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Abstract

Estimation of flank wear growth on coated inserts        

Mushtaq Ahmad Latifzada

The present work was conducted in Sandvik Coromant to enhance the knowledge 
and understanding of general flank wear growth and specifically in this case flank wear 
growth on the cutting edge of the coated (Ti(C, N)/ Al2O3/ TiN) tool inserts. 

Reliable modeling of tool life is always a concern for machining processes. Numbers of 
wear models studies predicting the tool life length have been created throughout the 
metal-cutting history to better predict and thereby control the tool life span, which is 
a major portion of the total cost of machining.

A geometrical contact model defining the geometry of the flank wear growth on the 
cutting tool inserts was proposed and then compared with four suggested models, 
which estimates flank wear. The focus of this work is on the initial growth of flank 
wear process and thereby short cutting-time intervals are measured.

Wear tests on cutting tool inserts were performed after orthogonal turning of Ovako 
825 B steel and were analysed by optical instrument, 3D optical imaging in Alicona 
InfiniteFocus and EDS in SEM. Force measurements for cutting speeds, Vc, 150, 200, 
and 250 m/min and feed rate, fn, 0.15 mm/rev were recorded as well.

Results show that initial flank wear land, VB, growth is dominated by sliding distance 
per cutting length for different cutting speeds. A good correlation between the 
geometrical contact model and estimation models is identified. The cutting force 
measurements compared with the flank wear land show proportionality between two 
parameters. For the machining data in the present study the flank wear rate per 
sliding distance, dW/dL, is estimated to 
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2x103 (µ3/m).
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Populärvetenskaplig Sammanfattning 

Vid bearbetning av stål är det önskvärt med ökad förståelse för mekanismerna bakom 

förslitning av bearbetningsverktygen. Under bearbetning med belagda eller obelagda skär 

finns oklarheter angående t.ex. kontakttryck mellan skär och arbetstycke. 

Tryckspänningar kan övergå det mjukare materialets (arbetsstyckets) flyttryck och 

resultera i så kallad ”full kontakt” mellan materialen. Men vid tillräckligt stor kontaktyta 

ska tryckspänningarna understiga detta tryck, och skillnaden i kontaktsituation skulle 

kunna återspegla sig i förslitningstakten. Genom att studera förslitningsärr kan man bilda 

sig en uppfattning om förslitningstakten vid olika tidsfaser under ett förslitningsförlopp. 

Generellt behöver förslitningstakten i just skikt på belagda skär undersökas i större detalj. 

I detta examensarbete har en geometrisk kontaktmodell som uppskattar tillväxten av 

fasförslitning på bearbetningsverktygen föreslagits, vilken sedan jämförts med fyra 

beräknade fasförslitningsmodeller baserade på JF Archards modell. I arbetet låg fokus på 

att studerar den inledande fasförslitningstillväxten och därmed användes korta 

körningstider. 

Det praktiska arbetet utfördes genom bearbetning av rostfritt stål (Ovako 825 B) med 

skiktbelagda (Ti(C, N)/ Al2O3/ TiN) hårdmetallskär i en svarv. Därefter utfördes 

fasförslitningstester och skären analyserades med ljusmikroskop, 3D optisk avbildning i 

Alicona InfiniteFocus och EDS-teknik i SEM. Skärkrafter mättes också för 

skärhastigheter, VC, 150, 200 och 250 m/min och matning, fn, 0,15 mm/varv. 

Resultaten visade att den inledande tillväxten av förslitningsärret, VB, domineras av 

glidavstånd för olika skärhastigheter. En god korrelation mellan den geometriska 

kontakmodellen och de uppskattade modellerna kunde identifieras. Skärkraftresultaten 

visade proportionalitet samband mot VB-tillväxt. För de utförda bearbetningarna 

uppskattades fasförslitningstakten per glidavstånd, 
dL

dW
, till 






 m

3
3102  från

modellen. 
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Abbreviations 

WC – Wolfram carbide 

WC/Co – Cemented carbide 

SEM – Scanning Electron Microscopy 

EDS – Energy Dispersive X-ray Spectroscopy 

vc – Cutting speed 

fn – Feed rate 

ap – Depth of cut 

t – Cutting time 

L – Cutting length / Sliding distance 

r – Edge radius (ER) 

Fp – Back force 

Ff – Feed force 

Fc – Cutting force 

FN  – Normal force 

P – Normal stress/pressure 

VB – Flank wear land width 

W – Flank wear volume 

A – Apparent area of contact 

Ar – Real area of contact on a micrometer scale 

P – Plastic yield stress 
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1. Introduction

Sandvik Coromant is the world’s leading supplier of tool products to the metalworking 

industry. Services from the company include world-class products for turning, milling, 

drilling and tool holding with an experience of 70 years. As a market leader, Sandvik 

Coromant put extensive effort on research and development of the tool products. Sandvik 

Coromant’s tools are used all over the world in manufacturing diverse products, from 

aeroplanes, smartphones to beverage cans.  

1.1 Background 

When working with steel it is highly desirable to better understand the mechanism behind 

the wear of the cutting tool inserts. During machining with coated or uncoated inserts 

there are uncertainties regarding e.g. contact pressure between the insert and workpiece. 

The contact pressure between tool-workpiece interfaces can exceed the surface pressure 

of the softer material (workpiece), which can result in so-called “full contact” between 

the materials. But at sufficiently large contact surfaces the contact pressure could fall 

below the surface pressure, and the difference in contact situation could be reflected at 

the wear rate. By studying wear scars, VB, one can form an opinion on wear rate at 

different time phases during the wear process. Generally it requires wear rate on coated 

inserts to be investigated in more detail. 

 

VB 

1 mm
Figure 1: Flank wear land, VB. 
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1.2 Assignment 

The assignment of this master thesis project is to study the initial flank wear growth 

mechanism on the coated cutting tool inserts during steel machining.  It will be performed 

by studying the flank wear land, VB, of the coated cemented carbide (WC/Co) tools after 

orthogonal turning of Ovako 825 B steel. This steel is rich in carbides which are believed 

to cause strong abrasive wear, allowing relatively isolated studies of abrasive flank wear. 

The flank wear land, VB, will be measured by optical means and the surfaces will be 

examined through optical 3D topography imaging to study VB orientation. Energy-

dispersive X-ray spectroscopy (EDS) in Scanning Electron Microscopy (SEM) will be 

used to examine any breach in coated layers. 

The goals of this work are: 

 To suggest a geometrical model, which can estimate flank wear growth on coated tool

inserts

 To increase understanding for the physical mechanisms that cause (flank) wear

through development and assessment of physically based flank wear and contact

models.

 To focus on initial flank wear growth

2. Theory

Marked cutting sides of the 
insert 

  Figure 2: Coated cemented carbide insert developed by Sandvik Coromant AB 
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2.1 Coated cutting tool insert and workpiece material 

Coated cemented carbide cutting tool insert are commonly used for machining steel due 

to their improved cutting properties, such as higher wear resistant and increased hardness 

[1]. Cemented carbide is a metal matrix composite consisting of hard carbide particles 

bonded by a metallic binder. Tungsten carbide (WC) is used as a hard carbide particle 

with cobalt (Co) alloy as the most common binder. These two components form the basic 

cemented carbide (WC/Co) structure. Cemented carbide in addition to simple WC-Co 

compositions may contain varying proportions of other carbide additives such as TiC, 

CrC, ZrC or SiC [2].  The amount of carbide additives and the size of WC grains change 

the properties of the insert. An increasing amount Co to the WC/Co composition 

increases the toughness of the cutting tool inserts while the strength and hardness of the 

insert decreases [2].  

The inserts used in this experiment are developed by Sandvik Coromant AB, (see fig. 2).  

In this case, the cemented carbide bulk material had a Cobalt ratio of 11.9 vol%. From the 

bulk out, the inserts were CVD-coated with Ti(C,N), Al2O3, and TiN in layers of  

approximately 8.5, 4.5, and 0.5 um, respectively. The coatings are used to increase the 

strength, hardness and wear resistance of the insert.  

The workpiece material used for the experiment is an Ovako 825 B steel. The steel has an 

average chemical composition of carbon (C 0.97 %), silicon (Si 0.30 %), manganese (Mn 0.70

%), sulphur (S 0.015 %). chromium (Cr 1.80 % ), and molybdenum (Mo 0.30 %). It has a bainite 

structure with the hardness of 58-61 HRC [3]. 

2.2 Cutting tool geometry   

The cutting tool geometry affects the cutting process and therefore it is highly important 

to obtain the most favorable cutting tool geometry for achieving the machining results 

aimed at. For example rake angle (see fig. 3) is one of the important parameters when it 

comes to cutting conditions. An increase in rake angle improves the cutting condition but 

it weakens the cutting edge mechanically, resulting in higher wear rates and shorter tool 

life [4].  
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There are different cutting tool standards employed within the metal cutting area, and the 

ISO 3002/1 standard is used in this thesis to explain the definition of terms involved in 

cutting tool geometry. 

In the cutting tool geometry there are different faces and angles that are defined by ISO 

standard [2]; only the most common faces and angles will be described here (see fig.3). 

The figure is also a correct representation of the semi-orthogonal cutting process used in 

the experimental parts of the present work, in which flanges of steel were machined one 

by one in the axial direction in a way similar to a grooving operation. 

  Figure 3: Schematic figure of the cutting tool insert cutting through workpiece material with the flank angle  and rake 
angle . The geometrical forces, Fp, Fc and Ff , acting on the cutting tool insert during cutting speed  Vc. 
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 Rake angle (  ) is the angle describing the cutting tool surface relative to the

workpiece material surface.

 Rake face is the cutting tool surface over which the removed chips slide.

 Flank Face is the surface(s) of the cutting tool against which the newly produced

workpiece surface passes.

 Flank/release angle ( ) is the angle between the flank face and the newly

produced workpiece surface.

 Cutting edge is the line of interaction of the flank and rake surfaces.

 Cutting depth/width (ap) is the chip thickness.

2.3 Machining 

Machining is the process of removing material from the workpiece. When the insert 

cutting edge is perpendicular to the direction of relative tool-workpiece motion, the 

cutting process is called orthogonal cutting [13] or two-dimensional cutting (see fig.15). 

2.3.1 Orthogonal cutting and cutting forces 

In such a cutting process the influence of basic parameters can be studied more accurately 

since several parameters which would otherwise influence the process can be neglected 

[13].  

There are some distinctive features of orthogonal cutting, i.e. the insert cutting edge is 

wider than depth of the cut and the cutting edge does not pass the previous machined 

surface. Therefore, there is less influence of previous passes on the current pass [5].  

The forces that arise during orthogonal cutting can be described in terms of the three 

orthogonal cutting forces, Fc, Ff and Fp as shown in fig.3. Here, Fc is the cutting force, Ff 

is the feed force and Fp is the back force. All these cutting forces are projections of the 
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resultant cutting force F, acting on the cutting tool via the workpiece material. The 

resultant cutting force can be computed as 
2
fF2

pF2
cFF 

Back force (Fp) in orthogonal cutting is supposed to be a non-contributing parameter to 

the resultant force (F) due to the assumption of a uniform cutting process along the 

cutting edge, hence making orthogonal cutting an approximately two-dimensional plane-

strain deformation process without significant side-spreading of the material [6].        

The magnitudes of the forces are dependent on the chip area formed during machining, 

the cutting depth, the feed and the properties of the workpiece material. There are some 

other factors that also slightly affect the forces. The rake angle, the inclination angle, the 

cutting speed, the process temperature, the cutting tool material and the cooling medium 

are such factors that can affect forces to a lesser degree [7]. The information obtained 

from the magnitudes of the forces can provide an indirect detection of the tool wear. 

2.4 Wear  

Wear occurs due to surface damage or removal of materials from either one or both 

surfaces in contact solids in a sliding, rolling or impact motion relative to one another. In 

most cases, wear occurs through interaction at asperities. In the beginning the contact 

surface materials may be displaced and deformed, and the properties of the solid body are 

altered without any loss of surface materials. At a later phase the materials may be 

removed and transferred to the mating surface or break loose as a wear particle [8]. 

2.4.1 Cutting tool wear 

In the metal cutting process the cutting tools suffer different kinds of wear types such as 

crater wear, flank wear, chipping, fracture and notch wear. 

2.4.2 Crater wear 

Crater wear appears at the rake face of the cutting tool, in the form of a crater. Crater 

wear is formed by removing of the rake face material either by hard particle grinding 

action or diffusive action. Rake face material dissolves into chip material under severe 

pressure and temperature loads [13]. 
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Figure 4: Crater wear 

Figure 5: Flank wear 

2.4.3 Flank wear 

Flank wear appears on the flank face of the cutting tool, caused mainly by abrasive 

mechanisms. Flank wear is usually measured as a width of the wear land (VB) and 

determined by the means of microscope [4].  
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2.4.4 Chipping 

 

Chipping is an unpredictable breaking down of the cutting tool edge material rather than 

gradual wear. Chipping could occur due to intermittent cutting, i.e. the cutting tool edge 

is not in constant contact with the workpiece surface. Chipping could also occur when the 

cutting tool is subjected to sudden loads or thermal shocks, due to low fracture toughness 

[13, 9]. 

Figure 6: Chipping 

Fracture is the breaking down of the cutting edge under tough cutting conditions. The 

wear-induced change of tool geometry, weakening of the cutting edge due to high 

temperatures and high resultant forces, leads to the cutting edge breakage [10].  

2.4.5 Fracture  
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2.4.6 Notch wear 

Figure 7: Fracture 

Figure 8: Notch wear 

Notch wear is a localized damage in the form of a groove appearing at the flank and rake 

faces of the cutting tool. Adhesion of and abrasion by the machined workpiece surface on 

the cutting tool is the main factor, which causes notching [11]. 
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2.5 Wear mechanisms 

Cutting speeds, feed rate, geometry of the cutting tool and workpiece material are some 

physical factors that affect wear. There are also different mechanisms that act on a cutting 

tool that give rise to wear. 

2.5.1 Abrasive wear 

Abrasion is a common wear process where damage to a softer surface is caused by harder 

surfaces or a third body. Abrasive wear on the insert surface is generally caused by hard 

particles of workpiece material sliding against the insert surface or its asperities and 

thereby applying a mechanical load [12]. This results in removal of particles (wear 

particles) from the surface of the insert. Abrasive wear caused by third body is generally 

produced through small hard particles of grid or abrasive, formed by chemical reaction, 

caught between two surfaces and sufficiently harder than these surfaces so that it abrades 

one or both of them. 

The ability of the insert cutting edge to resist abrasive wear to a large extent lies in its 

hardness, and work hardening, crystallite orientation, and elastic modulus of the 

contacting surfaces can also influence wear [12]. 

2.5.2 Adhesive wear 

Adhesive wear occurs when workpiece or chip materials weld to the surface of the tool 

under high temperature and pressure. The process occurs when rigid bodies, moving 

against each other, in this case a cutting tool and workpiece, come in contact applying a 

mechanical load on each other. The mechanism leads to adhesion of materials welding on 

the tool surface. The repeated adhesion of materials welding on the tool surface and the 

breaking of these weld edges results in loss of tool surface particles and thereby adhesive 

wear occurs [8,13].  
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2.5.3 Diffusion wear 

Diffusion of material between workpiece and tool under high cutting temperatures results 

in diffusion wear.  This mechanism is very common in mechanical cutting process under 

high feeds and cutting rate. The rate of the wear process controlled by diffusion is 

exponentially proportional to the inverse of the temperature [14].  It is believed that 

diffusion can cause a tool to be depleted of some elements responsible for its hardness 

and making it sensitive to abrasive or adhesive wear [15]. 

2.5.4 Chemical wear 

Chemical wear is formed when there is chemical reaction between the tool and workpiece 

or other materials, such as oxygen in air or sulphur and chlorine in the cutting fluid. 

When compounds are formed by chemical reaction, under high temperature, and are 

carried away by the chip from the flank face or rake face it results in chemical wear. 

Oxidation is a common factor to chemical wear affecting the rake- and flank face of the 

tool [13].  

2.5.5 Plastic deformation wear 

Plastic deformation takes place as a result of combined high pressure and high 

temperature on the cutting edge of the tool.  Machining with high speed, high feed and 

hard workpiece leads to heat and compression. This leads to geometrical deformation of 

the tool, which changes its initial characteristics [16]. 

3. Literature study of wear model
3.1 Contact wear model  

Reliable modeling of tool life is always a concern for machining processes. Numbers of 

wear models studies predicting the tool life length have been created throughout the 

metal-cutting history to better predict and thereby control the tool life span, which is a 

major portion of the total cost of machining [17].  

Taylor’s equation is the earliest model for cutting tool life in which a simple relationship 

was established for the cutting speed, V, and tool life, T.  
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Taylor’s equation:  (1)                    CVT     n 

Here, C and n are constants depending on the tool-workpiece combination.  Equation (1) 

was later extended to numerous forms when considering other parameters. Flank wear 

land width (VB) is more frequently used to determine the tool life due to its effect on 

surface finish, residual stresses and microstructural changes in the form of rehardened 

surface layer [18]. 

J.F. Archard [19] presented and explained an empirical wear equation as shown in Eq. (2)   

(2)        
3α

P
KW 

In the form Archard presented the equation, which is exactly reproduced in Eq. (2), W is 

the wear rate per sliding distance, K is the probability factor for producing a wear 

particle, P is the applied normal load (force), and is the radius of a postulated circular 

contact area. However, in the present thesis, W will be a notation for flank wear and  
dL

dw

is wear rate per sliding distance, and P will be a notation for pressure whereas F is force. 

The model is a simple way of describing sliding wear based on the theory of asperity 

contact. The equation (2) can also be rewritten to describe wear volume as follow [20]: 

(3)                                                                                                                  LKAW r  

Here, W is the total wear volume produced, L is the sliding distance, Ar is the real contact 

area and K is a coefficient involving the volume of a wear particle and also the 

probability factor that a real contact will result in a wear particle. Within each wear 

mechanism, K can be treated as constant. Equation (3) can be rewritten as: 

(4)          
H

PL
kW 

Here, a typical estimation of the real contact area, Ar, has been made by assuming that Ar 

should be sufficient to equal the applied pressure P divided by the hardness of the 

workpiece material asperities, H, i.e.  . 
H

P
Ar 
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Equation (4), which is a variety of the Archard wear equation, can be derived for both 

adhesive wear and abrasive wear from different initial assumptions [21]. 

Shaw and Dirke [22] presented an Archard-type equation for adhesive wear. 

(5)       Z dL    
b

c
AdW r

Where dW is the wear volume for the sliding distance dL, Ar is the real contact area, c is 

the height of a postulated plate-like wear particle, b is the mean spacing of the asperities 

and Z is the probability of producing a wear particle per asperity encounter. 

Shirakashi and Usui [23] introduced a modified model of Eq. (5) by considering the 

normal stress, t , at the contact surface. 

(6)         Z dL  
b

c

H

σ
dW t

4. Development of flank wear land, VB.

Progress of flank wear land for carbide tools is often divided into three regions [2]. 

Figure 9 shows a schematic graph of VB progress versus cutting length describing 

different wear regions.  

 Region 1: Initial wear region where the sharp cutting edge of the tool is quickly

broken down due to relatively high load on a small contact zone.

 Region 2: Steady progress of wear at a uniform rate.

 Region 3: Highly accelerated wear region where the wear of the cutting tool has

become sensitive to the increased tool temperatures and high cutting forces caused by

the presence of a wear land of large proportions.
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These three wear regions describing the evolution of tool flank wear are of empirical 

origin and have little or no base in physical explanatory models. One of the assignments 

of this master thesis is to distinguish between region one and region two and therefore, 

the work has focused on detailed measurements with short wear times.  

5. Measuring flank wear
5.1 Geometrical contact model I 

It is often necessary to etch and polish the contact zone of the cutting tool insert after 

machining to remove adhesive workpiece material and accurately measure small wear 

volumes. Estimations of wear volume can be obtained even without etching or polishing 

if the geometry of the wear process is well known, provided that the adhesive materials 

do not affect the results when measuring the wear land, VB.  

In order to be able to describe the growth of the flank wear one need to define a 

geometrical expression of the volume worn away on every increment of flank wear land. 

Shaw´s [24] model (fig. 10) is a traditional method for estimating wear volumes by using 

wear land size. The wear volume is estimated by introducing a simple geometrical model 

Figure 9: Schematic graph of flank wear growth at different regions with cutting 
length.  
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where the cutting edge of the insert is approximated as having a triangular shape with no 

edge radius, r.  

 

Model I 

 (7)                                                                                                                            
2
slA

Where A is a worn-out area, s and l=VB, is a wear land height respective length, see fig. 

10. This model is suitable for uncoated inserts with relatively large (s > r) wear volumes.

This model lacks to estimate how much of the worn-away volume is represented by bulk 

as compared to coating layers. Similarly there is no possibility to use wear land, VB, data 

in model I to estimate when a coating layer has been breached. It should be noted that 

accurate volume estimates require knowledge of both the release (α) and rake (γ) angles, 

which limits the use of this model to cases where the edge radii and complicated rake 

face micro-geometries can be disregarded. 

Figure 10: Triangular geometry of cutting edge with no edge radius, r.  The region marked A represents the 
cross-section of the worn-away volume. 
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5.2 Geometrical contact model II 

A detailed geometrical contact model, which includes the cutting edge radius, r, at the 

cutting insert edge, has been used in the present work, following Sandvik Coromant 

internal rapport [25]. No other differences are made in comparison to the triangular 

approximation mentioned in section 5.1. The detailed model focuses on the wear region 

cross-section, which could be used to estimate wear volume and coating breaches from 

the measurements of the wear length width. In the model the orientation of the flank wear 

land is assumed to be parallel to the workpiece flow direction. The geometry of the 

contact model is illustrated in fig. 11. 

Figure 11: A cross section of the cutting edge including an edge radius. Areas, horizontal lengths, and 
vertical lengths are named using the letters A, l, and s, respectively. The rake face and release angles are 
named γ and α, respectively. 
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Model II 

 (8)                                                                                             pAaW 

Where A is the total wear scar cross-section area written as the sum of the different cross-

section regions. 

(9)                                                                                  4321 dAdAdAAA   

First region (wear scar through A1): 
 Limited by:

l ≤ l1 (s ≤ s1)
 Wear scar length:

  222 2r2rr2 ss=s=l 
 Maximum wear scar length:

(10)      2rsinl1 α=

 Maximum wear scar height:

  (11) cos1rs1 α= 

 Maximum wear scar cross section area:

(12)      cos sin22
1  rrA   

 Second region (wear scar through A2, A3, and A4):
 Limited by:

l1 < l ≤ l 2 (s1 < s ≤ s2)
 Maximum wear scar height, also valid for 0<γ :

  (13)       sin1rdsrs 22 γ+=+=

If 0
rs 2 =

 In A2: The bottom line of the right triangle with hypotenuse r and height r – s:

 22 rr s

 In A3: The half circle chord length representing the bottom line of zone A3:

sinr  

 In A4: The top line of the right triangle with height s – s1 and corresponding
opposite angle α, resulting in the following line length:

s− s1

tanα
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 This gives total length:

(14)      
tan

s
rsin2r 12

α

s
+α+ss=l




 Maximum length:
 

(15)          
tan

cossinr
rsinrcosl 2 α

α+γ
+α+γ=

 From the expression for total length, the following analytical expression for s(l)
can be found:

)16(  
sin

coss

sin

coss2

sin

cos2rs

sin

r2
r

tan

tans
rrcos

tan

tans
rcosrsin

4

22

1

3

1

2

2

12

2

2

1

2

12













 


 

α

α

α

αl

α

lα
+

α

l
+

α

αl+
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 General relationship that can be used to simplify calculations of the area A:
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 The fraction of A2 is calculated by subtracting half of A1 from the (left) half circle
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Equations 9-20 present relationships for both VB, which is represented by l in the 

equations, and wear volumes as functions of a parameter s, which represents the depth of 

the wear scar. The behavior of flank wear in equation (8) versus VB is plotted in the fig. 

12. A very close to quadratic development of the flank wear is found. A polynomial
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regression fit passing through origin is fitted to the flank wear data and the fitting 

coefficient, B, is determined. 

5.2.1 Modeling of coating penetration 

The geometrical contact model II can be used to estimate the point at which each coating 

is breached. For the present geometries, the outer TiN coating (0.5 µm thick) is 

considered to be almost instantly breached. In Table 1, values are given of VB at which 

the remaining outer Al2O3 coating (4.5 µm) and inner Ti(C,N) coating (8.5 µm) are 

estimated to be penetrated. The values have been calculated using Eq. (14). 

 

Release angle/Flank angle Max VB outer (Al2O3) Max VB inner (Ti[C,N]) 

7° 0,069 mm 0,153 mm 

3° 0,122 mm 0,298 mm 

Figure 12: Quadratic growth of average flank wear, W, against flank wear land, VB. wear measurements for 

different cutting speeds have been included in the plot.  

Table 1: Estimation of VB-points at which coated layer is assumed to be penetrated, using geometrical 
contact model II. 
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6. Flank wear model for orthogonal metal cutting

Flank wear, W, in the proposed geometrical contact model has to be found from 

measurable data such as apparent contact area, A, and cutting width, ap. Here, flank wear 

models for cutting tool in orthogonal cutting are presented based on a model as presented 

by J.F. Archard [19] and Zhao et al. [26]. To reach an expression for wear a flank wear 

rate, proportional to either average pressure over or real contact area against a contact 

surface.  

6.1 Estimation model I 

General approximation 

   m 0,155    

  (21)          2  





PW

B

aKB

      VwKpapaAW

The approximation is based on the quadratic growth of W versus VB, (see section 5.2, fig. 

11). The geometry of the worn-out cross-section area, A, in geometrical contact model I, 

section 5.1, is also the base for the approximation.  
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 Wear rate per sliding distance is assumed as: 

 (23)                 PK
dL

dW
Z

Here, P is normal stress on the apparent area, A, of the tool-workpiece contact interface, 

and Kz is a fitting coefficient with no further theoretical basis than an assumption in the 

present model of proportionality between wear rate and pressure. The geometry of the 

wear scar trivially gives 
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   (24) BVA pa

It is assumed that the average normal stress at the flank face is 

  (25)    
A

F
P N

where FN is the normal force at the tool-workpiece contact interface and is parallel to the 

feed force, Ff, force component vector mentioned in fig. 3. 

In the present model FN is assumed to be constant where in reality this assumption 

contradicts the experimental Ff data measured (fig.18) during machining in the lathe. 

Variations in FN would imply non-consistency in Ff. Still, in a model in which Ff is 

allowed to be constant, the pressure P has to vary with the development of VB.  

Constant  

:I Assumption

NF

Substituting Eqs. (25), (24) and (22) in Eq. (23) gives 

(26)        
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Integration predicts flank wear as follow:  
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where L is sliding distance (cutting length) and U0 is a fitting constant. 

Inserting Eq. (22) in Eq. (27) gives flank wear land as 
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as presented by Zhao[26] 

It should be noted from Eq. (28) that VB development varies with cutting width, ap. 

6.2 Estimation model II 

In this model wear rate is assumed as in Eq. (23), where normal stress, P, is assumed to 

be relatively constant at some value, which corresponds to a deformation pressure of the 

workpiece material. In such a contact, FN  in Eq. (25) would have to vary with the 

development of VB as 

  (29)               

II       Assumption

 BFN VKF 

Following this model, the coefficient KF would essentially express the assumed 

deformation pressure, but since the existence of such a pressure depends on modeling 

assumptions, a decision was made during the present work to denote the coefficient 

similarly to the other model coefficients. 

Substituting Eqs (25),(24) and (29) in Eq. (23) gives 
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Integration provides flank wear as a linear equation of sliding distance, L. 

(32)    2C
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It should be noted from Eq. (32) that wear development varies with cutting width, ap. 

Inserting Eq. (22) in Eq. (32) gives flank wear land as 
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 (33)    
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6.3 Estimation model III 

In this model a sliding wear based on the theory of asperity contact is used. 

Assumption I: 

constantNF  

Wear rate is defined as the volume of flank wear divided by the sliding length: 

(34)    
U

 1

PP

N
ARA

F
KAK

dL

dW


  

where P  is the plastic yield stress of the workpiece. The tool-workpiece contact 

interface has a real area of contact, AR, and U1 is a fitting constant where KA represents 

the specific geometry coefficient of the abrasive surface. The existence of constant, 

deformation-independent plastic yield stress, P , depends on modeling assumptions, and 

since no experimental data in support of this assumption has been found, the parameter 

has been treated as a fitting parameter similarly to other model coefficients.  

Figure 13: Hard material and soft material in micro-contact, where AR is the sum of real contact 
areas, An and A is the apparent contact area. FN is the applied force. 
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Integration of the wear rate gives flank wear, W. 

(35)  3
1 C
LU

W
P




The flank wear is proportional to the sliding distance, L, and inversely proportional to the 

workpiece plastic yield stress, P .  

Inserting Eq.(35) to Eq. (22) gives flank wear land, VB, as: 

(36)       
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6.4 Estimation model IV 

This model is also based on the theory of asperity contact as mentioned in section 6.3, but 

with different assumption. 

Assumption II 

(37)                                                                K                                                                           F BN VF   

Coefficient KF would essentially express the assumed deformation pressure and has been 

treated according to the discussion in section 6.2. 

Wear rate is defined as the volume of flank wear divided by sliding distance. 
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Integration of wear rate gives flank wear as: 

(39) 
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The flank wear, W, is proportional to the square of normal force, FN, the sliding distance, 

L, and workpiece plastic yield stress, P . 
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Inserting Eq.(39) to Eq. (22) gives flank wear land, VB, as: 

7. Experimental method
7.1 Cutting edge radius measurement 

Sharpness and cutting edge radius of the inserts play important roles in cutting tests. 

Measurements of the cutting edge radii r were indirectly made through w and h values 

(see fig.14) using a mechanical probe by Sandvik Coromant AB. All cutting edges used 

in the orthogonal cutting test were measured and an average cutting edge radius, r, was 

arithmetically calculated to 63 um.  The mechanical probe measures the width, W, 

respective height, h, of the cutting edge, which are then mathematically converted to 

cutting edge radius by the system itself. 

Figure 14: Parameters used by Sandvik Coromant for edge radius measurements 
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7.2 Machining experiment 

A semi-orthogonal cutting method was performed on a workpiece material, Ovako 825 B 

(Ball bearing steel), in a George Fischer CNC (Computer Numerical Control) lathe, 

NDM-17/125. A Sandvik Coromant tool holder type STFCR2525M 16 with a coated 

(Ti(C, N)/ Al2O3/ TiN) cutting tool insert type TCMT 16T308-PR was used in the 

experiment. The experiments were conducted through a semi-orthogonal radial turning 

approach, allowing the insert to have a rake face geometry but only using one cutting 

edge. The cylindrical workpiece material 250X130 mm was cleaned from the top layer to 

get a clean surface and thereafter flanges were created, 3.0 mm wide and 2.55 mm apart, 

with a 30 mm radial depth along the cylindrical workpiece (see fig.15). After the cleaning 

process the resulting workpiece material diameter was 128 mm.   

 

When the workpiece material was prepared for machining, the cutting tool insert was 

placed in the tool holder and cutting parameters were set in the CNC system. The cutting 

times (t) were set between 0.17 and 8.0 min, the cutting speeds (Vc) varied between 150 

Figure 15: Different regions of cylindrical workpiece material. 1: Unclean surface. 2: cleaned surface. 
3: Flanges were created with 3.0 mm wide, 2.55 mm apart and 30 mm radial depth. 4: Cut flanges  
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and 250 m/min and feed rates (fn) were kept constant 0.15 mm/rev. The width of the cut 

(ap), which is equivalent to flange width, was kept constant at 3.0 mm and the release 

angles were set to 3 respective 7-degrees.  Each experiment was repeated twice in order 

to obtain more accuracy and also to observe any significant variations in wear land, VB, 

data. Detailed measurements can be viewed in appendix A.  The experiments were 

conducted without any cooling fluid.  

The cutting force measurements for different cutting speeds, times and cutting angles 

were done afterwards on 15 edges to see if there were any significant changes in 

machining vibrations, geometrical and compositional variation on workpiece flanges. The 

results are plotted in the Result section 8.3. The cutting force measurements could not be 

conducted during wear test experiments due to machining operation limitations.   

Cutting force data for different cutting parameters can be seen in Appendix B. 

In this experiment 132 cutting edges were worn on cutting tool inserts and then wear 

lands (VB) on the insert flank face were analyzed by Nikon Measurescope MM-11 

optical microscope with 10X objective and 0,8X magnification. 

7.3 Analyses methods 

7.3.1 Alicona 

3D optical measurements with 250X magnification were performed on one cutting insert 

edge surface both before and after wear test in the lathe. The machining experiment on 

the cutting insert edge was conducted for 8 minutes with the cutting speed (Vc) 250 

m/min and 7-degree flank angle. Thereafter topography of the worn edge was obtained 

with Alicona InfiniteFocus optical instrument to study wear scar orientation. To confirm 

the topography, 10 additional edges were studied with the instrument after wear. More 

information of the Alicona InfiniteFocus instrument can be found through Stina Odelros´s 

master thesis work [27].  
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7.3.2 Energy dispersive X-ray spectroscopy (EDS)  

Energy dispersive X-ray spectroscopy (EDS) was used in combination with Scanning 

Electron Microscopy (SEM) to attempt to analyse breach in coated layers of the cutting 

tool insert. 10 individual cutting insert edges after machining were measured with EDS-

technique in SEM.  

EDS-technique determines presence of chemical composition by detecting characteristic 

X-rays that are emitted from atoms irradiated by a high-energy beam. The emitted X-rays 

from atom, chemical composition are identified by the X-ray energies in the EDS-

detector. EDS-detector collects the signals of characteristic X-rays energies from the 

elements in a specimen and plots a spectrum of the detected X-rays as intensity versus X-

ray energy. The typical resolution of energy dispersion is about 150–200 eV [28] and the 

lightest element that can be detected is oxygen [28].  

The microscope used for analysis in the present work was a Zeiss EvoMA25 with 

lanthanum hexaboride (LaB6) crystal as electron source. 

8. Analyses and Results

Flank wear land, VB, results from the turning experiment in the lathe together with 

optical analyses of the insert cutting edges will be presented here. Estimated flank wear, 

W, will be graphed and will be compared with the suggested models. 

8.1 Flank wear land, VB  

Results for flank wear land growth versus cutting length for different cutting speeds will 

be presented here. Cutting times with different input machining parameters and number 

of repetitions can be found in Appendix A. In fig. 16, VB growth is plotted versus cutting 

length. A two-process VB growth phenomenon is seen in the figure. In the region 

between 0-250 m a rapid VB growth can be observed with higher VB slope, which then 

enters a reasonable uniform VB growth process with cutting length. Higher VB values 

are measured for a 3 flank angle compare to a 7 flank angle for cutting speeds 150, 200 

and 250 m/min and feed rate 0, 15 mm/rev. 
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8.2 Wear volume 

Flank wear, W, is calculated using the geometrical contact model II.  Fig. 17, shows a plot 

of the flank wear versus cutting length. A seemingly linear dependency between flank 

wear growth and increasing cutting length is found for different cutting speeds 150, 200 

Figure 16: Average wear land , VB, growth against cutting length for cutting speeds, Vc,  250, 200 and 150 m/min 

with 7  flank angle on top and 3 flank angle below. 
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and 250 m/min. A higher flank wear growth is seen with 3 flank angle compare to 7  

flank angle. 

8.3 Force measurement vs. Flank wear land, VB  

An average radial force component Ff for cutting speed 250 m/min, feed rate 0,15 

mm/rev and flank angle 7 under 8 minutes of cutting time is calculated from measured 

Figure 17: Average flank wear ,W , growth against cutting length for cutting speeds, Vc,  250, 200 and 150 

m/min with 7  flank angle on top and 3 flank angle below. 
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Ff forces and then compared with an average VB growth in order to see any correlation. 

In fig. 18, average Ff forces and VB growth is plotted vs. cutting length. It is seen that Ff 

is varying with increasing cutting length and follows a VB growth trend as mentioned in 

section 8.1. The correlation between Ff  and VB growth trend vs. cutting length can be 

observed for 3 flank angle in fig. 18 (below). It is also observed that recorded Ff forces 

for 3 flank angle are higher than Ff forces for 7 flank angle, indicating a good 

correlation (proportionality) between Ff and VB growth. Plots between Ff and VB growth 

vs. cutting length for different cutting speeds can be seen in Appendix C. 
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8.4 Flank wear model for orthogonal metal cutting 

Estimated flank wear model I is plotted in fig. 19. Experimental average VB data, for 7 

flank angle, is compared with the estimated VB model with increasing cutting length (top 

Figure 18: Variation of radial force, Ff, in the left vertical axis and VB growth in the right vertical axis verses 
cutting length. Top and below figure represents correlation between Ft and VB for 7 respective 3 flank angle 
for cutting speed 250m/min and feed rate 0,15 mm/rev.    
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fig. 19). Coefficient Kw is determined to 0.052 in section 6.1. A relatively good 

correlation with the experimental data points is found. There are some VB data for 

cutting speed 250 m/min that fall outside of the model at the end of measurement. The 

constants U0 , 6,50E-10 N and C1, 3,0E-4 mm are determined through least square fit in 

excel and U0 has the same value for both Eqs. (27) and (28). In fig. 19 (below), estimated 

average flank wear data from geometrical contact model II is compared with estimation 

model I. As can be seen, there is a mismatch between the model and flank wear data. The 

flank wear data growth is relatively linear where as the model estimation grows with a 

lower exponent. 

Figure 19: Experimental average VB growth compared with estimated VB model I, (top) and geometrical 
flank wear model II is compared with estimated flank wear model I, (below).  
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Estimated flank wear model II from equations (32) and (33) is plotted in fig. 20. 

Experimental average VB data, for 7 flank angle, is compared with the VB model 

estimation with increasing cutting length (top fig. 20). As can be seen, the estimated VB 

curve shows a good correlation with the experimental data points. In fig. 20 (below) 

estimated average flank wear data from geometrical contact model II are compared to 

estimated model II. It should be noted that Kz and KF are determined through least square 

fit in excel and have the same constant value in both Eqs. (32) and (33). Determined 

value for Kz is 6,10E-13 (m4/N), KF is 10000 (N/m) and C2 is 4,0E-4 mm. 

 
Figure 20: Experimental average VB growth compared with estimated VB model II, (top) and geometrical 
flank wear model II is compared with estimated flank wear model II, (below).  
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In the fig. 21, estimated flank wear model III is plotted and compared with the 

geometrical model II. In the top figure experimental VB data for 7 flank angle is 

compared with the estimated VB model III. A good correlation between experimental VB 

points and VB curve can be seen. The least square fitting constants C3, P  and U1 is 

estimated to 29E-4mm, 6 Mpa respective 1, 45E-08 N. The Geometrical flank wear 

model II compared with the estimated model III is plotted in fig. 21 (below). A linear 

growth of the flank wear data coherent with the model can be found.  

The plot of estimated model IV compared with geometrical model II is absent in the 

results because no correlation can been found, which is obvious from the mathematical 

expression of the model obtained.  
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8.5 Alicona result 

Optical images of the cutting edges were studied to investigate the appearance of the 

wear lands and changes in the geometry, both before and after machining, were measured 

and compared. Figure 22, shows optical images for the sample machined during 8 

minutes with feed rate 0.15 mm/rev, cutting speed 250 m/min and 7-degree flank angle. 

The most significant results from the Alicona measurements are the support for the 

Figure 21: Experimental average VB growth compared with estimated VB model III, (top) and geometrical 
flank wear model II is compared with estimated flank wear model III, (below).  
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geometrical flank wear model II. On measured inserts visible flank wear lands were 

parallel to the machined surface on the workpiece, as illustrated in fig. 22. 

8.6 EDS in SEM 

Due to the time limitations the cutting insert edge results of 1 out of 10 analysed 

measurements from EDS-technique are presented here.  

Two EDS-analysed regions on the flank face of the cutting insert with the cutting time 10 

seconds, cutting speed 250m/min and feed rate 0, 15 mm/rev, are presented. The SEM 

image is seen in fig. 23 with different EDS surface analysis points. The two analysis 

points (spectrum 35 and spectrum 34 in the image) are plotted in fig. 24 respective fig. 

25. Figure 24 show high peak of aluminum (Al) and a very small peak of titanium (Ti)

Figure 22:  Comparison of flank wear land geometry, before and after machining, for 7-degree flank 
angle.  
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indicating that the coated layer (TiN) is penetrated, disclosing the next under layer 

(Al2O3) after 10 seconds of metal cutting. In fig. 25 peaks of adhesive materials coming 

from workpiece can be found, among which iron (Fe) show a higher quantity. In this 

spectrum no signal of aluminum can be seen, whereas very low quantity of titanium is 

detected. Other neighboring point spectra, which are not plotted here, also show presents 

of higher adhesive materials covering the flank wear land.  

 Figure 23: SEM image on flank face of cutting tool insert with different analysed regions with EDS. 

Figure 24: EDS spectrum on flank face of cutting tool insert after 10 seconds of cutting time. A high peak 
of Al is detected. 
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9. Discussion

The obtained results and estimated models for flank wear growth will be discussed here. 

9.1 Flank wear land and volume 

Flank wear land results in fig. 16 show a two- phase VB growth. The contact stress 

between the tool and workpiece is important for tool flank wear. In the beginning of 

cutting the contact area between the tool and workpiece material is very small, producing 

high-contact stress and giving rise to rapid flank wear development, described as break-in 

process. As the contact area of the tool-workpiece interface increases the contact stress 

can become constant and the flank wear can become uniform. The scattered VB data in 

the beginning of the cutting can be due to break-in process and can behave randomly. On 

the other hand short time cutting experiments can be difficult to measure with accuracy. 

Measurement errors due to material adhesion on the insert can represent a significant 

portion of the measured length. Also, it was generally estimated during the microscopy 

work that the measurements had an inherent uncertainty of VB within m10 . From the 

behavior of VB for different cutting speeds it can be stated that VB has similar cutting-

length-dependence regardless of cutting speed. A higher cutting speed is often associated 

Figure 25: EDS spectrum on flank face of cutting tool insert after 10 seconds of cutting time show presences 
of adhesive materials.  
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with a higher temperature, and the similarities in wear curves indicate that the presently 

studied wear curves have little temperature dependence. For 7-degree flank angle with 

cutting speed 250 m/min some VB points, around 1000-2000 m, lie high. This can be due 

to the development of temperatures high enough to impact the wear processes under 

longer cutting time or it can be also that a coating layer has been breached. According to 

the geometrical wear model II in Section 5.2, all 6 data points on 6 individual cutting 

edges measured for 250 m/min over 1000 m sliding length showed wear higher than the 

average curves fitted to the data (see fig. 16). This indicates a higher wear rate process is 

taking place after 1000 m sliding distance. 

The geometrical model II estimates the same linear flank wear growth (see fig. 17) for 7 

and 3 degree flank angle with flank wear rate, 





 mdL

dW 3
3102  .  As mentioned, the

exception to this result occurs where flank wear growth for cutting speed 250 m/min 

jumps to higher level, around 1000 meter cutting length. 

The varying wear rates can also be discussed based on the geometrical model II and the 

calculations presented in Table 1. If the geometrical model would be correct, the outer 

Al2O3-coating would seem to be almost instantly penetrated by the presently studied 

abrasive wear mechanism. This is a surprising result that cannot be explained in terms of 

hardness. The scattered data at the beginning of the wear process could, from this point of 

view, be interpreted as a faster wear process through the Al2O3 coating. The higher wear 

at the longer measurements for cutting speed 250 m/min would correspond well to VB 

values for which the inner Ti(C,N)-coating has also been penetrated. If these estimations 

would be correct, almost the entire observed wear process would be a mixed wear of all 3 

different coatings and in the more extreme cases also the bulk. 

In reality, adhesion of workpiece material and possibly also some smearing of the coating 

layers will likely complicate the situation. Also, there is a possibility that the shape of the 

wear scar is not solely due to abrasive wear but also plastic deformation, in which case 

the reasoning behind the geometrical model II would be of more limited value. A more 
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clear result will be available if the inserts are etched and the VB values are re-measured. 

Also, EDS analyses after etching would greatly clarify the situation. 

As can been seen from the flank wear plots the wear starts at certain values which are not 

zero. This can be due to tool-workpiece interface being in rubbing contact before the 

actual machining takes place, which gives rise to some kind of plastic deformation of the 

cutting tool insert. Before any wear processes have begun, it would be expected to have 

some contact imprint caused by the contact pressure, which is given by the contact force 

divided by the plastic yield pressure of the workpiece. Also, it can be observed that the 

start values of flank wear are reasonably close to the point at which the Al2O3 coating 

would be penetrated, which could possibly indicate that this coating offers very little 

resistance to this wear process and is almost instantly breached. This would be a 

surprising result, considering that the coating is generally considered to add to hardness 

and wear resistance to the insert. It has been concluded that the observation is likely 

coincidental and will be revised after etching. The start values of the flank wear are 

estimated in the plots in the result section. 

More EDS measurements on the etched inserts are suggested to bring more clarity to 

many of the mentioned issues. In particular, such measurements would clarify if the 

found wear rate describes wear in the TiC-Al2O3 coating combination alone or a 

combination of all coatings of the insert. Also, new assessments of wear after etching 

could give changes in the wear rate, if the scars are greatly affected.  

9.2 Force-VB correlation 

Force measurements for cutting speed 250 m/min and cutting time 8 minutes have been 

conducted in repetitions to investigate reasonable correlation between feed force, Ff and 

VB. It should be noted that such a correlation would not necessary imply a correlation 

between VB and the contact force on the wear land, but if there would be no change in 

measured values of Ff, this would be an indication that the contact force FN is either small 

or also relatively unchanged. The overall plot of the comparison between the two plots 



42 

(fig. 18) shows certain proportionality, but there are still some comparison points that do 

not agree with each other. This can be due to the fact that force measurements were not 

conducted at same time as VB measurements, and thereby the comparison cannot be seen 

as the ideal one. It is still clear that there are significant changes in the measured force, 

and the changes seem highly correlated to the changes in VB. The simplest explanation 

for this is that the average contact pressure is reasonably constant. Of course, other 

pressure distributions than an equal pressure all over the wear scar cannot be ruled out 

based on the simple measurements. There was no possibility to evaluate more complex 

distributions within the limits of the present work, although such distributions could be 

considered likely. However, based on the force measurements a contact model with a 

constant FN, such as models I and III discussed in Section 6, seems unlikely. 

. 

9.3 Estimation models comparison 

Wear rates in Model I and Model II are estimated to be proportional to the contact 

pressure. It should be stressed that the contact pressure will depend on the (unknown) 

contact force and the full contact area between the wear scar and the workpiece. This 

contact area could well include a built-up region of deformation-hardened, adhered 

workpiece material. Because of this possibility, it has been considered necessary to first 

assess each wear model against the unetched wear scars, although this process also 

introduces several uncertainties in the results. Within the limits of the project it was not 

possible to perform a second assessment against etched wear scars, although this would 

be an obvious continuation of the work. 

In the first model I it is assumed that the applied normal load, FN, between the workpiece-

tool interfaces is constant during machining process, while the cross-section area, A, will 

increase. As a result, the normal contact pressure decreases, and thus wear rate, 
dL

dw
,

decreases. This is a reasonable estimation that provides a relatively good correlation with 

the flank wear land growth (see fig.19) but the estimated wear from Model I deviates 

from flank wear data. Also, the assumption of constant normal force contradicts the real 
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measured forces, which are not constant. The model can be used to predict flank wear 

rate, flank wear growth and flank wear land if the experimental measured forces are 

constant, but for the present case it is considered to be an unlikely explanation of the wear 

and contact. 

The estimations from model II give a very good agreement with flank wear rate,
dL

dw
. In

this model it is assumed that the normal contact pressure is constant while the applied 

normal load and workpiece-tool contact cross-section area increase proportionally to each 

other. This model predicts a better correlation to the experimental data (see fig. 20). 

Wear rates in model III and Model IV are estimated to be proportional to the real area, Ar, 

of contact between workpiece and tool. In model III it is assumed that if the applied 

normal load, FN, between the workpiece-tool interfaces remains constant while the real 

cross-section area increases, during the machining process, the normal deformation 

pressure decrease and thus wear rate, 
dL

dw
, decreases. The estimated model shows a good

correlation with the experimental data (see fig. 21), even though the assumption of 

constant force contradicts the experimentally measured forces. Estimated model IV with 

the assumption of varying force totally contradicts experimental VB data and geometrical 

flank wear data. 

Of the 4 presented models, it is found that Model II is the most likely candidate for the 

abrasive wear process. 

As can be observed from the models it would be possible to perform additional tests at 

other values of ap in order to further narrow down the possible contact conditions at the 

wear scar. However, this work was not possible within the limits of the present project. 



44 

9.4 EDS-spectra 

EDS spectra in fig.24 show that the partly upper layer (TiN) of the coated insert is worn 

out within10 seconds of machining resulting to detection of aluminum coming from next 

under layer (Al2O3) . In fig. 24 it can be seen that adhesive materials are built up covering 

partly the worn-out area and almost no aluminum signal is detectable. Longer cutting 

times give rise to more adhesive materials and therefore etching is needed to observe 

breach in coated layers. EDS spectrum results on other cutting edges, apart from those 

presented in result section, are avoided due to the built up of adhesive materials, thick 

enough to resist EDS X-rays penetration.  

10. Conclusion

Experimental results of the flank wear land, VB, on the cutting tool inserts for cutting 

speeds, vc, 250, 200 and 150 m/min and feed rate, fn  0.15 mm/rev, was found to have a 

two-process VB growth phenomenon with the cutting distance. It was also found that 

initial VB-growth has similar cutting-length-dependence regardless of cutting speed.  

Cutting force measurements for varying speeds were found to be non-constant and 

proportional to the VB-growth with the cutting distance.   

The results obtained from the suggested geometrical model show a linear flank wear 

growth of the cutting tool inserts with the sliding distance. From the optical analysis of 

the flank wear land it was found that the orientation of wear scar is parallel to the 

workpiece flow direction, as assumed in the geometrical model. Coated inserts layer 

breach could not be verified from EDS results due to adhesive material covering the flank 

wear land.  

Three out of four flank wear estimation models as compared with the geometrical model 

were found to give a good assessment of the flank wear growth. Estimation model II was 

found to be most likely candidate for the abrasive wear process in this work. The wear 

rate was found, 
dL

dW
, to be 






 m

3
3102  .
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11. Future outlooks

Areas of interest for continuing the investigation on insert flank wear growth. 

 In this thesis many parameters are either assumed to be constant or varying with their

values estimated through least square fit with no real theoretical basis. One parameter

is the assumption of the normal force distribution, FN, between tool-workpiece

interfaces. To get a better-calibrated flank wear model it is needed to make modeling

assumptions for such parameters.

 Estimation models suggest the wear rate is inversely proportional to the metal cutting

width, ap. It would be interesting to conduct tests at other values of ap to observe any

changes in wear rate.

 To etch the cutting inserts and then apply the estimation models.

 To apply the flank wear growth estimation models on machining of other materials.
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Appendix A 
Experimental matrix for wear tests in lathe 

Insert E Cutting 
speed 

(m/min)

 Feed rate 
(mm/rev) 

Cutting 
time (s)

Flank 
angle

VB(mm) ap =3mm= cutting width 

Combina
tion 

VB = Flank wear land 

1:s1 250 0,15 10 7 0,05733
1:s2 250 0,15 20 0,060606
1:s3 250 0,15 30 0,055692
2:s1 250 0,15 40 0,075348
2:s2 250 0,15 50 0,0819
2:s3 250 0,15 60 0,093366
3:s1 250 0,15 120 0,101556
3:s2 250 0,15 240 0,15834
3:s3 250 0,15 480 0,15834
4:s1 250 0,15 10 0,058968
4:s2 250 0,15 20 0,050778
4:s3 250 0,15 30 0,062244
5:s1 250 0,15 40 0,070434
5:s2 250 0,15 50 0,083538
5:s3 250 0,15 60 0,07371
6:s1 250 0,15 120 0,099918
6:s3 250 0,15 240 0,176904
7:s1 250 0,15 480 0,190008
7:s2 200 0,15 10 0,048048
7:s3 200 0,15 20 0,078624
8:s1 200 0,15 30 0,052416
8:s2 200 0,15 40 0,055692
8:s3 200 0,15 50 0,068796
9:s1 200 0,15 60 0,076167
9:s2 200 0,15 120 0,083538
9:s3 200 0,15 240 0,116298

10:s1 200 0,15 480 0,140049
10:s2 200 0,15 10 0,052416
10:s3 200 0,15 20 0,055692

Insert D Cutting 
speed 

(m/min)

 Feed rate 
(mm/rev) 

Cutting 
time (s)

Flank 
angle

VB(mm)
Combina

tion 
1:s1 200 0,15 30 7 0,05733
1:s2 200 0,15 40 0,062244
1:s3 200 0,15 50 0,095004
2:s1 200 0,15 60 0
2:s2 200 0,15 120 0,088452
2:s3 200 0,15 60 0,068796
3:s1 200 0,15 240 0,11193
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3:s2 200 0,15 480 0,153972
3:s3 150 0,15 10 0,048048
4:s1 150 0,15 20 0,050232
4:s2 150 0,15 30 0,06825
4:s3 150 0,15 40 0,0546
5:s1 150 0,15 50 0,057876
5:s2 150 0,15 60 0,058968
5:s3 150 0,15 120 0,082992
6:s1 150 0,15 240 0,099372
6:s2 150 0,15 480 0,12558
6:s3 150 0,15 10 0,058968
7:s1 150 0,15 20 0,06552
7:s2 150 0,15 30 0,067158
7:s3 150 0,15 40 0,070434
8:s1 150 0,15 50 0,076986
8:s2 150 0,15 60 0,075348
8:s3 150 0,15 120 0,080262
9:s1 150 0,15 240 0,117936
9:s2 150 0,15 480 0,14742
9:s3 250 0,15 10 3 0,095004

10:s1 250 0,15 20 0,096642
10:s2 250 0,15 30 0,111384
10:s3 250 0,15 40 0,11466

Insert  C Cutting 
speed 

(m/min)

 Feed rate 
(mm/rev) 

Cutting 
time (s)

Flank 
angle

VB(mm)
Combina

tion 
1:s1 250 0,15 50 3 0,101556
1:s2 250 0,15 60 0,126126
1:s3 250 0,15 120 0,160524
2:s1 250 0,15 240 0,183456
2:s2 250 0,15 480 0,21294
2:s3 200 0,15 10 0,126126
3:s1 200 0,15 20 0,119574
3:s2 200 0,15 30 0,101556
3:s3 200 0,15 40 0,12285
4:s1 200 0,15 50 0,124488
4:s2 200 0,15 60 0,121212
4:s3 200 0,15 120 0,142506
5:s1 200 0,15 240 0,157248
5:s2 200 0,15 480 0,21294
5:s3 250 0,15 10 0,122304
6:s1 250 0,15 20 0,126672
6:s2 250 0,15 30 0,113568
6:s3 250 0,15 40 0,138684
7:s1 250 0,15 50 0,137592
7:s2 250 0,15 60 0,144144
7:s3 250 0,15 120 0,153972
8:s1 250 0,15 240 0,1911
8:s2 250 0,15 480 0,226044
8:s3 200 0,15 10 0,11466
9:s1 200 0,15 20 0,115752
9:s2 200 0,15 30 0,122304
9:s3 200 0,15 40 0,129948

10:s1 200 0,15 50 0,13377



52 

10:s2 200 0,15 60 0,1365
10:s3 200 0,15 120 0,150696

Insert  C Cutting 
speed 

(m/min)

 Feed rate 
(mm/rev) 

Cutting 
time (s)

Flank 
angle

VB(mm)
Combina

tion 
1:s1 200 0,15 240   3 0,179088
1:s2 200 0,15 480 0,221676
1:s3 150 0,15 10 0,129402
2:s1 150 0,15 20 0,126126
2:s2 150 0,15 30 0,12285
2:s3 150 0,15 40 0,135954
3:s1 150 0,15 50 0,15561
3:s2 150 0,15 60 0,13923
3:s3 150 0,15 120 0,144144
4:s1 150 0,15 240 0,152334
4:s2 150 0,15 480 0,19656
4:s3 150 0,15 10 0,115752
5:s1 150 0,15 20 0,129948
5:s2 150 0,15 30 0,135408
5:s3 150 0,15 40 0,1365
6:s1 150 0,15 50 0,146328
6:s2 150 0,15 60 0,133224
6:s3 150 0,15 120 0,150696
7:s1 150 0,15 240 0,168714
7:s2 150 0,15 480 0,187824
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Appendix B 
Experimental matrix for cutting force tests in lathe 

Cutting Speed 
(m/min) 

Cutting time(s)  Ff (N)  Ff (N) Feed rate 

Flank angle 3  Flank angle 7   0.15 (mm/rev) 

250 10 545,9 532,5
20 585,3 560,2
30 673,2 576,2
40 588,1 579,0
50 602,6 596,4
60 722,7 646,2

120 748,6 632,1
240 846,2 634,1
480 901,4 685,4

200 10 486,3 541
20 523,7 561,7
30 533,4 547,8
40 530,5 565,1
50 536,7 564,1
60 551,1 578,5

120 581,4 591,5
240 612,2 611,2

 480 750,5 630,4

150 10 554,5 509,3
20 551,6 498,8
30 551,1 551,6
40 556,4 547,8
50 594,4 570,4
60 556,4 576,1

120 635,2 620,3
240 707,8 656,4

480 720,8 688,1
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Appendix C 

Flank wear land (VB) growth vs. Feed force (Ff) for different cutting speeds (Vc)  
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