answer  

 
 
The values of the constants c7 and c8 are important for the outcome of the calculation. For 
steel c7 has a value of about 930 and c8 30 for the given diameter of 32 mm and the length L, 
of 80mm. This gives Equation 50d). 
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Equation 50d 
Extended impulse 
answer 

 
 
Equation 50d allows a quick check of what happens when the mass increases or decreases. A 
decrease in mass would cause the denominator to increase in value, which leads to decrement 
of the value for the impulse answer. A smaller value of the impulse answer leads to smaller 
amplitude in deflection. The conclusion that can be drawn from this mathematical exploration 
of the impulse answer is that a smaller mass is beneficial for the milling process. 

Equation 50b 
Extended impulse 
answer 
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9.2 Young’s modulus  
A similar mathematical experiment can be conducted to see the impact of alternations of 
Young’s modulus E. Using the same type of mathematical expansion of the impulse answer 
leads up to Equation 50e  
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Equation 50e  
Extended impulse 
answer

 
The values of c9 and c10 for steel are 8.10-3 and 2.10-4 and a increase in Young’s modulus 
would have the direct opposite effect than the reduction of mass had. The conclusion drawn 
form this is that the Young modulus should be as large as possible.  
 

9.3 Mass or Stiffens 
The analysis of the impulse answer indicates that an optimisation of a milling tool, developed 
for finishing, should be lightweight and stiff. A problem with this relation is that along with 
increased stiffens often follows increased mass in metal materials. An understanding of 
which of these two material parameters that is most dominant for the deflection amplitude is 
therefore of great importance. A calculation of the theoretical deflection for different 
materials has been done with the modal analysis model. These calculations show the 
theoretical deflection the cutter shaft would have if it had a rigid connection to the machine. 
The materials analysed were Cemented carbide with a Young’s modulus of 600 GPa and 13 
g/cm3, Densiment with a Young’s modulus of 400 GPa and a density of 19,5 g/cm3. The 
deflection of steel with a density of 7,8 g/cm3 and 210 GPa in Young’s modulus was also 
calculated and finally aluminium analysed which has a density of 4,5 g/cm3 and 70 GPa in 
Young’s modulus. The results from the calculations, appendix 9 and 19, shows that the 
materials with high Young’s modulus deflects less that the one with low modulus regardless 
of mass. This relation might apply in theory but reviewing results from milling experiments 
shows that the form error varies between different machines and one can therefore not draw 
the conclusion that stiffness is clearly more important than mass.  
     

9.4 Material experiments 
Four different prototype cutters were developed for this experiment, each in a different 
material. The first three cutters was produced in aluminium steel and densiment and the last 
one was a hybrid with Cemented carbide as shaft material and a brazed steel top with insert 
positions tool. The material experiments were performed in two different machine tools. The 
first machine was MORI SEIKI NV5000 α1 and the second was Matsuura RAIIIF. The first 
experiment was only conducted with a feed of 0,1 mm/tooth while the second one was 
extended to also include a feed of 0,3 mm. 
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9.5 Results 
Table 9.1 shows the results form the milling experiments in the MORI SEIKI NV5000 α1 
machine with aluminium, steel, densiment and cemented carbide cutters. The milling machine 
MORI SEIKI NV5000 α1 is a stable machine and the results from these milling sessions 
shows a small form error. The deviation in profile depth between the steel and the densiment 
cutters is very small and no certain conclusion can be drawn about the mass input from the 
measured results. The variation in profile depth has more to do with angular variations of the 
insert in axial direction than the mass input has for this particular machine tool. 
 
MORI SEIKI (one insert) 

Cutter material Feed fz 
(mm/tooth) 

Edge radius ER 
(μm)  

Profile depth 
(mm) 

Aluminium 0,1 30 0,029 
Steel 0,1 30 0,020 

Densiment 0,1 30 0,020 
Cermented  Carbide +Steel 0,1 30 0,033 
Cermented  Carbide +Steel 0,3 30 0,032 

Aluminium 0,1 15 0,016 
Steel 0,1 15 0,015 

Densiment 0,1 15 0,014 
Cermented  Carbide +Steel 0,1 15 0,024 
Cermented  Carbide +Steel 0,3 15 0,023 
Cermented  Carbide +Steel 0,1 5 0,021 
Cermented  Carbide +Steel 0,3 5 0,021 

Table 9-1 Measured Profile depth from milling experiments in MORI SEIKI NV5000 α1 
 
The result from the milling experiments has then been compared with the analytical results 
from CutPro, The Fourier model and the Duhamel model Table 9-2. 
 

Cutter deflection (mm) Cutter material Feed fz 
(mm/tooth) CutPro Fourier Duhamel Profile 

depth9 
Aluminium 0,1 0,016 0,012 0,012 0,016 

Steel 0,1 0,015 0,015 0,016 0,015 
Densiment 0,1 0,013 0,013 0,014 0,014 

Cermented  Carbide +Steel 0,1 0,015 0,014 0,015 0,024 
Cermented  Carbide +Steel 0,3 0,018 0,019 0,018 0,023 

Table 9-2 Results from calculations and simulation with MORI SEIKI NV5000 α1 
compared to measured profile depths. 

 
 
 

                                                 
9 The profile depths are all taken form the milling experiments with ER 15 μm 
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Table 9-3 shows the results form the milling experiments in the Matsuura RAIIIF machine 
with one additional cutter except the ones used in the MORI SEIKI NV5000 α1 experiment. 
This new cutter is made of steel and has the same fundamental cylindrical geometry as used in 
the other cutters. The thing that separates this cutter from the other is that a 17 mm hole has 
been drilled from the base of the cutter and 90 mm in to the shaft. The Matsuura RAIIIF has a 
much lower stability compared to both the MORI SEIKI NV5000 α1 and SAJO 6000 
machines tools. This resulted in a larger profile depth and the part the mass plays in the 
process gets more obvious. Studying the results form the experiments with the edge radius of 
15 μm using the steel cutter as a reference shows that a increment in mass that follows with 
producing a cutter in densiment or a combination of cemented carbide and steel. The cutter 
with the drilled hole also shows an expected result where the profile depth increases 
compared to the soiled steel cutter. The reason for the larger profile depth is that the cutter has 
disadvantaged mass distribution with material concentrated to the tip and stiffness reduced in 
the shaft. The only result that is a little bit surprising is that the profiled depth also increases 
for the aluminium cutter.    
 

Cutter material Feed fz (mm/tooth) Edge radius ER 
(μm)  

Profile depth (mm) 

Steel 0,1 30 0,070 
Steel 0,3 30 0,091 

Densiment 0,1 30 0,053 
Densiment 0,3 30 0,134 

Cermented  Carbide +Steel 0,1 30 0,073 
Cermented  Carbide +Steel 0,3 30 0,108 

Drilled Steel 0,1 30 0,114 
Drilled Steel 0,3 30 0,143 
Aluminium 0,1 15 0,065 
Aluminium 0,3 15 0,080 

Steel 0,1 15 0,036 
Steel 0,3 15 0,042 

Densiment 0,1 15 0,095 
Densiment 0,3 15 0,122 

Cermented  Carbide+Steel 0,1 15 0,046 
Cermented Carbide+Steel 0,3 15 0,059 

Drilled Steel 0,1 15 0,113 
Drilled Steel 0,3 15 0,137 

Steel 0,1 5 0,063 
Steel 0,3 5 0,081 

Densiment 0,1 5 0,046 
Densiment 0,3 5 0,057 

Cermented  Carbide +Steel 0,1 5 0,059 
Cermented  Carbide +Steel 0,3 5 0,081 

Drilled Steel 0,1 5 0,057 
Drilled Steel 0,3 5 0,075 

Table 9-3 Measured profile depth from milling experiments in Matsuura RAIIIF 
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A comparison between the profile depth, the calculations and the simulation shows the 
variation in profile depth and deflection. In Table 9-4 has the measured profile depths form 
the milling experiments with an ER of 15 μm and in some cases 5 μm been tabled for 
comparison with the calculations. The divergence in result from the calculations and the 
measured profile is very small. The reason for the use of the result with the 5 μm inserts is 
that these values correlates better with the measured profile depths.   
 

Cutter deflection (mm) Cutter material Feed fz  
(mm/tooth) CutPro Fourier Duhamel Profile depth 

Aluminium 0,1 0,061 0,065 0,067 0,065 
Aluminium 0,3 0,074 0,079 0,080 0,080 

Steel 0,1 0,035 0,042 0,040 0,036 
Steel 0,3 0,065 0,068 0,067 0,042 

Densiment 0,1 0,052 0,056 0,055 0,046∗ 

Densiment 0,3 0,066 0,067 0,066 0,057∗ 

Cermented  Carbide +Steel 0,1 0,053 0,055 0,053 0,046 
Cermented  Carbide +Steel 0,3 0,064 0,067 0,066 0,059 

Drilled Steel 0,1 0,063 0,064 0,064 0,057∗ 

Drilled Steel 0,3 0,079 0,081 0,080 0,075∗ 

Table 9-4 Results from calculations and simulation with Matsuura RAIIIF compared to 
measured profiles

                                                 
∗ Values taken from milling profiles with ER 5 μm 
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10 Sharper cutting edges 
This chapter evolves around the reaction sharper cutting edges will bring to the cutting 
process. 
 
The material experiment was also combined with an analysis of sharper cutting edges. 
Comparing the radius of the cutting edge ER, between solid- and insert mills the difference in 
sharpness is striking. The end mill inserts developed for the first prototype used in this project 
has an ER of 30 μm while the solid end mills that are considerably sharper. The edge radius 
increases in impotents for the milling process as the demands on the form error increases and 
the ship thickness decreases. The additional force from the cutting edge radius lies in the 
experimentally obtained values kc1 for the Stenmark model and in KT, KR and KA used in 
CutPro. This means that the cutting forces are attached to a specific edge radius and the time 
frame for this project does not allow those new values to be obtained through experiments. A 
verification of the impotents of sharp cutting edges was however conducted on an 
experimental level. This experiment was combined with the experiment in chapter 9 witch 
describes how the form error varies with different shaft materials. The experiment was 
conducted with three different inserts. The first insert were the original inset with the edge 
radius of 30 μm and the second had been regrind and prepared to an edge radius of 15 μm and 
the last one had an edge radius of 5 μm. 

Figure 10-1 Cutter with ER 30 μm                                                 
 

Figure 10-2 Cutter with ER 15 μm 

10.1 AdvantEdge 
A simulation of the cutting process was conducted in a simulation program called 
AdvantEdge, in which one can run a FEM-simulation of a cutting sequence. This simulation 
was conducted to see the effect of variations in edge radius. In AdvantEdge one has the ability 
to describe a two-dimensional cross section of the insert, which enables the description of the 
edge radius. The simulation was conducted with a constant chip thickness of 15 μm which is 
about half of the maximum chip thickness in a milling operation with an ae of 0.5 mm and a 
feed per tooth of 0.1 mm. Two different edge radiuses have been simulated, 15 μm 30 μm. 

Workpiece 

Material about to be 
removed in next cut

Material about to be 
removed in next cut

Direction of motion Cutter insert 
Cutter insert 

Direction of motion 

0.1 mm 

0.03 mm 
0.015 mm 

Workpiece 

0.1 mm 
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10.2 Results 
The result from the milling experiments with the sharper cutting edges clearly shows the 
importance of a sharp edge while finishing with a milling tool.  
 
10.2.1 Simulation results from AdvantEdge 
The AdvantEdge simulation shows interesting result regarding the edge temperature and the 
cutting force Fy. Figure 10-3 and Figure 10-4 shows the simulated temperatures for the two 
simulated inserts. The temperature for the insert with an edge radius of 30 μm reaches almost 
850°C while the simulated insert with edge radius 15 μm only reaches 620°C.  The high 
temperature acting on the insert with edge radius 30 μm is severe problems since this will 
result in a reduced tool life due to increased wear.    
 

Figure 10-3 Temperature simulation 
with edge radius ER, of 30 μm 

 

Figure 10-4 Temperature simulation 
with edge radius ER, of 15 μm

The plotted cutting forces from the two simulations show something very interesting. The 
force in the cutting direction, Figure 10-5, does not vary much between the two simulations 
but the force Fy, that is crucial for the form error, rises from 50 N to 80 N per mm in axial 
cutting length. The result of this additional force is that the form error will rise and this can be 
seen in Table 9-1 and Table 9-3 where the results form the milling experiments with different 
edge radius is tabled. 

 
Figure 10-5 Comparison between force components for edge radius of 15 and 30 μm 
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10.2.2 Results from Mori Seiki 
The experiments with the steel, cermented carbide with brazed steel tip and the densiment 
cutter show that the cutter with the sharpest edge radius generates the smallest form error. The 
both cutters shows a reduction in form error by 25 % with the sharper edges compared to the 
duller.  An attempt with an edge radius ER, of 5 μm has also been used together with the 
combination cutter with the steel tip. This experiment showed a 10% advantage with the 5 μm 
edge radius compared to the one with 15 μm.  
 
10.2.3 Results from Matsuura RAIIIF 
The edge experiments in Matsuura RAIIIF were more extensive than the one conducted in the 
MORI SEIKI. Reviewing the results tabled in Table 9-3 form the milling experiments 
conducted in the Matsuura RAIIIF one finds the following results. Prevailing for all cutters is 
that the inserts with the highest edge radius generate the highest measured profile depth for all 
cutters with some exceptions. For the insets with edge radius ER, 15 μm are the results overall 
good and correlates with the calculated deflections. There are, however, some exceptions. The 
drilled steel cutter and the densiment cutter generate much larger profile depth than the 
calculations indicate. The measured and the calculated results are more in accordance with 
each other for the insert with only 5 μm for these cutters. The reduction of the form error and 
the selection of the edge radius should be taken under careful consideration during a 
development phase. 
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11 Conclusion and discussion 
This chapter contains conclusions the writer has drawn from the simulations, calculations 
and experiments that have been conducted in this master thesis. A discussion regarding the 
results and suggestions of suitable continuance of the thesis will also be attended. 
    

11.1 The cutting force model 
The first conclusion that can be drawn from studding the results from simulations, 
calculations and measured profile depths is that the Kienzle cutting force model is 
representative under certain conditions. The relation between the edge radius edge radius ER, 
and the chip thickness h, can not be too small for the Kienzle model to be valid. A too large 
edge radius, compared to the generated chip, will cause the insert to plough through the 
material instead of being cut. This geometrical relation results in an arc length on the radius 
that is larger than the theoretical chip thickness h, which is used in the Kienzle equation. The 
first practical consequence of the arc length is that the contact surface increases, compared to 
the theoretical, with a increment in cutting force and pressure on the insert. The second 
consequence that the radius of the cutting edge generates is a redirection of the force. The 
force will start taking a more normal direction compared to the workplane, which will be a 
negative factor for the normal force Fy.  The conclusion regarding the connection between the 
edge radius and the calculated or simulated normal force is that the radius needs to be small if 
the used force calculations should lead to a representative tool deflection compared the 
measured profile depth. There is however a problem if the radius is too small. A too small 
radius will generate a smaller profile depth then the calculated one since the material 
constants kc1, KT, KR and KA are measured through orthogonal turning with an insert that has 
a certain edge radius. The larger the edge radius is compared to the cutting depth ap, the larger 
will also the percentile input from the edge radius be. A to small edge radius on the milling 
tool will the not correlate with these measured values. 

11.2 The Fourier based model 
The Fourier based model is the most common method to describe periodic displacement due 
to a recurrent force. The definition of each period is the time it takes between the passing of 
two teeth. There is however a problem with the results from this model. The vibrations 
leading up to the next excitation increases in amplitude in an unnatural way, Figure 7-7. There 
is no force or reintroduced energy that can justify this deflection behaviour. The phenomenon 
can only be linked back to the Fourier sine and cosine series and the relation between the even 
functions a0 and an and the odd function bn. The vibrations just before the next tooth passing 
will also influence the shape of the upcoming deflection peak. Despite the negative or 
somewhat misleading answers from the Fourier model can some positive results be given. The 
result in amplitude gives a god indication of to what level the deflection will be risen to if the 
vibrations are small. The model is fairly easy to build and compute in a mathematical program 
such as Maple. The conclusion of the Fourier model is that the calculated displacement from 
this model is god but this is because the vibrations are very small. If the vibrations were to be 
larger then the input from these would reflect more in the following force impulse. The 
description of the vibration is poor, especially at the second half of the period. I would 
therefore not recommend this model for this type of simulation where the time periods 
between two force transients are proportionately large.  
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11.3 The Duhamel based model 
The Duhamel based model generates much better description of the vibration behaviour than 
the Fourier model. The gradually decrement of the deflection throughout the time after the 
force impulse is much more realistic. The problem is the difficulty of calculating a series of 
tooth engagements. This is however possible with some additional Maple programming, 
where the end conditions form the vibrations due to the previous force transient is 
implemented in the next impulse. This results in a very good description of how the vibrations 
progresses throughout the time period between two force impulses and in to the next transient. 
The Duhamel based model has a better ability to describe the tool vibration than the Fourier 
based model. To conduct a calculation with the Duhamel based model is also a lot then for the 
Fourier based model  

11.4 Modal analysis 
While the first two calculation models only showed what happened with the deflection of tool 
tip, the modal analysis can predict the whole deflection shape along the cutter shaft. The 
conducted modal analysis was done with two force impulses that followed each other. This 
procedure followed the same principles as the displacement calculations done whit the 
Duhamel based model. The modal analysis is a very strong calculation model that enables 
conclusions regarding how much of the form error that comes from the theoretical dynamic 
deflection of the tool shaft and how much that can be derived to other causes. 

11.5 CutPro software 
There are many conclusions to be made regarding CutPro. Both regarding the ability to 
simulate and predict the milling processes but also the potential the program has in product 
development. 
 
11.5.1 Simulation conclusions 
The conclusions regarding the simulations are that the results from the program correlates 
very good with the measured profile depth with some reservations. The parameters that I 
found to be important for the simulations to be accurate are the edge radius, the ability to 
make god curve fittings for the low frequencies of the transfer function and of course a correct 
definition of the cutter geometry. The importance of the edge radius on the experimental 
insert is of grate importance if the measured profile depth should have same amplitude as the 
simulated. The importance of the edge radius is lager in simulations of finish milling that in 
conventional operations since the force input from the radius in this type of operations is 
bigger. The correlation between simulations and measured profile depths were found to be 
very god for inserts with an edge radius ER, of 15 and 5 μm and the used cutting parameters. 
The inserts with an edge radius ER, of 30 μm were never even close and the measured profile 
depths were often almost the double amplitude compared to the simulated. This was not a 
surprising result since the simulations in AdvantEdge showed that the normal force Fy risen 
from 50 N to 80 N per millimetre of cutting depth. The transfer functions obtained with help 
form accelerometers failed in some cases to integrate the response for the lower frequencies. 
This lead to a problem with generating a proper curve-fitting and mismatch between the 
simulation and experimental results. The use of laser instead of accelerometers solved this 
problem and gave a much more accurate simulation result.  
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11.5.2 Product development 
The application and profits of using CutPro in a development phase are many and should not 
be lightly dismissed. One example of how CutPro could be used is optimisation of insert 
angles. Instead of manufacturing a number of different cutter-prototypes with different insert 
positions, and an equal number of inserts to fit these cutters, should only one cutter be 
developed. This cutter wouldn’t need accurate insert positions with serration and cooling 
channels. The only parameters that needs to be determined is a diameter, flutes and interface 
to the spindle coupling. This prototype is then used for tap tests in a few different machines. 
Different cutting-angles are then simulated and optimised to fit the demand specification for 
the tool. This procedure will answer a lot of questions regarding what is needed to fulfil the 
demands and if it is even possible. The second advantage is that this way of working leads to 
a reduction of time and cost-consuming prototype manufacturing and machining experiments.     

11.6 The form error 
The parameters that determine the form error are many but there are some that are more 
important than others. One of the more form error powering parameters is the force Fy, that 
acts in the normal direction of the cutting plane. A smaller force Fy, will result in a smaller 
cutter deflection and thereby also a smaller form error. The measured shape and the form 
error correlate well with each other. Figure 11-1 shows the calculated deflection shape from 
the Duhamel model compared with measured profiles from experiments in both the Matsuura 
RAIIIF and MORI SEIKI NV5000 α1 machines. 
 

Figure 11-1 Comparison between calculated deflection shape and measured profile 
depth 

 
11.6.1 The edge radius 
There are many ways of reducing this force component but one of the most effective one is to 
reduce the edge radius. Both the milling experiments and the AdvantEdge simulation results 
show this. Reviewing the milling experiments from the Matsuura RAIIIF and the Mori Seiki 
machine shows that a edge radius ER, of 15 μm is considerable better that using one with 30 
μm when it comes to measured the form error. The same advantage can’t be found when 
comparing the 5 μm inserts with the once with 15 μm.  Some of the experiments showed 
smaller error amplitudes with 5 μm and some with 15 μm.  The reason for this could be the 
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problems associated with obtaining an insert with edge radius ER, 5 μm. There were no 
effective way of measuring the 5 μm insert since the measuring device would destroy an edge 
this sharp. So since the 5 μm edges hasn’t been controlled other than in microscope there is no 
way of knowing if they really are this sharp. The conclusion regarding the edges must be that 
they should be sharp and that an edge radius ER, of 10 should be both practical and obtainable 
with PVD-coating.  
 
11.6.2 Young’s modulus and Mass distribution 
The next two parameters, that influence the form error, are stiffens and weight distribution 
over the tool shaft. Modal analysis calculations show that the theoretical influence of the 
stiffness has a larger impact on the form error than the mass. These calculation has rigid 
boundary conditions and the deflection of the tool shaft that I can effect with stiffer materials 
are not even close to the results in form error that are received through the milling 
experiments. The conclusion regarding stiffens of the cutter is that it has a marginal effect on 
the form error. The experiments with different cutter materials showed that the mass on the 
other hand had much more influence. A lightweight cutter like the once in steel, compared to 
other models, produced better surfaces and had smaller form error variations between 
different machines. A conducted Modal analysis, where 30 grams of steel at the top of the 
cutter, resulted in a higher vibration frequency and a smaller deflection. Even if the effect was 
theoretically small would a reduction of mass, primarily at the tip of the cutter, result in a 
smaller from error. The conclusion from this statement must be to remove all excessive 
material and design the insert brackets based on required strength, to withstand the cutting 
loads, and not leave this material after machining out the flute pockets.          
 
11.6.3 The axial rake angle 
The importance and effects of the axial rake angle has both been simulated and verified 
through experiments with solid end mills. The solid mill experiment showed that the surface 
error decreased with a helix angle of 50° compared to the one with 30°. A good understanding 
of how much of the decreased profile error that can be deduced back to the helix angle and the 
how much that comes from the radial rake angle is difficult to say. The result from CutPro 
simulations for these tools does not correspond to the measured profile depth. The profile for 
the 30° cutter should have slighter higher amplitude according to CutPro compared to the 
measured profile and the 50° mill should have smaller amplitude than the topology indicates. 
This makes it even more difficult to approximate the contribution in form error that comes 
from helix respective axial rake angle.  
 
11.6.4 The milling machine tools 
The variation in form error between different machines is striking. Using the same cutter and 
cutting data in two different machines can result in a form error that is duplicated in one 
compared to the other. This indicates that the displacement of the cutting edge is highly 
dependant of the spindle dynamics and that the stiffens of the tool-shaft is secondary. The 
milling-experiments shows that the magnitude of the normal force Fy and the mass of the 
cutter are especially important for form error in the weaker machine tools. A reduction of the 
force Fy through sharper cutting edges showed large reductions in form error and a lower 
force Fy also reduces the percentile divergens between a weak and stiff machine. The same 
phenomenon occurs between the cutters with high and low masses. The cutters with a higher 
mass tend to generate a larger form error than the cutters with smaller mass especially in 
weaker machines. The weaker machines seams to be inferior to withstand masses that 
accelerates compared to the stiffer once, which makes sense since mass in acceleration is the 
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same as force. A larger mass in motion is will therefore generate a grater force with a larger 
deflection as a result.      
 

11.7 Future work 
The writer sees many possible paths of continuances from this master thesis. A continuation 
of development of the cutting force model for generation of thin chips compared to edge 
radius is something that could be investigated further. A combination between this cutting 
force model with an extensive work of analysing spindle dynamics could then be used for 
displacement calculations. A more practical work could be to solve problems regarding 
development of insert mills with larger axial rake angles, study the possibility to weight 
optimise cutter with respect to mass and stiffens. Another conclusions from this thesis are 
what should be integrated in product development and a continuation of this conclusion is to 
work out where and how this should be done.       
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Appendix 1: Illustration of modal analysis 

 

Appendix 1 
 
Step 1: Convolution of modal displacement and modshape 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Step 2: Superpositioning all modes result in a total deflection  
 

First modal displacement First modeshape Convolution result 
from first mod 

Second modal displacement Second modeshape Convolution result 
from Second mod 

Convolution result 
from  first mode 

Convolution result 
from second mode

Convolution result 
from  N:th mod Total deflection 



Appendix 2: Tabled cutting geometry angles for Z90 
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Appendix 3: Results from tap test of CoroMill Z90 in Matsuura RAIIIF 

 

 
Appendix 3 
 
Results from tap test of CoroMill Z90 in Matsuura RAIIIF  
 
X-direction 

 
 
Y-direction 

 

frekvens fn [Hz]
f1=769 
f2=1561 
f3=2631 
f4=5545 

Moddämpning ζn

ζ1=0.050 
ζ2=0.036 
ζ3=0.039 
ζ4=0.021

Modmassa mn [kg] 
m1=1.48 
m2=0.93 
m3=6.19 
m4=0.68 

frekvens fn [Hz]
f1=769 
f2=1561 
f3=2631 
f4=5545 

Moddämpning ζn

ζ1=0.072 
ζ2=0.125 
ζ3=0.064 
ζ4=0.040

Modmassa mn [kg] 
m1=1.07 
m2=1.14 
m3=0.82 
m4=2.75 
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Appendix 4 
 
Stability lobes for CoroMill Z90 with one tooth, milling in Matsuura RAIIIF 
with SS2541-03 as workpiece and fz=0.1 mm as feed/tooth 
 
 

 
 
Stability lobes for CoroMill Z90 with one tooth, milling in Matsuura RAIIIF 
with SS2541-03 as workpiece and fz=0.3 mm as feed/tooth 



Appendix 4: Stability lobes in Matsuura RAIIIF for CoroMill Z90 

 

Stability lobes for CoroMill Z90 with two teeth, milling in Matsuura RAIIIF 
with SS2541-03 as workpiece and fz=0.1 mm as feed/tooth  
 

 
 
Stability lobes for CoroMill Z90 with two teeth, milling in Matsuura RAIIIF 
with SS2541-03 as workpiece and fz=0.3 mm as feed/tooth 
 

 



Appendix 5: Measured profile depth from milling experiments with CoroMill Z90 in SAJO 6000 

 

 
Appendix 5 
 

Attempt Material Feed fz 
(mm/tooth) 

Number of 
inserts (z) 

Profile depth 
(mm) 

2 SS2541-03 0,3 2 0,09 

 
 
 
Misaligned graph. A correct aliened graph would result in a reduced profile depth to 
approximately 0.06 mm.   
 

Attempt Material Feed fz  

 (mm/ tooth) 
Number of 
inserts (z) 

Profile depth 
(mm) 

3 SS2541-03 0,1 1 0,06 
 
 
 
 
 



Appendix 5: Measured profile depth from milling experiments with CoroMill Z90 in SAJO 6000 

 

 
 

Attempt Material Feed fz 
(mm/tooth) 

Number of 
inserts (z) 

Profile depth 
(mm) 

4 SS2541-03 0,3 1 0,09 
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Appendix 6  
 
Results from tap test of CoroMill Z90 in SAJO 6000 
 
X-direction 
 

Y-riktning 
 

 

Modal damping ζn

ζ1=0.030 
ζ2=0.052 
ζ3=0.038 
ζ4=0.027 

Modal mass mn [kg]
m1=21.51 
m2=4.17 
m3=1.46 
m4=0.61 

Frequency fn [Hz] 
f1=673 
f2=764 
f3=1470 
f4=2238 

Modal damping ζn 
ζ1=0.026 
ζ2=0.035 
ζ3=0.069 
ζ4=0.027

Modal mass mn [kg]
m1=4.31 
m2=1.14 
m3=1.66 
m4=0.68 

Frequency fn [Hz] 
f1=664 
f2=754 
f3=1475 
f4=2318 



Appendix 7: Stability lobes for CoroMill Z90 with two teeth, milling in SAJO 6000 
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Stability lobes for CoroMill Z90 with two teeth, milling in SAJO 6000 with 
SS2541-03 as workpiece and fz=0.3 mm as feed/tooth 
 

 
 
Stability lobes for CoroMill Z90 with two teeth, milling in SAJO 6000 with 
SS1672 as workpiece and fz=0.3 mm as feed/tooth  
 

 



Appendix 8: Surface profile from milling experiments with CoroMill Z90 
with two teeth, milling in SAJO 6000 

 

 
Appendix 8  
 

Attempt Material vc (m/minute) Profile depth 
(mm) 

1 SS2541-03 250 0,046 

 
 
 
 

Attempt Material vc (m/minute) Profile depth 
(mm) 

2 SS1672 250 0,044 

 



Appendix 8: Surface profile from milling experiments with CoroMill Z90 
with two teeth, milling in SAJO 6000 

 

 

Attempt Material vc (m/minute) Profile depth 
(mm) 

3 SS1672 300 0,044 
 

 
 
 

Attempt Material vc (m/minute) Profile depth 
(mm) 

4 SS1672 400 0,033 

 
 



Appendix 8: Surface profile from milling experiments with CoroMill Z90 
with two teeth, milling in SAJO 6000 

 

 

Attempt Material vc (m/minute) Profile depth 
(mm) 

5 SS1672 500 0,036 
 

 
 
 
 

Attempt Material vc (m/minute) Profile depth 
(mm) 

6 SS1672 600 0,034 

 
 



Appendix 9: Modal analysis results 

 

 
Appendix 9 
 
Results from modal analysis of a uniform beam with an approximated average 
diameter of 40 mm and a length of 128 mm. The applied force is taken from 
Stenmarks force model milling in SS2541-03 with fz=0.3 mm. 
 
Aluminium as cutter material 

 
Steel as cutter material 
 
 

μm 

μm 



Appendix 9: Modal analysis results 

 

Densiment as cutter material 

 
 
Cemented carbide as cutter material 
 

 

μm 



Appendix 10: Results form tap test of solid CoroMill Plura end mills in 
Matsuura 760: 

 

 
Appendix 10 
 
Results form tap test of CoroMill Plura, R216.32-20025-AP20A, with helix angle 
25° in Matsuura 760: 
 
X-direction 

Moddämpning ζn

ζ1=0.024 
ζ2=0.034 
ζ3=0.040

Modmassa mn [kg] 
m1=0.57 
m2=3.48 
m3=0.07 

frekvens fn [Hz]
f1=651 
f2=931 
f3=3150 

Mode Shape 1 Mode Shape 2 Mode Shape 3 

Modal damping ζn

ζ1=0.042 
ζ2=0.060 
ζ3=0.038 

Modal mass mn [kg] 
m1=0.49 
m2=0.15 
m3=0.07 

Frequency fn [Hz] 
f1=623 
f2=1700 
f2=3100 



Appendix 10: Results form tap test of solid CoroMill Plura end mills in 
Matsuura 760: 

 

Results form tap test of CoroMill Plura, R216.32-20025-AP20A, with helix angle 
25° in Matsuura 760: 
 
Y-direction   
 
 
  
 

Modal damping ζn

ζ1=0.042 
ζ2=0.038

Modal mass mn [kg] 
m1=0.49 
m2=0.07 

Frequency fn [Hz] 
f1=623 
f2=3100 

Mode Shape 1 Mode Shape 2



Appendix 10: Results form tap test of solid CoroMill Plura end mills in 
Matsuura 760: 

 

Results form tap test of CoroMill Plura, R216.32-20030-AC32P, with helix angle 
30° in Matsuura 760: 
 
X-direction 

Mode Shape 1 Mode Shape 2 Mode Shape 3

Mode Shape 4 Mode Shape 5 Mode Shape 6

Modal damping ζn

ζ1=0.050 
ζ2=0.029 
ζ3=0.035 
ζ4=0.061 
ζ5=0.023 

Modal mass mn [kg] 
m1=0.51 
m2=0.10 
m2=0.60 
m2=0.45 
m2=0.23 

Frequency fn [Hz] 
f1=600 
f2=930 
f3=2476 
f4=2698 
f5=2811 



Appendix 10: Results form tap test of solid CoroMill Plura end mills in 
Matsuura 760: 

 

Results form tap test of CoroMill Plura, R216.32-20030-AC32P, with helix angle 
30° in Matsuura 760: 
 
Y-riktning  

Modal damping ζn 
ζ1=0.050 
ζ2=0.029

Modal mass mn [kg] 
m1=0.51 
m2=0.10 

Frequency fn [Hz] 
f1=600 
f2=2911 

Mode Shape 1 Mode Shape 2



Appendix 10: Results form tap test of solid CoroMill Plura end mills in 
Matsuura 760: 

 

Results form tap test of CoroMill Plura, R216.34-20050-AK38H, with helix angle 
50° in Matsuura 760: 
 
 X-direction   
 
 
 
 
 Modal damping ζn 

ζ1=0.035 
ζ2=0.042 
ζ3=0.042

Modal mass mn [kg] 
m1=0.61 
m2=3.56 
m3=0.11 

Frequency fn [Hz] 
f1=623 
f2=908 
f3=2701 

Mode Shape 1 Mode Shape 2 Mode Shape 3 



Appendix 10: Results form tap test of solid CoroMill Plura end mills in 
Matsuura 760: 

 

Results form tap test of CoroMill Plura, R216.34-20050-AK38H, with helix angle 
50° in Matsuura 760: 
 
 Y-direction 

 

Mode Shape 1 Mode Shape 2

Modal damping ζn 
ζ1=0.035 
ζ2=0.047

Modal mass mn [kg] 
m1=0.61 
m2=0.13 

Frequency fn [Hz] 
f1=645 
f2=2911 



Appendix 11: Stability lobes for solid CoroMill Plura end mills in Matsuura 
760: 

 

 
Appendix 11 
 
Stability lobes for R216.32-20025-AP20A solid end mill with helix angle 25° and 
fz=0.1 mm 
 

 
 
Stability lobes for R216.32-20025-AP20A solid end mill with helix angle 25° and 
fz=0.3 mm 



Appendix 11: Stability lobes for solid CoroMill Plura end mills in Matsuura 
760: 

 

 
 
Stability lobes for R216.32-20030-AC32P solid end mill with helix angle 30° and 
fz=0.1 mm 
 

 
Stability lobes for R216.32-20030-AC32P solid mill with helix angle 30° and 
fz=0.3 mm 
 

 
 



Appendix 11: Stability lobes for solid CoroMill Plura end mills in Matsuura 
760: 

 

Stability lobes for R216.34-20050-AK38H solid end mill with helix angle 50° and 
fz=0.1 mm 

 
 
 
Stability lobes for R216.34-20050-AK38H solid end mill with helix angle 50° and 
fz=0.3 mm 

 



Appendix 12: measured profile depth for solid CoroMill Plura end mills in 
Matsuura 760 
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Helix angle 30° 

Helix angle 50° 

 
 



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 
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Results from tap test of Z90 in aluminium with cylindrical shaft and axial rake 
angle 18° in MORI SEIKI: 
 
X-direction  

Modal damping ζn

ζ1=0.098 
ζ2=0.061 
ζ3=0.053 
ζ4=0.085 
ζ5=0.026 
ζ6=0.025 
ζ7=0.026 
ζ8=0.013 

Modal mass mn 
[kg] 
m1=3.8 
m2=4.8 
m3=6.7 
m4=0.7 
m5=0.1 
m6=0.1 
m7=0.2 
m8=0.4 

Frequency fn [Hz] 
f1=1025 
f2=1149 
f3=1514 
f4=2084 
f5=2692 
f6=3671 
f7=4494 
f8=4951 

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8 



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 

 

Results from tap test of Z90 in aluminium with cylindrical shaft and axial rake 
angle 18° in MORI SEIKI: 
 
Y-direction 

Modal dampning ζn

ζ1=0.062 
ζ2=0.066 
ζ3=0.044 
ζ4=0.011 
ζ5=0.021 
ζ6=0.019 
ζ7=0.027 
ζ8=0.014 

Modmassa mn [kg] 
m1=6.6 
m2=2.6 
m3=2.7 
m4=0.6 
m5=0.1 
m6=0.1 
m7=0.2 
m8=0.4 

frekvens fn [Hz]
f1=894 
f2=1173 
f3=1708 
f4=2083 
f5=2700 
f6=3671 
f7=4491 
f8=4947 

Modal damping ζn

ζ1=0.062 
ζ2=0.066 
ζ3=0.044 
ζ4=0.011 
ζ5=0.021 
ζ6=0.019 
ζ7=0.027 
ζ8=0.014 

Modal mass mn 
[kg] 
m1=3.8 
m2=4.8 
m3=6.7 
m4=0.7 
m5=0.1 
m6=0.1 
m7=0.2 
m8=0.4 

Frequency fn [Hz] 
f1=1025 
f2=1149 
f3=1514 
f4=2084 
f5=2692 
f6=3671 
f7=4494 
f8=4951 

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8 



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 

 

 
Results from tap test of Z90 in Steel with cylindrical shaft and axial rake angle 
18° in MORI SEIKI: 
 
X-direction 

Modal damping ζn

ζ1=0.092 
ζ2=0.058 
ζ3=0.034 
ζ4=0.051 
ζ5=0.035 
ζ6=0.025 
ζ7=0.029 
ζ8=0.010 

Modal mass mn 
[kg] 
m1=5.4 
m2=2.5 
m3=2.3 
m4=0.8 
m5=0.4 
m6=0.5 
m7=0.6 
m8=0.6 

Frequency fn [Hz] 
f1=845 
f2=1144 
f3=1645 
f4=2054 
f5=2418 
f6=3713 
f7=4573 
f8=5023 

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8 



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 

 

 
Results from tap test of Z90 in Steel with cylindrical shaft and axial rake angle 
18° in MORI SEIKI: 
 
Y-direction 
 
 
 
 
 

Modal damping ζn

ζ1=0.033 
ζ2=0.049 
ζ3=0.024 
ζ4=0.037 
ζ5=0.034 
ζ6=0.024 
ζ7=0.029 
ζ8=0.057 

Modal mass mn 
[kg] 
m1=7.3 
m2=2.3 
m3=2.5 
m4=0.9 
m5=0.4 
m6=0.5 
m7=0.6 
m8=0.9 

Frequency fn [Hz] 
f1=894 
f2=1179 
f3=1648 
f4=2077 
f5=2398 
f6=3697 
f7=4572 
f8=5013 

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8 



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 

 

Results from tap test of Z90 in Densiment with cylindrical shaft and axial rake 
angle 18° in MORI SEIKI: 
 
X-direction  
 
 

Modal damping ζn

ζ1=0.035 
ζ2=0.030 
ζ3=0.035 
ζ4=0.044 
ζ5=0.029 
ζ6=0.067 
ζ7=0.034 
ζ8=0.015 

Modal mass mn 
[kg] 
m1=29.8 
m2=7.6 
m3=9.3 
m4=3.2 
m5=1.8 
m6=0.9 
m7=1.2 
m8=1.8 

Frequency fn [Hz] 
f1=710 
f2=816 
f3=887 
f4=1067 
f5=2286 
f6=3591 
f7=4458 
f8=4822 

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8 



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 

 

Results from tap test of Z90 in Densiment with cylindrical shaft and axial rake 
angle 18° in MORI SEIKI: 
 
Y-direction 
 
 

Modal damping ζn

ζ1=0.023 
ζ2=0.047 
ζ3=0.020 
ζ4=0.032 
ζ5=0.019 
ζ6=0.024 
ζ7=0.038 
ζ8=0.013 

Modal mass mn 
[kg] 
m1=4.6 
m2=2.5 
m3=2.9 
m4=1.3 
m5=2.2 
m6=1.1 
m7=1.1 
m8=2.7 

Frequency fn [Hz] 
f1=850 
f2=1112 
f3=1606 
f4=1967 
f5=2291 
f6=3595 
f7=4465 
f8=4795 

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 

 

Results from tap test of Z90 in Cemented carbide with brazed steel tip. The shaft 
were cylindrical and the cutter had an axial rake angle 18° in MORI SEIKI: 
 
X-direction  
 

 
  

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 

Modal damping ζn

ζ1=0.046 
ζ2=0.027 
ζ3=0.041 
ζ4=0.024 
ζ5=0.046 
ζ6=0.048 
ζ7=0.023 
ζ8=0.025 
ζ9=0.088 

frequency fn [Hz]
f1=251 
f2=498 
f3=526 
f4=874 
f5=1147 
f6=1964 
f7=2454 
f8=3751 
f9=4496 

Modal mass mn [kg] 
m1=108.77 
m2=54.99 
m3=254.34 
m4=6.98 
m5=2.60 
m6=1.57 
m7=0.77 
m8=1.27 
m9=0.63 

Mode Shape 5 

Mode Shape 9 Mode Shape 8 Mode Shape 7 Mode Shape 6 



Appendix 13: Results form tap test with Z90 in different materials with 
cylindrical shaft in MORI SEIKI 

 

Results from tap test of Z90 in Cemented carbide with brazed steel tip. The shaft 
were cylindrical and the cutter had an axial rake angle 18° in MORI SEIKI: 
 
Y-direction 

Modal damping ζn

ζ1=0.108 
ζ2=0.108 
ζ3=0.057 
ζ4=0.053 
ζ5=0.049 
ζ6=0.043 
ζ7=0.018 
ζ8=0.028 
ζ9=0.106 

frequency fn [Hz]
f1=247 
f2=466 
f3=832 
f4=1100 
f5=1576 
f6=1963 
f7=2452 
f8=3752 
f9=4541 

Modal mass mn [kg] 
m1=80.28 
m2=13.25 
m3=4.22 
m4=2.86 
m5=4.94 
m6=1.32 
m7=0.81 
m8=1.12 
m9=1.50 

Mode Shape 1 Mode Shape 2 Mode Shape 3 Mode Shape 4 Mode Shape 5 

Mode Shape 9 Mode Shape 8 Mode Shape 7 Mode Shape 6 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
Appendix 14 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER  

(μm)  

Profile 
depth (mm) 

1 SS2541-03 Aluminium 0,1 15 0,016 
 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

1 SS2541-03 Aluminium 0,1 30 0,029 
 

 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

1 SS2541-03 Steel 0,1 15 0,015 
 
 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

2 SS2541-03 Steel 0,1 30 0,020 
 
 
 
 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

3 SS2541-03 Densiment 0,1 15 0,014 
 
 
 
 
 
 
 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

4 SS2541-03 Densiment 0,1 30 0,020 
 

 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

5 SS2541 Cemented  
Carbide +Steel  

0,1 30 0,033 

 

 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

6 SS2541 Cemented  
Carbide+Steel 

0,3 30 0,032 

 
 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile 
depth (mm) 

7 SS2541 Cemented  
Carbide +Steel 

0,1 15 0,024 

 

 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile 
depth (mm) 

8 SS2541 Cemented  
Carbide +Steel 

0,3 15 0,023 

 
 
 
 



Appendix 14: Measured profile depth from experiments with Z90 in different 
materials with cylindrical shaft in MORI SEIKI 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile 
depth (mm) 

9 SS2541 Cemented  
Carbide +Steel 

0,1 5 0,021 

 
 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile 
depth (mm) 

10 SS2541 Cemented  
Carbide +Steel 

0,3 5 0,021 

 
 
 



Appendix 15: Results from measured insert divergence on CoroMill Z90 with cylindrical shaft in 
Matsuura RAIIIF 

 

 
Appendix 15 
 
Results from measured insert divergence on CoroMill Z90 with cylindrical shaft in 
Matsuura RAIIIF. 

 
Measures of radial divergens for aluminium cutter with edge radius 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 +0,002 
8 +0,001 

 
Measures of radial divergens for aluminium cutter with edge radius 30μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 +0,008 
8 +0,001 

 
Measures of radial divergens for steel cutter with edge radius 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 +0,002 
8 +0,003 

 
Measures of radial divergens for steel cutter with edge radius 30μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,003 
8 0 

 
 
Measures of radial divergens for densiment cutter with edge radius 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,02 
8 -0,012 

 
 
Measures of radial divergens for densiment cutter with edge radius 30μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 0, 
8 -0,02 

 



Appendix 15: Results from measured insert divergence on CoroMill Z90 with cylindrical shaft in 
Matsuura RAIIIF 

 

Measures of radial divergens for cermented carbide with steel tip cutter with edge radius 30μm 
Measuring point Radial divergens 

(mm) 
0 0 
4 -0,006 
8 -0,002 

 
 
Measures of radial divergens for cermented carbide with steel tip cutter with edge radius 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,004 
8 -0,005 

 
 
Measures of radial divergens for cermented carbide with steel tip cutter with edge radius 5μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,001 
8 -0,002 

 
 
 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

 
Appendix 16 
 
Results from tap test of Z90 in Aluminium with cylindrical shaft and axial rake 
angle 18° in Matsuura RAIIIF: 
 
X-direction  
 

Modal damping ζn 
ζ1=0.181 
ζ2=0.154 
ζ3=0.087 
ζ4=0.042 
ζ5=0.076 
ζ6=0.076 
ζ7=0.054 
ζ8=0.076 
ζ9=0.009 
ζ10=0.029 

Modal mass mn [kg] 
m1=44.6 
m2=3.89 
m3=0.618 
m4=6.64 
m5=2.50 
m6=0.61 
m7=1.00 
m8=0.07 
m9=0.29 
m10=0.32 

frequency fn [Hz]
f1=183 
f2=359 
f3=637 
f4=999 
f5=1133 
f6=1417 
f7=2561 
f8=3100 
f9=3526 
f10=3762

Mode Shape 1 Mode Shape 2 Mode Shape 4 Mode Shape 5 

Mode Shape 6 Mode Shape 7 Mode Shape 8 Mode Shape 9 Mode Shape 10

Mode Shape 3 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of Z90 in Aluminium with cylindrical shaft and axial rake 
angle 18° in Matsuura RAIIIF: 
 
Y-direction 
 

 
 

 

Modal damping ζn 
ζ1=0.212 
ζ2=0.048 
ζ3=0.072 
ζ4=0.054 
ζ5=0.024 
ζ6=0.044 
ζ7=0.007 
ζ8=0.042 

frequency fn [Hz]
f1=488 
f2=667 
f3=1111 
f4=1469 
f5=2653 
f6=3121 
f7=3516 
f8=4083 

Modal mass mn [kg] 
m1=2.12 
m2=0.71 
m3=1.74 
m4=0.68 
m5=0.90 
m6=0.055 
m7=0.19 
m8=0.60 

Mode Shape 1 Mode Shape 2 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8 

Mode Shape 3 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of Z90 in Steel with cylindrical shaft and axial rake angle 
18° in Matsuura RAIIIF: 
 
X-direction  
 

Modal damping ζn

ζ1=0.220 
ζ2=0.051 
ζ3=0.100 
ζ4=0.097 
ζ5=0.022 

Modal mass mn [kg] 
m1=1.41 
m2=1.03 
m3=2.65 
m4=1.63 
m5=0.18 

Frequency fn [Hz] 
f1=385 
f2=573 
f3=1062 
f4=1321 
f5=3560 

Mode Shape 1 Mode Shape 2 

Mode Shape 4 Mode Shape 5 

Mode Shape 3 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of Z90 in Steel with cylindrical shaft and axial rake angle 
18° in Matsuura RAIIIF: 
 
Y-direction  
 

Modal damping ζn

ζ1=0.13 
ζ2=0.052 
ζ3=0.038 
ζ4=0.022

Modal mass mn [kg] 
m1=1.95 
m2=0.99 
m3=2.13 
m4=0.16 

Frequency fn [Hz] 
f1=439 
f2=572 
f3=1374 
f4=3567 

Mode Shape 1 Mode Shape 2 

Mode Shape 4 Mode Shape 3 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of Z90 in Cemented carbide with brazed steel tip. The shaft 
were cylindrical and the cutter had an axial rake angle 18° in Matsuura RAIIIF: 
 
X-direction  
 

Modal damping ζn

ζ1=0.264 
ζ2=0.152 
ζ3=0.041 
ζ4=0.136 
ζ5=0.055 
ζ6=0.027 

Modal mass mn [kg] 
m2=61.03 
m2=1.90 
m3=1.66 
m4=1.84 
m5=3.24 
m6=0.23 

Frequency fn [Hz] 
f1=186 
f2=385 
f3=547 
f4=1156 
f5=2580 
f=4071 

Mode Shape 1 Mode Shape 2 

Mode Shape 4 

Mode Shape 3 

Mode Shape 5 Mode Shape 6 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of Z90 in Cemented carbide with brazed steel tip. The shaft 
were cylindrical and the cutter had an axial rake angle 18° in Matsuura RAIIIF: 
 
Y-direction  
 

  

Modal damping ζn

ζ1=0.126 
ζ2=0.072 
ζ3=0.090 
ζ4=0.029 
ζ5=0.024 

Modal mass mn [kg] 
m1=1.66 
m2=1.30 
m3=2.01 
m4=4.09 
m5=0.23 

Frequency fn [Hz] 
f1=448 
f2=538 
f3=1400 
f4=2617 
f5=4134 

Mode Shape 1 Mode Shape 2 

Mode Shape 4 

Mode Shape 3 

Mode Shape 5 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of drilled Z90 in steel. The shaft were cylindrical and the 
cutter had an axial rake angle 18° in Matsuura RAIIIF: 
 
X-direction  

 
 

Modal damping ζn 
ζ1=0.224 
ζ2=0.190 
ζ3=0.128 
ζ4=0.048 
ζ5=0.074 
ζ6=0.086 
ζ7=0.033 
ζ8=0.027 

frequency fn [Hz]
f1=161 
f2=262 
f3=375 
f4=601 
f5=1089 
f6=1389 
f7=2514 
f8=3437 

Modal mass mn [kg] 
m1=59.66 
m2=36.17 
m3=3.12 
m4=0.97 
m5=1.97 
m6=1.77 
m7=1.84 
m8=0.18 

Mode Shape 1 Mode Shape 2 Mode Shape 4 

Mode Shape 5 Mode Shape 6 Mode Shape 7 Mode Shape 8 

Mode Shape 3 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of drilled Z90 in steel. The shaft were cylindrical and the 
cutter had an axial rake angle 18° in Matsuura RAIIIF: 
 
Y-direction  
  

Modal damping ζn

ζ1=0.275 
ζ2=0.054 
ζ3=0.079 
ζ4=0.054 
ζ5=0.030 

Modal mass mn [kg] 
m1=1.30 
m2=0.87 
m3=1.24 
m4=0.91 
m5=0.22 

Frequency fn [Hz] 
f1=430 
f2=592 
f3=1371 
f4=2500 
f5=3380 

Mode Shape 1 Mode Shape 2 

Mode Shape 4 Mode Shape 5 

Mode Shape 3 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

 
Results from tap test of Z90 in Densiment. The shaft were cylindrical and the 
cutter had an axial rake angle 18° in Matsuura RAIIIF: 
 
X-direction  

Modal damping ζn

ζ1=0.206 
ζ2=0.069 
ζ3=0.095 
ζ4=0.051 
ζ5=0.128 
ζ6=0.021 
ζ7=0.021 

Modal mass mn [kg] 
m2=63.83 
m2=5.70 
m3=1.97 
m4=3.024 
m5=3.38 
m6=2.21 
m7=0.48 

Frequency fn [Hz] 
f1=169 
f2=342 
f3=413 
f4=527 
f5=1028 
f6=2562 
f7=3296 

Mode Shape 1 Mode Shape 2 Mode Shape 4 Mode Shape 3 

Mode Shape 5 Mode Shape 6 Mode Shape 7 



Appendix 16: Results from tap test of Z90 in different materials with cylindrical shaft in Matsuura 
RAIIIF 

 

 

Results from tap test of Z90 in Densiment. The shaft were cylindrical and the 
cutter had an axial rake angle 18° in Matsuura RAIIIF: 
 
Y-direction  
 

 

Modal damping ζn

ζ1=0.12 
ζ2=0.066 
ζ3=0.033 
ζ4=0.033 
ζ5=0.023 

Modal mass mn [kg] 
m1=1.41 
m2=2.95 
m3=9.05 
m4=2.16 
m5=0.52 

Frequency fn [Hz] 
f1=404 
f2=498 
f3=1299 
f4=2503 
f5=3280 

Mode Shape 1 Mode Shape 2 

Mode Shape 4 Mode Shape 5 

Mode Shape 3 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

Appendix 17 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

1 SS2541-03 Densiment 0,1 30 0,05 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

2 SS2541-03 Densiment 0,3 30 0,134 
 
 
 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

3 SS2541-03 Densiment 0,1 15 0,095 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

4 SS2541-03 Densiment 0,3 15 0,122 

 
 
 
 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

5 SS2541-03 Densiment 0,1 ≈5 0,046 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

6 SS2541-03 Densiment 0,3 ≈5 0,057 

 
 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

7 SS2541-03 Steel 0,1 30 0,070 
 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

8 SS2541-03 Steel 0,3 30 0,091 

 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

9 SS2541-03 Steel 0,1 15 0,036 
 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile depth 
(mm) 

10 SS2541-03 Steel 0,3 15 0,042 

 
 
 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

11 SS2541-03 Steel 0,1 ≈5 0,063 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

12 SS2541-03 Steel 0,3 ≈5 0,081 

 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

13 SS2541-03 Aluminium 0,1 15 0,065 

 
 
Attempt Material Cutter 

material 
Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

14 SS2541-03 Aluminium 0,3 15 0,080 
 
 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

15 SS2541 Cemented  
Carbide +Steel 

0,1 30 0,073 

 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth 

16 SS2541 Cemented  
Carbide +Steel 

0,3 30 0,108 

 
 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

17 SS2541 Cemented  
Carbide +Steel 

0,1 15 0,046 

 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius 

ER 
(μm)  

Profile depth 
(mm) 

18 SS2541 Cemented  
Carbide +Steel 

0,3 15 0,059 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge 

radius ER 
(μm)  

Profile depth 
(mm) 

19 SS2541 Cemented  
Carbide +Steel 

0,1 5 0,059 

 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth 
(mm) 

20 SS2541 Cemented  
Carbide +Steel 

0,3 5 0,081 

 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

21 SS2541 Drilled Steel 0,1 30 0,114 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

22 SS2541 Drilled Steel 0,3 30 0,143 

 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

23 SS2541 Drilled Steel 0,1 15 0,113 

 
 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

24 SS2541 Drilled Steel 0,3 15 0,137 

 



Appendix 17: Results from calculation models and profile measurements of CoroMill Z90 
with cylindrical shaft. 

 
 

 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

25 SS2541 Drilled Steel 0,1 5 0,057 

 
Attempt Material Cutter material Feed fz 

(mm/tooth) 
Edge radius ER 

(μm)  

Profile 
depth (mm) 

26 SS2541 Drilled Steel 0,3 5 0,075 
 

 
 
 



Appendix 18: Results from calculation models and profile measurements of CoroMill Z90 with 
cylindrical shaft. 

 

 

 
Appendix 18 
 
Results from calculation models and profile measurements of CoroMill Z90 with 
cylindrical shaft. 
 
Mori Seiki (one insert) 
 
Measures of radial divergens for densiment cutter with ER 30μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,02 
8 -0,02 

 
Measures of radial divergens for densiment cutter with ER 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,01 
8 -0,007 

 
Measures of radial divergens for densiment cutter with ER 5μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 +0,001 
8 +0,002 

 
Measures of radial divergens for steel cutter with ER 30μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,002 
8 -0,007 

 
Measures of radial divergens for steel cutter with ER 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 0 
8 +0,01 

 
Measures of radial divergens for steel cutter with ER 5μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,025 
8 -0,025 

 



Appendix 18: Results from calculation models and profile measurements of CoroMill Z90 with 
cylindrical shaft. 

 

 

Measures of radial divergens for aluminium cutter with edge radius 15μm 
Measuring point Radial divergens 

(mm) 
0 0 
4 -0,002 
8 -0,004 

  
Measures of radial divergens for cermented carbide with steel tip cutter with edge radius 30μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,002 
8 -0,0015 

 
Measures of radial divergens for cermented carbide with steel tip cutter with edge radius 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,0025 
8 -0,003 

 
Measures of radial divergens for cermented carbide with steel tip cutter with edge radius 5μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,0015 
8 -0,0005 

 
Measures of radial divergens for the drilled steel cutter with edge radius 30μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,006 
8 0,007 

 
Measures of radial divergens for the drilled steel cutter with edge radius 15μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,012 
8 -0,001 

 
Measures of radial divergens for the drilled steel cutter with edge radius 5μm 

Measuring point Radial divergens 
(mm) 

0 0 
4 -0,002 
8 0,02 

 



Appendix 19: Results from modal analysis. 
 

 

Appendix 19 
 
Results from modal analysis of a uniform prismatic beam with an approximated 
average diameter of 32 mm and a length of 80 mm. The applied force is taken from 
Stenmarks force model milling in SS2541-03 with fz 0.1 mm. 
 
Aluminium cutter 

 
 
Steel cutter 

 
 



Appendix 19: Results from modal analysis. 
 

 

Densiment cutter 
 

 
Cemented carbide cutter  
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