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Abstract 
In this master thesis a wear study on tools for mechanical cutting is made. In 
every mechanical cutting process wearing of the tool occurs, this wear process is 
very complex and it is of interest to be able to model this process to increase the 
understanding of wear among cutting tool developers.  
This thesis is studying two different wear models, Huang’s and Usui’s wear 
models, these two describe the volume wear rate on the tool depending on cutting 
data and material parameters, and need to be calibrated with experimental tests to 
function properly.  
As a first step to a complete wear model this thesis handles the models for a 
simple 2-D case. Therefore the tests are made in a CNC-late by grooving flenses 
with triangular inserts that has no chip breakers. For simplicity in the measure 
process during the testing the models will be studied for flank wear. The 
suggested model is also used in the commercial FE-software AdvantEdge to 
investigate how good resemblance there is between the simulation with the 
calibrated model and the experiments made. 
The results show that for this case Usui’s model give a better resemblance with 
the experiments and are more stable in the calibration process than Huang’s model 
is. This means that the calibration process gives close to the same answer 
independent on which test data that is used in the calibration process, which was 
not the case for Huang’s model. Therefore this model is suggested as a tool for 
tool developers to increase the understanding of the wear process. 
The simulations give larger wear than measured during experiments; this can be 
explained by several generalizations made here, as equally distributed forces and 
constant temperature during the whole wear process.  
 
The suggested model can be implemented in a 3-D case, for this to work, force 
and temperature models for that case need to exist and be used as input to the 
wear model so a next step in creating a complete wear model would be to develop 
such models. 
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Sammanfattning 
I denna examensarbetes rapport för Civilingenjör programmet kommer en studie 
modellering av förslitningsmekanismer på verktyg inom skärande bearbetning att 
behandlas. I varje process där man använder verktyg för att mekaniskt bearbeta ett 
arbetsmaterial så kommer det ske förslitning på verktyget, denna förslitnings 
process är mycket komplex och det är av intresse att skapa en modell av processen 
för att öka förståelsen för förslitningar hos utvecklare av skärande verktyg. 
Denna rapport behandlar två olika förslitningsmodeller, Huang’s och Usui’s, 
dessa två modeller beskriver volymförslitningshastighet beroende av skärdata och 
material parametrar. Dessa två modeller är empiriska och måste kalibreras med 
data från experiment för att fungera. 
Som ett första steg mot en komplett förslitningsmodell behandlar denna rapport 
modellerna för ett enkelt 2-D fall. Tester utförs i en CNC-svarv genom att radiellt 
sticka flänsar med triangulära svarvskär utan spånbrytare. För att göra 
mätproceduren vid testingen enkel så blir modellerna studerad med avseende på 
fasförslitning vilket är den enklaste förslitningen at mäta. Den föreslagna 
modellen används också till att simulera förslitning med FE-mjukvaran 
AdvantEdge, detta för att jämföra simuleringen med de experimentella testerna 
och se hur bra dessa överensstämmer. 
Resultatet visar, att i detta fall så ger Usui’s modell en bättre överrensstämmelse 
med de experimentella testerna och är stabilare än Huang’s modell. Med detta 
menas att oberoende av vilka mätdata som används i kalibreringsprocessen så fås 
ungefär samma svar med Usui’s modell, vilket inte var fallet med Huang’s 
modell. Med bakgrund av detta så rekommenderas Usui’s modell att användas 
som verktyg för utvecklare att öka sin förståelse för förslitningsfenomenet. 
Simuleringarna av förslitning i AdvantEdge med denna modell gav mycket större 
förslitning än de experimentella, det kan förklaras av förenklande antaganden som 
gjorts med jämn kraftutbredning samt konstant temperatur under hela förslitnings 
perioden.  
 
Den föreslagna förslitningsmodellen kan också användas till 3-D fall, förutsatt att 
det finns modeller som beskriver temperatur och krafter, som input till 
förslitningsmodellen 
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1 Introduction 
This chapter will handle the background, objective, limitations and method for 
this Master thesis.  

1.1 Background 
The production industry today needs to be able to produce as much as possible on 
limited time. When it comes to metal cutting process it is of importance that the 
producing industry can use their cutting tools as long as possible. One parameter 
that decides for how long they can use their tools depends on how high their 
accuracy needs to be and how fast the tools wear to a limit where the accuracy of 
the cutting process gets unacceptable. Therefore the tool producers need to know 
how their tools get worn and how fast this happens. Today the tool industry makes 
empirical formulas that decide their tools length of life, these empirical formulas 
needs a lot of practical testing for each tool and is today expensive and time 
consuming to do. It is therefore of interest to develop a wear model that can be 
used to analytically predict tool wear in an early stage of developing new tools.  
 

1.2 Objective 
The objective of this thesis is to develop a mechanistic model to predict tool wear 
rate during the cutting operation. It is desired to employ the model in a 
commercial finite element code in order to analyze insert with complex geometry. 
This study strives to find a model that describes the process of wearing at a 
mechanism level. It would be preferable to have such a model that shows how 
much different mechanisms acts on the tool. 
A good wear model would make it possible to reduce the amount of testing 
needed when developing new tools, and increase the level of understanding for 
the wear process. At the end the development of new tools may occur much faster 
and result in more wear resistive tools.  
 

1.3 Limitations 
The thesis will focus on insert wear within an orthogonal cutting condition. This is 
a very rare way of cutting, but it is a necessary first step to take in developing a 
wear model.  
 



1.4 Method 
The work is separated into four parts. First part is literature studies of basic theory 
of mechanical cutting and thereafter searching for technical articles from studies 
that handles wearing and subjects in connection to that. 
Second part is to develop a wear model based on literature studies and validate the 
model using experimental verifications. 
Third part is the actual testing and logging of test data, and the last part is to 
analyze the data and come to a conclusion regarding the developed model. 

2 Theory 
This chapter will handle some basic cutting and wear theory, based on literature 
studies and also the suggested wear model. 
 

2.1 Orthogonal cutting geometry 
A cutting geometry can be very complex and difficult to describe, this thesis will 
handle the most basic geometry there is in metal cutting, namely the orthogonal 
cutting case. This geometry will be enough for the purposes of this thesis and it 
can be described according to figure 1.  
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Figure 1: Orthogonal cutting geometry with geometrical definitions 

  
  

 
Figure 1 shows a cutting tool running trough the work material with the cutting 
speed of Vc and cutting the work piece with the uncut chip thickness h. The chip 
flows up the tools chip rake angle γ with the chip thickness hc, and the tool have 
its release angle α. There is also the primary shear zone with its angle Φ and 
secondary shear zone along the contact length L on the tool, all these parameters 
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are commonly used in describing the forces acting on the tool and therefore of 
interest in this thesis.   
 

2.2 Wear mechanisms 
During a cutting situation like described in section 2.1 there are different wear 
mechanism’s that affect the tool. The mechanisms which have the most impact on 
the total wear are depending on the tool material and coating together with the 
cutting conditions at the actual situation. The mechanism described here is not 
specific for mechanical cutting but is the basic mechanisms in any kind of wear. 
 

• Abrasive – This is a phenomenon when hard particles abrade on a softer 
material. This mechanism appears on all contact areas that have a relative 
velocity against each other and is dependent on the relative hardness of the 
abrading particles and the abraded material.  

• Adhesive – This mechanism occurs under high temperature and pressure. 
When two metals are forced together under these conditions, small 
particles will be welded together. And in the case of metal cutting when 
these two metals also have a relative velocity against each other, these 
small welds will cause micro pieces of the tool to break loose. 

• Diffusion – Diffusion is when atoms of one material diffuse over to 
another material. This mainly occurs under high temperature and is 
therefore a common wear mechanism in mechanical cutting with high 
feeds and cutting speeds. It is believed [8] that diffusion causes the tool to 
be depleted of its atoms responsible for its hardness, and therefore 
becoming more sensible for Abrasive and Adhesive wear. 

• Chemical – This also occurs under high temperatures and clean surfaces. 
With these conditions chemical reactions like oxidation can occur, and 
then the oxidized layer that was produced is quickly removed by other 
mechanisms.  

• Plastic deformation – A combination of high cutting forces and high 
temperatures can result in plastic deformation of the tool and as a result 
the tool gets a new geometry and it loose its initial characteristics. 

 
To be able to predict how these mechanisms will affect a tool during mechanical 
cutting, it is of importance to understand how every single mechanism work and 
what parameters that affect its wear progress. Next section will describe some 
usual wear types that appear on cutting tools and which are created by a 
combination of these mechanisms.  



2.3 Different types of tool wear 
It is usually several wear mechanisms that act on a tool at the same time, and 
these results in different types of wear at different areas on the tool. Depending on 
the tools application and cutting conditions it will suffer different kind of wears or 
a combination of wear types. Some of the usual wear types are crater wear, flank 
wear, chipping and fracture. 

 

 
Figure 2: Top left: Crater wear, Top right: Flank wear, Bottom left: Chipping, Bottom right: 

Fracture 
    

Crater wear 
This wear is located on the chip rake face of the tool, and has the form of a crater 
thereby its name. The rake face suffers severe pressure and temperature loads and 
the crater wear is therefore mainly caused by diffusive wear.   
Flank wear 
Is formed on the tools relief surface and is a flat worn surface. The flank wear is 
believed to mostly depend on abrasive wear.  
Chipping 
When a small material piece of the cutting edge on the tool breaks loose its called 
chipping. This is an inconsistent wear that usually occurs when the tool work 
under intermittent cutting.    
Fracture 
When the tool edges suffer very high temperatures and high forces the edge may 
break totally. This is often observed on a heavily worn tool that runs under tough 
cutting conditions.  
 

 4 



These wear types are the most common wears that decides the tools length of life. 
All these wear types do have a number of different wear mechanisms that creates 
them and therefore it is important to know about how the wear mechanisms work 
to be able to understand and predict tool wear and under what conditions the wear 
types appear.  

2.4 Wear models 
The main objective with creating wear models is to try to describe how different 
types of tool wear progress in time and also create understanding about how 
different cutting parameters affects the wear process. 
There exist a number of different wear models; it is possible to split many of these 
models in to two groups. One of them is a group of models that predict the tools 
lifetime depending on cutting conditions, based on empirical formulas. The other 
one is models that predict the volume wear rate depending on cutting conditions. 
This thesis focus on the second group that predict the volume wear rate, because 
this kind of model implements well with modern FE-software’s to simulate tool 
wear and tool life on complex geometries. 
The most common used model of this kind is the one that Usui [1] derived. This 
model is supposed to describe adhesive and diffusive wear in one term. Young 
Huang [3] has derived a model that split up different wear mechanisms in 
different terms and his result is a model that describes the total wear volume split 
up on three mechanisms, abrasive, adhesive, and diffusive wear. The main work 
in this thesis will be to calibrate Huang’s and Usui’s model in the same way they 
did themselves.   
The models are created in two steps, the first step is to derive a function of 
volume change in time, and the second step is to derive a geometric volume 
change on the insert. 
 

2.4.1 Huang’s Definition of volume wear rate 
Huang to derive a more physical model for volume wear rate, depending on three 
different wear mechanisms. These three parts comes from different studies [1, 15-
17], on a single wear mechanism and Huang has added these together and 
adjusted them to describe flank wear (figure 2), which is the most simple wear 
type to measure and analyze analytically. His result is according to equation (1).  
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abrasion, Kadhesion, Kdiff, a, KQ = unknown coefficients that is specific for 
every combination of tool and work piece material  
VB = Length of flank wear (figure 4) 



w = Cutting width 
Vc = Cutting velocity 

 = Hardness of the abrasive particles  Pa
P  =Hardness of the tool t

σ  = Normal pressure on the worn flank area 
 
The first term in (1) is the abrasion term, the second is adhesion and the third is a 
diffusion term. 
K and n is constants which is depending on the relationship between P  and Pt a 
according to below [7],  
 
            P /P
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t a < 0.8; n = 1.0, K = 0.333, 
 1.25 > P /Pt a > 0.8; n = 3.5, K = 0.189,   (2) 
            P /Pt a > 1.25; n = 7.0, K = 0.416,   

2.4.2 Usui’s Definition of volume wear rate 
The model that Usui [1] derived has only one term that is supposed to calculate 
for both adhesive and diffusive wear. Just like Huang’s model this also describe 
the volume wear rate in time, 
 
 

dt
T

CVCdv c ⋅⎥⎦
⎤

⎢⎣
⎡

+
−⋅⋅⋅=

273
exp 2

1 σ      (3) 

C1,, C  = unknown 2 coefficients that is specific for every combination of 
tool and work piece material 

 
This model is already available as a feature in the FE-software AdvantEdge and 
can be used whit C1 and C2 as input. Jörg Söhner [18] has also used this model in a 
FE-analysis to simulate flank wear. Because of this it can be believed that this 
model has a good functionality in simulating tool wear.  

2.4.3 Geometric definition of wear volume on flank 
Equation (1) and (3) gives the volume wear rate on an insert, equation (1) is 
adjusted to only give the volume wear rate at the flank of a tool, to be able to 
describe the growth of the flank wear one need to define a geometric expression 
of the volume worn away on every increment of flank wear (VB). Because of the 
wanted simplicity in the verification part of the thesis, the tool chosen to be 
analyzed here is a simple triangular turning insert with flat chip and relief surface. 
 



 
Figure 3: Showing the inserts used in testing chip rake angle -10, 10 and 0 degrees respectively 

 
To geometrically decide dv, a cross section of the insert is made with the 
definitions as follows. 
 

α
dVB2

VB 
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γ 

1

Insert tip 
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dv 

 
Figure 4: Volume loss for an insert that gain the flank wear dVB. 

  
Now one can decide dv,   
 

12 dVBdVBdVB −=        (4) 
 

)
2

( dVBVBdswdv +⋅⋅=       (5) 
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⎠
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⎜⎜
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⋅−

⋅=
γα

α
tantan1

tandVBds       (6) 

 
Where dVB is the net increase in VB (flank wear) when the insert loose the height 
ds. dVB  is the  loss/increase of VB caused by the chip rake angle γ, and dVB1 2 is 
the increase of VB caused by the relief angle α. 
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Use equations (5) and (6), for simplicity disregard the higher order terms, then the 
final equation will be, 
 

⎟⎟
⎠

⎞
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α
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One can disregard the higher order terms because they will at infinitesimal steps 
only make a very small change in the result. 

2.4.4 Final wear models  
To get the final wear models for flank wear we first use (1) and (7) to get the 
result,  
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And for Usui’s model we use equation (3) and (7) to get  
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To predict flank wear with any of these models, they can be implemented in an 
iterative way, 
 

t
dt

dVBVBVB nn Δ⋅+=+1       (10) 

 
This is now two complete models that describe flank wear over time. In order to 
calibrate them it is required to make experimental tests varying the cutting 
parameters, e. g., feed, cutting speed and chip angle. It is also required to 
implement empirical or analytical models for prediction of cutting forces and 
temperatures within the cutting zone.   

2.5 Force model 
In order to be able to characterize the models it is needed to derive the forces on 
the worn flank (VB). This is a highly complex task and for simplicity we assume 
that the measured forces during the experiments is equally distributed over the 
whole contact area between the insert and work piece, according to figure 5. 
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Figure 5: Illustration of equally distributed forces on an insert, divided into three sections 

 
In a 2-D case as this, one can analyze the forces on the insert in three sections like 
in figure 5. The force components then becomes 
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   (11) 

  
  μ = Friction coefficient 
  θ = Angle to describe position on the cutting edge radius (Er) 
 
In section two there are no friction forces because of a stagnation point on the 
cutting edge radius of the tool [14]. Now one can use experimental measured 
forces to solve the equations forσ .  
 

22
tan.exp trtresul FFF +=       (12) 

 

( ) ( )22
tan ∑∑ += yxtresul FFF      (13)  

x 

y Section 2 

σ  

Section 1 
 
     Lc Insert tip 

   VB 
Section 3 



 
       (14) tresultresul FF tantan.exp =

 
This is done with the solver function in Ms Excel for equation (14). From this we 
can get an approximation of the forces acting on the worn flank, by using 
measured forces during testing. To be able to predict forces acting on the insert, 
one need an analytical or empirical formula, this will not be handled in this thesis.  
 

2.6 Temperature  
To get an approximation of the temperature at the worn flank (VB) the FE-
software AdvantEdge was used. In AdvantEdge the same test matrix is simulated 
as the one that will be practically tested. From the results the temperature will be 
manually logged and used later when calibrating the models. 
 

3 Model calibration and verification 
The complete models suggested in chapter two needs to be calibrated with 
experimental testing data. Once the testing is done, the unknown constants can be 
calibrated with the least square error method.  

3.1 Experimental setup 
To be able to decide force and temperature as exact as possible and then getting as 
good calibration of the model as possible, it would be preferable to do orthogonal 
cutting tests. Since this is very hard to achieve one need to do some compromising 
and do the testing as close to orthogonal as possible. 

3.1.1 Cutting conditions and tool choice 
In this thesis the calibration tests will be performed with radial grooving of 
flenses, according to figure 6. 
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Figure 6: Showing how the turning setup looks like 

 
With a big diameter compared to the flank wear length these test can be taken as 
orthogonal cutting. The inserts used in these tests was tailor made by Sandvik 
Coromant. The work piece material and tool data is presented in table 1. 
   
Work piece Material AISI 1045  
Insert Geometry TCMW 16 T3 04 
Cutting Edge Radius (ER) 35μm 
Insert grade H10F 
Insert coating PVD, TiAlN (PR) 
Insert Shank  STFCL 2525M 16-A 

Table 1: Data for the tool used in testing 
 
The cutting conditions that are chosen to be varied in this study are chip rake 
angle, cutting speed and feed rate, see Table 2. As a verification test the clearance 
angle will also be varied. 
 

 11

Combination 
# 

Chip 
rake 

angle [°]

Release 
angle [°] 

Cutting speed 
[m/minutes] 

Feed Cutting 
rate width 

[mm] [mm] 
1 10  7 305 0,2 3 
2 10  7 305 0,1 3 
3 10 7 250 0,2 3 
4 10 7 250 0,1 3 
5 -10 7 305 0,2 3 
6 -10 7 305 0,1 3 
7 -10 7 250 0,2 3 
8 -10 7 250 0,1 3 

Table 2: Matrix of testing conditions for model calibration 
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Combination 
# 

Chip 
rake 

angle [°] 

Release 
angle [°] 

Cutting 
speed 

[m/minutes] 

Feed Cutting 
rate width 

[mm] [mm] 
9 10 7 275 0,15 3 
10 0 3 275 0,15 3 

Table 3: Matrix of verifying tests 
 
Because the wanted rake and relief angels does not exists for this tool as standard 
the inserts was custom made by Sandvik Coromant. This process was to first to 
manufacture a substrate containing the wanted grade and insert geometry, and 
then the γ and α angle was manually grinded before the ER-treatment and 
thereafter coated with TiAlN-coating using PVD technique.    

3.1.2 Preparing tools for testing 
Before the testing starts the inserts chip rake face angle (γ), ER-radius and relief 
rake angle (α) need to be measured and documented so that it is known what the 
initial geometry look like. Therefore all inserts will be numbered and then a 
profile measure is being made at the middle of the cutting width, to be sure that all 
measures are as wanted  
 

Insert tip 

γ 

α 

ER-radius 

 
 
 Figure 7: Profile illustration of the inserts 

3.1.3 Collection of experimental data 
To be sure of the measured data trueness, a minimum of two inserts will be worn 
for every combination of cutting condition, this to make sure the test data is 
correct. The maximum cutting time for each insert in combination #1-8 will be 15 
minutes, and for combination 9 and 10 the inserts will be worn out. The criteria 
for an insert to be worn out is when the coating is lost at the chip rake face or VB 
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has become >0.3mm or when the cutting edge breaks. During this time there is a 
few different data to be logged. 
 

• Cutting force, Feed force (Fr and Ft) 
• Contact length (L)  
• Chip thickness (hc) 
• Flank wear (VB) 
• Insert profile 

 
These measures need to be taken several times during the tests. In this study it is 
chosen to stop the cutting every minute for combination #1-8, here VB will be 
measured under microscope and the chip thickness will be measured. 
Approximately 5 seconds before stopping the measured forces will be logged to 
text files. From these force measures an average force will be calculated for use in 
the model.  
The main goal with measuring the profile of the insert is that there is of 
importance to see if it has been any plastic deformation on the insert. Therefore 
every 5’Th minute the insert will be measured by a profile printer at the same 
place as at the initial profile measure was made. 
For the combination 9 and 10 the microscope measures will be done only every 
5’Th minute of turning. And a profile print will only be done before the test starts 
and when the insert is worn out. 
 
Combination 

# 
Number of inserts to be 

worn 
Number of 
microscope 
measures 

Number of 
profile 

measures 
1-8 ≥2 ≥30 ≥6 
9 ≥2 Every 5’Th minute 2 
10 ≥2 Every 5’Th minute 2 

Table 4: Table over the measurements during testing 
  

3.1.4 Workflow during testing 
To make the tests running smoothly and time effective one insert is being used for 
1 minute and then measured, during the time of measure of this insert a second 
insert is being used in turning. This procedure is repeated until half of all the 
inserts has been worn for the five first minutes and then they are taken to be 
measured in the profile printer while the other half of inserts is being worn in the 
turner.  



3.2 Model calibration 
Once all the test data is collected the model can be calibrated. The calibration is 
made in Matlab and based on the least square error method. It is of interest to 
investigate if the constants become fairly the same no matter which data that is 
used in the calibration process. This because the constants is supposed to only 
depend on combination of material in contact and therefore it is of interest to see 
if there is any difference in the constants depending of the set of data used in the 
calibration process.   

3.2.1 Wear model calibration 
To evaluate the model according to the discussion above it has been chosen to 
first of all calibrate the model with all the collected sets of data, and then 
randomly select a few sets of the collected data and redo the calibration process. 
Then one can compare the constants from the different calibrations to se if they 
are fairly the same or not according to figure 8. 
 

Run calibration 
algorithm with test 

combinations 

Run calibration 
algorithm with test 

combinations 

Run calibration 
algorithm with test 

combinations 
1, 4, 7 and 8 2, 3 and 6#1-8

Compare the results 
from calibrations to se 

how alike they are 

 
 Figure 8: Illustration of how the calibration process is done 
 

3.2.2 Wear model Calibration algorithm 
The calibration algorithm is programmed in Matlab. Matlab [11] has a function 
called fminsearch() that uses Simplex [12] search algorithm which finds a local 
minima for a function. The full calibration program consists of three files, 
Main.m, Multi_wearmodel.m, WearModel.m, see table 5 and figure 9. The full 
files can be viewed in Appendix 1.  
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WearModel.m 

This file contains a function that takes the model 
constants and a set of test data as argument and gives 
the model error and a matrix with the model results 
according to the constants that was given as argument. 

Multi_wearmodel.m
 

This contains a function that takes a 3D matrix with all 
the test data as argument and gives the sum of all 
square error from the given test data. It uses function 
WearModel.m to get the model error from all the given 
sets of data. 

Main.m 
 

This script uses Matlabs function fminsearch() to find a 
local minima for the function Multi_wearmodel.m. 
When the minimum is found, fminsearch will give the 
final error value of the function and also the calibrated 
constants. After the constants are found, the script 
continue and plots the fitted curves for all the tests used 
in calibration, and also the test data will be plotted so 
that one can visually see the result. 
fminsearch() has a number of options to use, the 
options used in this calibration is a maximum number 
of iterations to find the minima, which is set to 100 

Table 5: Table of files used for the calibration algorithm 
 

 



 
Figure 9: Flow schedule over the calibration algorithm 

4 Results and discussion 
In this chapter the results from testing and calibration will be presented and also a 
comparison of the suggested models.  

4.1 Results from testing 
Here the result from testing will be presented. In some of the combinations of 
cutting data the inserts did not survive for as long as 15 minutes of wear time. The 
result of how long and how many measure points that was taken in each 
combination is presented in table 6. 
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Com
bina
tion 

# 

Time 
of wear 
[minut

es] 

Numbe
r of 

inserts 
worn 

Number 
of 

measure 
points 

Max 
VB 

[mm] 

Last 
Chip 

thickness 
[mm] 

CalculLast ated forces stress, F , Ft r σ  [N] [MPa] 

1 10 2 20 0,092 0,390 1031, 
408 470 

2 14,9 2 30 0,067 0,245 741, 
577 474 

3 15,3 2 30 0,077 0,380 1046, 
416 434 

4 18,2 2 30 0,069 0,225 616, 
353 385 

5 7 2 14 0,069 0,445 1288, 
822 667 

6 14,9 2 30 0,068 0,210 603, 
329 402 

15,3 
(9,2) 7 2 15+9 0,070 0,470 1294, 

871 575 

8 18,2 2 30 0,063 0,270 750, 
613 503 

39,2 
(24,5) 9 2 8+5 0,088 0,290 830, 

397 395 

12,8 
(9,8) 10 2 3+2 0,090 0,33 909, 

522 602 
Table 6: Table of wear times for the different combinations of cutting data 

 
As one can see in table 6 there are some combinations where the two identical 
inserts did not last for equal long time (combination 7, 9 and 10). This happened 
because during testing very long chips where created and this resulted in that the 
chip sometimes grabbed the rotating work piece and began to hit the insert and 
damaged it. Because of measurements that far in the wearing did match and 
because of time reasons, no new insert was worn instead of the broken one. 
The measured data presented in table 6 is an average value of the last measure 
point in each test combination, the full test results can be viewed in appendix 2. 
 
 



Average value for VB

0,000

0,010

0,020

0,030

0,040

0,050

0,060

0,070

1,
2

2,
4

3,
6

4,
9

6,
1

7,
3

8,
5

9,
7

10
,9

12
,2

13
,4

14
,6

15
,8

17
,0

18
,2

Time (minutes)

VB
 (m

m
)

Average value for VB

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0,08

1,0 3,1 5,1 7,1 9,2 11
,2

13
,2

15
,3

Time (minutes)

VB
 (m

m
)

 
Figure 10: Average value for test combination 7 and 8 

 
What value on VB when an insert is said to be worn out is different depending on 
the application but a commonly used value for this is 0,300mm. Taking this into 
consideration these measured maximum values of VB can be said to be small. The 
maximum measured VB value of 0,092mm is of very small dimension and is hard 
to measure under microscope, therefore the test values can be considered to 
contain a lot of measure noise. But as can be viewed in figure 10 it is possible to 
see a clear trend in growth of VB. To get higher VB values with this combination 
of insert and work material one would need to take lower cutting speeds and 
feeds, and then run the inserts during a longer period of time.    

4.2 Calibrated constants 
To get an approximation of the temperature on the flank to be used in calibration 
of the models test combinations was also made in AdvantEdge. From here the 
temperature was taken and inserted to the calibration algorithm in MatLab.  
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Combination Temperature 
# [°C] 
1 560 
2 540 
3 540 
4 535 
5 590 
6 570 
7 570 
8 560 
9 530 
10 540 

Table 7: Table of temperatures used in model calibration 
 
For simplicity these temperatures is held constant for the whole calibration.  



  

4.2.2 Calibration of Huang’s model 
The calibration was made with different test combinations and the resulting 
coefficients is then compared to se how big difference they show. According to 
documentation from quick stop tests [13], the material AISI1045 does not contain 
any abrasive particles, and then Kabrasion is set to 0 because Huang’s definition of 
this term requires that there are abrasive particles in the work material. Because of 
this the hardness of the coating and work material becomes unnecessary for the 
model.  
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Calibration 
combinations Kabrasion Kadhesion a Kdiff

Average 
K model Q

error 
Initial guess 0 1E-14 9E-4 1E-24 1000  

#1-8 0 1,83E-22 0,000960 1,25E-24 1147 25,99% 
1,3,5,7 0 2,82E-21 0,000960 1,25E-24 1147 199,00% 
2,3,6,8 0 2,16E-21 0,000960 1,25E-24 1147 174,00% 

Table 8: Resulting coefficients with use of different tests in calibration algorithm 
 
 
Average model error presented in Table 8 is an average value of the error between 
the model and measured VB values in each combination. 
The results in Table 8 show that this model with the chosen calibration algorithm 
is very sensitive for which combination used in calibration process. The model 
also show high model errors, the calibration can be refined with some manual 
tuning of the coefficients to get the model error to decrease, but later it will be 
shown that Usui’s model works much better so it would be unnecessary to do that. 
Figure 11 and 12 shows the calibrated model in comparison with the experimental 
data from the verification test combination #9 and #10 and also the error to the 
left.  
 
  

 
Figure 11: Comparison of the calibrated model and experimental data from combination #9 
 



 

 
Figure 12: Comparison of the calibrated model and experimental data from combination #10 
 
In appendix 3 comparisons for all the combinations is presented. The figures 11 
and 12 show a bad resemblance between the calibrated model and experimental 
values.   
 

4.2.3 Calibration of Usui’s model 
The same combinations were used in calibrating Usui’s as in Huang’s model. The 
results and the initial guesses are presented in table 9. 
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Calibration 
combinations C1

Average C2 model error 
Initial guess 3E-14 1000  

#1-8 4,17E-24 1904 10,27% 
1,3,5,7 5,08E-24 1904 12,06% 
2,3,6,8 3,85E-24 1904 9,81% 

Table 9: Resulting constants after calibration of Usui’s model 
 
As table 9 shows Usui’s model does not show a big difference in average model 
error, depending on which combinations that was used in the calibration process. 
The model is not very sensitive for which test combinations that is used in 
calibration process, the resulting coefficients is very close to the same. The 
average model error is also much lower than the error on Huang’s model. Figures 
13 and 14 show a comparison between the calibrated model and the verification 
tests. The model was used with the coefficients from calibration with test 
combinations #1-8 to generate these comparisons. 
 



 
Figure 13: Comparison of the calibrated model and experimental data from combination #9 
 
 

 
Figure 14: Comparison of the calibrated model and experimental data from combination #10 
 
Appendix 3 has figures on the calibrated model compared to all the test 
combinations. Usui’s model does show a good resemblance between the model 
and the experimental tests.  

4.3 Comparison of models 
To be able to recommend any of the models to use for modeling of wear, a 
comparison is being made of the two models. When comparing the two models 
the constants that were calculated with combinations #1-8 is being used and the 
models average error in the measure points for each test combination is shown in 
table 10. 
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Combination # Huang’s model error Usui’s model error 
[%] [%] 

1 4,95 17,55 
2 27,78 7,32 
3 11,69 13,15 
4 20,56 9,13 
5 19,09 4,94 
6 21,58 7,92 
7 28,61 9,19 
8 39,69 12,88 
9 40,82 15,12 
10 46,98 12,53 

Average of all combinations  25,99% 10,27% 
Table 10: Comparison of the two models average error in the measure points  

 
As Table 10 show, it is a big difference between the two models. Figure 15 shows 
this table in form of a diagram. 
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Figure 15: Diagram over the two models error compared with the different test that was made 

 
Since there is such a big difference in the two models results after the calibration 
process this thesis will from now on only consider Usui’s model when doing a 
parametric study on cutting data influence on flank wear and also make flank wear 
simulations with AdvantEdge to compare with test the results.   



 

 

4.4 Parameter analysis 
One of the objectives with this study was to increase the understanding of tool 
wear with a mathematical model. To se the results of that, a parametric analysis 
will be done with Usui’s model. 
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4.4.1 Variation of feed 
Figure 16 show how the feed rate influence flank wear at different cutting data. 
Each one of the diagram shows the feed rate influence when cutting speed and 
chip angle is held constant and feed rate is varied. 
 

         

 
Figure 16: The influence of feed rate at different cutting parameters 

 
As one can guess the flank wear increase with increasing feed rate, but it is 
interesting to see that the feed rate influence on flank wear increase with 
decreasing chip angle.  
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4.4.2 Variation of cutting speed 
To investigate the influence of cutting velocity on flank wear four diagram is 
created where each diagram keep feed rate and chip angle constant and varying 
the cutting speed. 
 

 
Figure 17: Diagrams over cutting velocity influence on flank wear 

 
The cutting speed influence the flank wear as one can guess, increasing cutting 
speeds gives increasing flank wear. The cutting velocity decreased the lifetime of 
the inserts drastically, not because of flank wear but because of wear on the chip 
surface. Therefore with the combination of insert and work material used in this 
study the cutting velocity influence the chip surface much more than flank wear. 
  

4.4.3 Variation of Chip angle 
To investigate the influence the chip angle has on flank wear same procedure as in 
4.4.1 and 4.4.2 is used here. 
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Figure 18: Chip angle influence on flank wear 

 
As said earlier the chip angle seems to have a growing influence on flank wear 
with increasing feed rate. This is probably due to higher cutting forces and 
therefore also higher temperatures with lower chip angles. With higher 
temperatures on the insert surface, the insert becomes much more sensitive, and 
since an increase in feed rate create higher forces acting on the worn flank, the 
flank will grow faster. This could be a reasonable explanation to this.    

 4.4.4 Sensitivity analysis 
To se what parameter that influence Usui’s model for volume wear rate the most, 
a sensitivity analyze is made on equation (3), where σ , Vc and T is being varied in 
figure 19. 
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Figure 19: Usui’s models sensitivity for its cutting parameters 

 
When drawing the cutting velocity graph temperature is held constant at 500°C 
and the stress at 500MPa. The stress sensitivity graph is with temperature 500°C 
and cutting velocity at 300m/min and finally when drawing temperature 
sensitivity graph cutting velocity is 300m/min and stress 500MPa. 
As shown the cutting velocity directly influence the volume wear rate the least. 
Here is no consideration is taken that cutting velocity affect the stress and 
temperature, it is just a measure how cutting velocity directly affects the volume 
wear rate according to Usui’s model. Temperature is the single parameter that 
affects volume wear rate the most and is rising very fast after a temperature of 
400°C. 

4.5 Comparison with AdvantEdge 
The FEM-software AdvantEdge has a built in function for simulation of tool wear 
with Usui’s model.  
When AdvantEdge is simulating wear it first cut a specified distance and then stop 
and makes a steady state thermal analysis. After this it takes the cutting velocity, 
temperature and normal stress on the cutting tool and uses this data to calculate 
new cutting tool geometry with Usui’s model. This process is repeated for a 
specified number of times and each of these loops simulates a specified wear time.  
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For this simulation AdvantEdge’s general-carbide material is used in the tool. The 
cutting parameters are according to combination #2 in table 2 and the calibrated 
coefficients as in equation (15) are used.  Cutting length is set to 3 mm, wear 
update time to 60 seconds and a total wear time of 15 minutes, which will results 
in 15 cutting loops. 
After the simulation VB is measured at the end of each cutting loop and compared 
with the test results, this can be viewed in figure 20. 
 

0

0,02

0,04

0,06

0,08

0,1

0,12

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (minutes)

VB
 (m

m
)

Experimental

AdvantEdge

 
Figure 20: Results from comparison of AdvantEdge wear simulation and experimental results 
 
As seen in figure 20 the simulation gives higher flank wear (VB). One reason for 
this can be the generalization made for the force distribution over the tool edge in 
section 2.5. This generalization results in lower normal stresses used in the 
calibration process compared to the stresses AdvantEdge use to calculate wear on 
the tool.  
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Figure 21: Initial tool geometry and tool geometry after 15 minutes of wear time 

 
 
For combination #2 the analytically calculated stress used in calibration of Usui’s 
coefficients is 474MPa and is kept constant for the whole wear period. The stress 
that AdvantEdge uses to calculate wear is in the beginning of the wear period is in 
the order of 1200MPa and in the end of the wear period it is in order of 1500MPa 
at the flank of the tool. The lower stress received in the analytical calculation 
compared to the stresses AdvantEdge use can be explained by that a chip contact 
length of 0.42mm was measured and used in the analytical calculations, the 
contact length in AdvantEdge can be measured to approximately 0.2mm which 
results in a smaller area that absorbs the forces acting on the tool and therefore 
also higher normal stresses. 
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Experimental tests after 1 minute AdvantEdge simulation after 1 minute 
wear time wear time 

Forces 
Ft, Fr [N] 

Contact length 
 Lc [mm] 

Forces Contact length 
Ft, Fr [N]  Lc [mm] 

758; 600 0,42 790; 350 0,20 
Table 11: Forces and contact length from experimental test and AdvantEdge tests 

 
Table 11 shows that the radial force (Fr) in AdvantEdge simulation is much lower 
than the measured Fr. This because in AdvantEdge the tool has a perfect 35µm 
edge radius, the tool used in experiments does not have a perfect radius and 
therefore it has a larger initial flank area that creates a higher radial force at the 
beginning of the measurements.  
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Another factor that explains the difference is that the temperature on the tool flank 
increase with increasing wear. In the calibration process the temperature is 
assumed to be constant and therefore a higher temperature is achieved on the tool 
flank in the later part of the AdvantEdge simulations which also create higher 
wear rates.  

4.6 Discussion 
One of the objectives with this thesis was to develop a method of predicting tool 
wear to decrease the amount of real wear testing in product development 
processes. The result shows that this is possible to achieve but the method do need 
more work put in to it to function like that. But as it is today it can help tool 
developers to increase their level of understanding regarding the wear process. 

4.6.1 Experimental tests 
The tests made here resulted in very small flank wear and the crater wear became 
the parameter that decided the inserts length of life. The low values of VB makes 
the test values contain a lot of measure noise. It would be preferable to have a 
bigger growth of VB and as following a lower risk for measure noise. As said 
earlier a bigger flank wear could maybe be achieved with lowering the cutting 
data which probably would result in much longer wear times and then larger VB 
values.  

4.6.2 Model calibration 
The results from this study shows that Huang’s model is much more difficult to 
calibrate in a stable way, because of this it was chosen to do a parametric analyze 
on Usui’s model.  It is possible that with higher VB values and because of that, 
higher forces and temperatures on the flank Huang’s model would achieve a better 
curve fit than it did now, but that needs to be investigated if it is found interesting. 
One of the objectives with this thesis was to strive to get a wear model that can 
describe different wear mechanisms, Usui’s model does not do this. Huang’s 
model is supposed to do this according to him self, but it can not be verified that 
his model in any way can describe different wear mechanisms. 

4.6.3 Limitations 
Even that there was no success in trying to separate different wear mechanisms 
Usui’s model with the proposed coefficients can be used to faster gain 
understanding and knowledge for the wear phenomena. The model contains a few 
limitations for use, sense the tests made in this study resulted in a maximum 
temperature of 590°C and a normal stress on the insert surface of 667MPa with 
the generalizations made here. Therefore it can be said that Usui’s model with 
these calibrated coefficients in this study works well in temperatures up to 590°C 
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and a surface stress up to 667MPa on the inserts. Outside these limits it is not 
possible to say that this model will describe the wear progression in a correct way. 
To use the model in prediction of wear, models for temperature and forces need to 
be defined and used as input to the wear model.  

4.6.4 Parameter study on calibrated model 
The parameter study does show an interesting indication, and that is the increasing 
influence of chip angle with increasing feeds for the flank wear. The cutting 
velocity was an important factor for the inserts length of life, but not because of 
high flank wears but because of high crater wear. Therefore more wear studies 
need to be done on the chip surface to investigate this wear type. 
According to Usui’s model, temperature is the most important parameter for the 
wear. To keep the wear it is important to keep the temperature down at the 
surfaces which are in contact with the chip.  
It can be said that Usui’s model can be expected to work in 3-D if there exists 
models that describes the temperature and stress distribution over the whole 
cutting edge. With such models as input to this wear model, it is a straight forward 
work to adapt them to analytically predict wear in 3-D.   

4.6.5 Wear prediction using AdvantEdge 
When using the calibrated coefficients of Usui’s model to simulate wear in 
AdvantEdge the result is a bigger wear than measured. This can be explained with 
the generalizations made in the temperature and force model to calibrate the 
coefficients. The generalizations made results in lower normal stresses and 
temperatures used in the calibration process and therefore the wear rates in 
AdvantEdge become higher. To get better results in AdvantEdge one need to have 
better analytical models for prediction of temperature and forces on the tool, to be 
used in the calibration process of the coefficients. 
When this is achieved and better calibration of the coefficients can be made, this 
methodology can be used to evaluate different tool geometries wear resistance in a 
early stage of product development and save a lot of time when fever real tests 
needs to be done.      

5 Future work 
This thesis focus in calibrate empirical models for predicting flank wear. Crater 
wear is also a common wear that affects the tools and therefore it is of interest to 
study the volume wear rate on the chip surface to se if the models works just as 
well for predicting crater wear as well.  
There are a lot of generalizations made in this thesis, one of the big is the 
assumption that there is a equally distributed stress over the whole contact area of 
the tool-work piece. To get a better calibrated model for wear it is needed to make 
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a better model for the stress distribution, and also models for temperature and 
cutting forces.  
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Appendix 1 

Wearmodel.m 
function [Func_error, Result] = Usui_WearModel(x, Data_Matrix) 

persistent NoSteps TimeStart TimeEnd TimeMarker 
persistent Force dt Temp gamm alfa 
persistent VBexp MeasureTime w Vc ChipAngle ReliefAngle 
     
C1 = x(1); 
C2 = x(2); 
     
if isempty(NoSteps) 

i = 1; while Data_Matrix(1, i) ~= 0 && i < size(Data_Matrix,2); 

i = i + 1; 

end 
if Data_Matrix(1, i) == 0 
i = i - 1; 

end 

VBexp = Data_Matrix(1, 1:i); 
MeasureTime = Data_Matrix(2, 1:i); 
Experimental_Force = Data_Matrix(3, 1:i); 
Experimental_Temp = Data_Matrix(4, 1:i); 
Vc = Data_Matrix(5,1); 
w = Data_Matrix(6,1); 
ChipAngle = Data_Matrix(7, 1); 
ReliefAngle = Data_Matrix(8, 1); 
         
%Fördefinierar variabler för att snabba upp beräkningen NoSteps = 500; 

Sigma = zeros(1, NoSteps); 

VB = zeros(1, NoSteps); gamm = ReliefAngle * (pi/180); alfa = ChipAngle * 
(pi/180);     

Force = 0; 

TimeEnd = MeasureTime(length(MeasureTime)); %Minutes  

TimeStart = MeasureTime(1); 

 dt = TimeEnd / NoSteps; 



 2 

%Satser för att på en vektor som innehåller heltal som beskriver var i VB 
svarsvektorn %man hittar de VB värden som ska jämföras med de experimentella 
VB värdena 

TimeMarker(1:length(MeasureTime)) = MeasureTime(1:length(MeasureTime)) ./ 
dt; 

TimeMarker = round(TimeMarker); 

%Linjär interpolering Mellan de mätta flankkrafterna 

Force(1:TimeMarker(1)) = ones(1, TimeMarker(1)) * Experimental_Force(1); 

for index = 1 : length(Experimental_Force) - 1 

NoForceSteps = TimeMarker(index + 1) - TimeMarker(index); 

Temp_length = length(Force); 

if Experimental_Force(index) == Experimental_Force(index + 1) 

Force(Temp_length   : Temp_length  + NoForceSteps) = ones(1,NoForceSteps + 
1) * Experimental_Force(index); 

else 

Force(Temp_length  : Temp_length  + NoForceSteps) = 
Experimental_Force(index) : (Experimental_Force(index + 1) - 
Experimental_Force(index)) / (NoForceSteps) : ... 

Experimental_Force(index + 1); 

end 

end                     

%Linjär interpolering mellan start och sluttemperatur 
if Experimental_Temp(length(Experimental_Force)) == Experimental_Temp(1) 
Temp = ones(500) * Experimental_Temp(1); 
else 
Temp = Experimental_Temp(1) : 
(Experimental_Temp(length(Experimental_Temp)) - Experimental_Temp(1)) / 
NoSteps : … Experimental_Temp(length(Experimental_Temp)); 

end 

end 

VB(1) = 0.035 / 1e3; %Initial VB (ER) 

for Index = 1 : NoSteps 

Sigma(Index) = Force(Index) / (VB(Index) * w);        
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Geometric = (1 - tan(gamm) * tan(alfa)) / (w * VB(Index) * tan(gamm)); 

dVBdt = Geometric * C1 * Sigma(Index) * Vc * exp(-(C2 / (Temp(Index) + 
273))); 

if Index < NoSteps 

VB(Index+1) = VB(Index) + dVBdt * dt ;  

end 

end 

Time = 0 : TimeEnd  / NoSteps : TimeEnd - TimeEnd  / NoSteps; 

Result = [VB; Time]; 

Func_error = VB(TimeMarker) - VBexp; 

 

Multi_WearModel.m 
function [errorsumma] = Usui_Multi_WearModel(x, WearInput_Matrix, 
CalibrationTests)     
     
    errorsumma = 0; 
    for index = 1 : size(CalibrationTests, 2) 
        clear Usui_WearModel 
        clear error 

[error, Results] = Usui_WearModel(x, WearInput_Matrix(:, :,           
CalibrationTests(index))); 

        errorsumma = errorsumma + sum(error .^ 2); 
    end 
   errorsumma = errorsumma / size(CalibrationTests, 1);     
 

Main.m 
clear all 
%% Ange hur många test du har gjort 
 
Nr_Tests = 12; 
 
%% Ange maximala antalet mätpunkter vid testerna 
 
Max_Mpoints = 15; 
 
%% Mata in de exprimentella Vc värdena i en vektor nedan 
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Vc1 = xlsread('WearModel.xls', 3, 'B1') * 1e3; 
Vc2 = xlsread('WearModel.xls', 4, 'B1') * 1e3; 
Vc3 = xlsread('WearModel.xls', 5, 'B1') * 1e3; 
Vc4 = xlsread('WearModel.xls', 6, 'B1') * 1e3; 
Vc5 = xlsread('WearModel.xls', 7, 'B1') * 1e3; 
Vc6 = xlsread('WearModel.xls', 8, 'B1') * 1e3; 
Vc7 = xlsread('WearModel.xls', 9, 'B1') * 1e3; 
Vc8 = xlsread('WearModel.xls', 10, 'B1') * 1e3; 
Vc9 = xlsread('WearModel.xls', 11, 'B1') * 1e3; 
Vc10 = xlsread('WearModel.xls', 13, 'B1') * 1e3; 
Vc11 = xlsread('WearModel.xls', 14, 'B1') * 1e3; 
Vc12 = xlsread('WearModel.xls', 15, 'B1') * 1e3; 
Vc = [Vc1; Vc2; Vc3; Vc4; Vc5; Vc6; Vc7; Vc8; Vc9; Vc10; Vc11; Vc12]; 
clear Vc1 Vc2 Vc3 Vc4 Vc5 Vc6 Vc7 Vc8 Vc9 Vc10 Vc11 Vc12;   
 
%% Mata in de exprimentella w värdena i en vektor nedan  
ChipAngle(1) = xlsread('WearModel.xls', 3, 'B3'); 
ChipAngle(2) = xlsread('WearModel.xls', 4, 'B3'); 
ChipAngle(3) = xlsread('WearModel.xls', 5, 'B3'); 
ChipAngle(4) = xlsread('WearModel.xls', 6, 'B3'); 
ChipAngle(5) = xlsread('WearModel.xls', 7, 'B3'); 
ChipAngle(6) = xlsread('WearModel.xls', 8, 'B3'); 
ChipAngle(7) = xlsread('WearModel.xls', 9, 'B3'); 
ChipAngle(8) = xlsread('WearModel.xls', 10, 'B3'); 
ChipAngle(9) = xlsread('WearModel.xls', 11, 'B3'); 
ChipAngle(10) = xlsread('WearModel.xls', 13, 'B3'); 
ChipAngle(11) = xlsread('WearModel.xls', 14, 'B3'); 
ChipAngle(12) = xlsread('WearModel.xls', 15, 'B3'); 
 
ReliefAngle = [7, 7, 7, 7, 7, 7, 7, 7, 3, 7, 7, 7] 
%% Mata in de exprimentella VB värdena i vektorer nedan  
VB1 = xlsread('WearModel.xls', 3, 'R8:R22'); 
VB2 = xlsread('WearModel.xls', 4, 'R8:R22'); 
VB3 = xlsread('WearModel.xls', 5, 'R8:R12'); 
VB4 = xlsread('WearModel.xls', 6, 'R8:R14'); 
VB5 = xlsread('WearModel.xls', 7, 'R8:R22'); 
VB6 = xlsread('WearModel.xls', 8, 'R8:R17'); 
VB7 = xlsread('WearModel.xls', 9, 'R8:R22'); 
VB8 = xlsread('WearModel.xls', 10, 'R8:R22'); 
VB9 = xlsread('WearModel.xls', 11, 'R8:R10'); 
VB10 = xlsread('WearModel.xls', 13, 'R8:R15'); 
VB11 = xlsread('WearModel.xls', 14, 'R8:R22'); 
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VB12 = xlsread('WearModel.xls', 15, 'R8:R12'); 
VB = zeros(Nr_Tests, Max_Mpoints); 
VB(1, 1:length(VB1)) = VB1; 
VB(2, 1:length(VB2)) = VB2; 
VB(3, 1:length(VB3)) = VB3; 
VB(4, 1:length(VB4)) = VB4; 
VB(5, 1:length(VB5)) = VB5; 
VB(6, 1:length(VB6)) = VB6; 
VB(7, 1:length(VB7)) = VB7; 
VB(8, 1:length(VB8)) = VB8; 
VB(9, 1:length(VB9)) = VB9; 
VB(10, 1:length(VB10)) = VB10; 
VB(11, 1:length(VB11)) = VB11; 
VB(12, 1:length(VB12)) = VB12; 
clear VB1 VB2 VB3 VB4 VB5 VB6 VB7 VB8 VB9 VB10 VB11 VB12; 
 
%% Läs in de experimentella krafterna 
Force1 = xlsread('WearModel.xls', 3, 'X8:X22'); 
Force2 = xlsread('WearModel.xls', 4, 'X8:X22'); 
Force3 = xlsread('WearModel.xls', 5, 'X8:X12'); 
Force4 = xlsread('WearModel.xls', 6, 'X8:X14'); 
Force5 = xlsread('WearModel.xls', 7, 'X8:X22'); 
Force6 = xlsread('WearModel.xls', 8, 'X8:X17'); 
Force7 = xlsread('WearModel.xls', 9, 'X8:X22'); 
Force8 = xlsread('WearModel.xls', 10, 'X8:X22'); 
Force9 = xlsread('WearModel.xls', 11, 'X8:X10'); 
Force10 = xlsread('WearModel.xls', 13, 'X8:X15'); 
Force11 = xlsread('WearModel.xls', 14, 'X8:X22'); 
Force12 = xlsread('WearModel.xls', 15, 'X8:X12'); 
Force = zeros(Nr_Tests, Max_Mpoints); 
Force(1, 1:length(Force1)) = Force1; 
Force(2, 1:length(Force2)) = Force2; 
Force(3, 1:length(Force3)) = Force3; 
Force(4, 1:length(Force4)) = Force4; 
Force(5, 1:length(Force5)) = Force5; 
Force(6, 1:length(Force6)) = Force6; 
Force(7, 1:length(Force7)) = Force7; 
Force(8, 1:length(Force8)) = Force8; 
Force(9, 1:length(Force9)) = Force9; 
Force(10, 1:length(Force10)) = Force10; 
Force(11, 1:length(Force11)) = Force11; 
Force(12, 1:length(Force12)) = Force12; 
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clear Force1 Force2 Force3 Force4 Force5 Force6 Force7 Force8 Force9 Force10 
Force11 Force12     
 
%% Mata in de tidpunkter (minuter), då du läst av de exprimentella värdena, i 
vektorer nedan  
MeasureTime1 = xlsread('WearModel.xls', 3, 'A8:A22'); 
MeasureTime2 = xlsread('WearModel.xls', 4, 'A8:A22'); 
MeasureTime3 = xlsread('WearModel.xls', 5, 'A8:A12'); 
MeasureTime4 = xlsread('WearModel.xls', 6, 'A8:A14'); 
MeasureTime5 = xlsread('WearModel.xls', 7, 'A8:A22'); 
MeasureTime6 = xlsread('WearModel.xls', 8, 'A8:A17'); 
MeasureTime7 = xlsread('WearModel.xls', 9, 'A8:A22'); 
MeasureTime8 = xlsread('WearModel.xls', 10, 'A8:A22'); 
MeasureTime9 = xlsread('WearModel.xls', 11, 'A8:A10'); 
MeasureTime10 = xlsread('WearModel.xls', 13, 'A8:A15'); 
MeasureTime11 = xlsread('WearModel.xls', 14, 'A8:A22'); 
MeasureTime12 = xlsread('WearModel.xls', 15, 'A8:A12'); 
MeasureTime = zeros(Nr_Tests, Max_Mpoints); 
MeasureTime(1, 1:length(MeasureTime1)) = MeasureTime1; 
MeasureTime(2, 1:length(MeasureTime2)) = MeasureTime2; 
MeasureTime(3, 1:length(MeasureTime3)) = MeasureTime3; 
MeasureTime(4, 1:length(MeasureTime4)) = MeasureTime4; 
MeasureTime(5, 1:length(MeasureTime5)) = MeasureTime5; 
MeasureTime(6, 1:length(MeasureTime6)) = MeasureTime6; 
MeasureTime(7, 1:length(MeasureTime7)) = MeasureTime7; 
MeasureTime(8, 1:length(MeasureTime8)) = MeasureTime8; 
MeasureTime(9, 1:length(MeasureTime9)) = MeasureTime9; 
MeasureTime(10, 1:length(MeasureTime10)) = MeasureTime10; 
MeasureTime(11, 1:length(MeasureTime11)) = MeasureTime11; 
MeasureTime(12, 1:length(MeasureTime12)) = MeasureTime12; 
clear MeasureTime1 MeasureTime2 MeasureTime3 MeasureTime4 
MeasureTime5 MeasureTime6 MeasureTime7 ... 
      MeasureTime8 MeasureTime9 MeasureTime10 MeasureTime11 
MeasureTime12; 
 
%% Lägger automatiskt in alla inmatade data i en 3-D matris som skickas med till 
modellfunktionen  
 Data_Matrix = zeros(8, Max_Mpoints, Nr_Tests); 
 for index = 1 : Nr_Tests      
    Data_Matrix(1, :, index) = VB(index, :); 
    Data_Matrix(2, :, index) = MeasureTime(index, :); 
    Data_Matrix(3, :, index) = Force(index, :); 
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    Data_Matrix(4, :, index) = Temp(index, :); 
    Data_Matrix(5, 1, index) = Vc(index); 
    Data_Matrix(6, 1, index) = w(index); 
    Data_Matrix(7, 1, index) = ChipAngle(index); 
    Data_Matrix(8, 1, index) = ReliefAngle(index); 
    index = index +1; 
 end 
 %clear MeasureTime VB Force Temp Vc w ChipAngle ReliefAngle 
 
%% Kör optimeringsrutinen 
%Variant 1-8 = [1 2 4 5 6 7 8 11] 
%Variant 1,3,5,7 = [6 8 4 2] 
%Variant 2,3,6,8 = [7 8 11 1] 
Calibrationtests = [1 2 4 5 6 7 8 11]; % Vektor med de tester som man vill 
calibrera modellen med 
 
options = optimset('MaxFunEvals',1e6, 'MaxIter', 100); 
 
%För att calibrera Usui's modell använd nedanstående två rader 
    Function = @(x) Usui_Multi_WearModel(x, Data_Matrix, Calibrationtests); 
    x0 =[3e-14 1000];  
 
[x, fVal ] = fminsearch(Function, x0, options); 

Appendix 2 

Combination 1 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,395 0,051 0,4985 1035,5 414 4,70E+08 0 71,84649 
0,39 0,057 0,5035 1027,5 403,5     80,29901 

0,385 0,059 0,5 1027,5 408     83,11652 
0,395 0,0615 0,4995 1022 403     86,63841 
0,385 0,0645 0,4765 1023 389,5     90,86467 
0,385 0,069 0,464 1029,5 395,5     97,20407 
0,385 0,0755 0,4755 1031,5 401     106,361 
0,385 0,084 0,4955 1027,5 403,5     118,3354 

0,39 0,086 0,519 1031,5 408     121,1529 
0,39 0,0915 0,59 1030 405     128,901 
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Combination 2 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,25 0,0445 0,4175 758 600,5 4,74E+08 -1E-06 63,26518 
0,25 0,052 0,4195 742 584,5     73,92785 

0,255 0,0525 0,434 741,5 578     74,63869 
0,245 0,054 0,415 746,5 582     76,77122 

0,25 0,0555 0,41 743 583     78,90376 
0,25 0,0565 0,3875 748 586     80,32545 

0,255 0,0595 0,35 742 577     84,59052 
0,25 0,061 0,337 746 583     86,72305 

0,255 0,063 0,3205 740,5 578     89,56643 
0,25 0,063 0,3195 744,5 581,5     89,56643 

0,255 0,0635 0,306 739,5 583     90,27727 
0,25 0,0655 0,315 740 579     93,12065 
0,25 0,0655 0,3075 741 578     93,12065 
0,25 0,0655 0,3095 742,5 577,5     93,12065 

0,245 0,0665 0,31 741 577     94,54234 
 

Combination 3 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,41 0,049 0,572 1060,5 447,5 4,34E+08 1E-06 63,85989 
0,41 0,054 0,5345 1056,5 438     70,37621 

0,4 0,0575 0,5365 1047,5 428,5     74,93763 
0,4 0,0605 0,518 1041 424,5     78,84742 

0,395 0,0625 0,508 1042 426,5     81,45395 
0,395 0,0665 0,4815 1032 416     86,667 
0,395 0,067 0,4675 1064 426,5     87,31863 

0,4 0,0685 0,4695 1041,5 405,5     89,27352 
0,38 0,069 0,486 1042 415     89,92516 

0,385 0,072 0,483 1036,5 429     93,83494 
0,39 0,072 0,485 1025 424     93,83494 

0,4 0,073 0,4725 1055,5 445,5     95,13821 
0,39 0,074 0,4655 1045,5 416,5     96,44147 

0,395 0,0755 0,4565 1047 417     98,39637 
0,38 0,077 0,455 1046 416,5     100,3513 

 



 9 

Combination 4 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,225 0,053 0,358 620,5 343 3,85E+08 1E-06 61,15281 
0,23 0,051 0,3595 622,5 349     58,84516 
0,23 0,0595 0,418 618,5 346,5     68,65269 

0,225 0,059 188,212 617,5 346     68,07577 
0,225 0,059 0,4505 622 341     68,07577 
0,225 0,061 0,4735 616 343,5     70,38343 

0,22 0,063 0,5185 615 344,5     72,69108 
0,22 0,063 0,297 618 344,5     72,69108 
0,22 0,064 0,5465 614,5 346,5     73,8449 
0,22 0,064 0,5515 613,5 351,5     73,8449 

0,225 0,064 0,5515 614,5 353     73,8449 
0,23 0,065 0,555 614,5 353,5     74,99873 
0,23 0,0655 0,5475 619,5 352     75,57564 
0,23 0,0685 0,5575 615 352,5     79,03712 

0,225 0,069 0,5475 616,5 352,5     79,61404 

Combination 5 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,445 0,042 0,5355 1342,5 882,5 6,67E+08 -1E-06 84,10179 
0,465 0,0545 0,734 1330,5 892,5     109,1321 

0,46 0,058 0,7295 1321 877     116,1406 
0,49 0,063 0,7435 1330,5 878,5     126,1527 
0,46 0,0625 0,7 1289 821     125,1515 

0,435 0,064 0,633 1289,5 824     128,1551 
0,445 0,0685 0,6635 1287,5 822     137,166 

 

Combination 6 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,21 0,045 0,355 608,5 333 4,02E+08 -1E-06 54,28534 
0,21 0,0525 0,348 602,5 321,5     63,3329 
0,21 0,0535 0,3385 602 324,5     64,53924 
0,21 0,053 0,3715 602 323,5     63,93607 
0,21 0,057 0,3525 603,5 329     68,76143 
0,21 0,0635 0,305 623,5 343,5     76,60265 
0,21 0,0645 0,3025 599,5 329     77,80899 
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0,21 0,066 0,2875 600 330     79,6185 
0,21 0,066 0,295 601,5 329,5     79,6185 
0,21 0,0665 0,298 605 334,5     80,22167 
0,21 0,0665 0,298 613 331,5     80,22167 
0,21 0,0665 0,2975 598 327,5     80,22167 

0,205 0,067 0,17 603 331,5     80,82484 
0,21 0,0675 0,2755 603 330     81,42801 
0,21 0,068 0,2675 603 328,5     82,03118 

 

Combination 7 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,465 0,0465 0,6275 1326,5 891,5 5,75E+08 0 80,26646 
0,47 0,052 0,654 1319 882     89,76035 
0,47 0,056 0,6635 1311 875,5     96,66499 
0,47 0,057 0,562 1312 868,5     98,39115 

0,465 0,058 0,5635 1304,5 855     100,1173 
0,465 0,0585 0,562 1309 858,5     100,9804 

0,46 0,0595 0,58 1308 856     102,7066 
0,455 0,0615 0,61 1305 855     106,1589 

0,46 0,063 0,669 1307,5 860,5     108,7481 
0,46 0,062 0,636 1296 856     107,022 
0,46 0,065 0,635 1296 862     112,2004 
0,46 0,067 0,644 1295 862     115,6528 
0,46 0,07 0,685 1297 864     120,8312 
0,46 0,07 0,757 1293 870     120,8312 
0,47 0,07 0,822 1294 871     120,8312 

 

Combination 8 
Medel från resultaten           

SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 
0,253 0,034 0,422 760,000 608,500 5,03E+08 -1E-06 50,53055 
0,250 0,039 0,447 758,500 608,000     58,82661 
0,258 0,045 0,469 752,000 606,000     67,12267 
0,258 0,052 0,491 755,500 609,500     77,68129 
0,260 0,054 0,503 758,500 620,500     81,45223 
0,260 0,055 0,523 754,000 616,000     82,9606 
0,265 0,055 0,491 754,500 612,500     82,20641 
0,265 0,056 0,504 751,500 611,000     84,46898 
0,270 0,059 0,522 759,000 611,000     88,9941 
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0,260 0,059 0,517 754,000 601,500     88,9941 
0,265 0,060 0,528 744,500 599,000     89,74829 
0,265 0,060 0,534 758,500 616,500     90,50247 
0,265 0,060 0,548 749,000 611,500     90,50247 
0,265 0,062 0,552 747,500 610,500     92,76504 
0,270 0,063 0,568 750,000 612,500     95,0276 

 

Combination 9 
Medel från resultaten           
SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 

0,305 0,0705 0,475 844 394 3,95E+08 1E-06 83,63337 
0,305 0,0705 0,4625 835 384,5     83,63337 

0,31 0,07 0,415 832,5 378,5     83,04022 
0,305 0,0705 0,38 831 379     83,63337 
0,305 0,071 0,361 824 381     84,22651 

0,3 0,075 0,35 825 372     88,97167 
0,29 0,082 0,335 829 387     97,27569 
0,29 0,088 0,34 830 397     104,3934 

 

Combination 10 
Medel från resultaten           

SpånTjocklek VB Grop Ft Fr Spänning Error Fr på VB 
0,32 0,073 0,3315 924 544,5 6,02E+08 0 131,8674 
0,32 0,095 0,415 909 522     171,6083 
0,33 0,09 0,844 912 532     162,5762 

 



Appendix 3 
This appendix has the comparing of the two different models with testing data for 
each one of the test combinations. 

Usui’s model 
First Usui’s model is compared with test data. Here Usui’s model is calibrated 
with the test combinations # 1-8. 

Combination 1 

 

Combination 2 

 

Combination 3 
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Combination 4 
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Combination 7 
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Combination 8 

 

Combination 9 

 

Combination 10 
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Huang’s model 
Here Huang’s model is compared to test data. The model has been calibrated with 
test combination #1-8  

Combination 1 

 

Combination 2 

 
 

Combination 3 
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Combination 4 

 

Combination 5 

 

Combination 6 

 

Combination 7 
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Combination 8 

 

Combination 9 

 

Combination 10 
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