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Abstract:. In this paper we have presented methodology for development of life prediction model for first order tool during turning of 
hardened 42CrMo4 steel at different levels of hardness. It is important to be able to predict and describe the tool life in regards to 
manufacturing costs during industrial production. Tool life is defined as the of cutting time that tool can be used. Cutting tools can be used 
when they do not reach tool life criteria and can produce parts with desired surface finish and dimensional accuracy. Flank wear of cutting 
tools is often selected as the tool life criterion because it determines the diametric accuracy of machining, its stability and reliability. Tool 
wear is defined as a gradual loss of tool material at contact zones of workpiece and tool material, resulting the cutting tool to reach its life 
limit. This paper investigates the tool wear of TiN coated tungsten carbide inserts under dry cutting, using the central composite design of 
experiments method (DoE) with three  factors at three levels. By using the multiple linear regression analysis between cutting speed, feed 
rate and depth of cut, it determines the effects of cutting conditions on extended Taylor’s tool life equation.  
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1. Introduction 
Cutting tool is one of the critical elements in the machining 

process. Tool wear, cutting force, surface roughness and cutting 
power are relative responses. Tool wear results in changes in tool 
geometry that affect cutting forces, cutting power, and surface 
finish. It is the main factor that determines the economics in metal 
cutting. A lower rate of tool wear means increased tool life, better 
surface finish, reduced tooling cost and lower cost of production 
[1]. 

 
Fig.1. Machinery with the cutting tool 

A thorough understanding of the material removal process in 
metal cutting is essential in selecting the tool material and in design, 
and also in assuring consistent dimensional accuracy and surface 
integrity of the finished product. Friction of metal cutting influences 
the cutting power, machining quality, tool life and machining cost. 

When tool wear reaches a certain value, increasing cutting 
force, vibration and cutting temperature cause deteriorated surface 
integrity and dimension error greater than tolerance. The life of the 
cutting tool comes to an end. Then the cutting tool must be replaced 
or ground and the cutting process is interrupted. The cost and time 
for tool replacement and adjusting machine tool increase the cost 
and decrease the productivity. Hence friction in metal cutting relates 
to the economics of machining and prediction of friction is of great 
significance for the optimization of cutting process [2]. 

Significant effect by workpiece hardness, cutting edge 
geometry, feed rate and cutting speed was observed on surface 
roughness. 

Federico et al. [13] performed turning of hardened steel using 
TiCN/Al2O3/TiN coated carbide and PCBN tools, respectively. The 

results concluded that machining of medium hardened steels was 
productive with TiCN/Al2O3/TiN coated carbide tools.[3] 

In practical situation, the time at which a tool ceases to produce 
workpieces with desired size, surface quality and acceptable 
dimensional tolerances, usually determines the end of tool life. 
Several mechanisms of wear can contributes to the tool life period.  

The main objective of tool life testing and wear investigation is 
to determine experimentally how wear affect the useful life of 
cutting tool. In most cases the tool wears gradually and the work 
done by the tool becomes less satisfactory. 

 For instance, the roughness of the machined surface becomes 
too high, cutting forces rise and cause intolerable deflections or 
vibrations. As the tool wear rate increases, the dimensional 
tolerances cannot be maintained. Various damage and wear of the 
cutting tool can be developed during cutting process [4]. 

 
2. Tool Life 

 
The tool life (TL) is the duration of actual cutting time after 

which the tool is no longer usable. There are many ways of defining 
the tool life, and the common way of quantifying the end of a tool 
life is by a limit on the maximum acceptable flank wear. the term 
‘acceptable’ is however subjective, and can vary from process to 
process. For example, the amount of wear acceptable on a rough 
milling insert will be more than that on a finish milling insert. [5]. 

2.1. Tool wear mechanisms  
Flank and crater wear are the two main wear mechanisms that 

limit a tools performance. Flank wear is caused when the relief face 
of the tool rubs against the machined surface. It has an adverse 
impact on the finish and dimensional accuracy of products that are 
machined (Bukkapatnam et al., 2000). Crater wear on the other 
hand occurs on the rake face of the tool and affects the geometry at 
the chip tool interface, which in turn affects the cutting force. 

The various mechanisms that contribute tool wear process are as 
bellow [4, 5, 6]: 

• mechanical overload causing micro breakages (attrition), 
• abrasion, 
• adhesion, 
• diffusion. 

The above wear mechanisms may occur simultaneously, or one 
of them may dominate the process. These mechanisms can lead to 
several types of wear; however, two types of them, which called 
crater and Flank wear, are most distinguished. 
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2.2. Flank wear  
 
Flank wear is caused by friction between the flank face of the 

tool and the machined workpiece surface. Interference of tool flank 
face with machined surface of workpiece causes tool particle adhere 
to the workpiece surface and are periodically sheared off. 

Adhesion of the tool and workpiece materials increase at 
higher temperatures.  

Abrasive mechanism of wear occurs when hard inclusion of 
work material or scraped tool particle scratch the flank and 
workpiece surface as they move across the contact area. Although 
adhesive and abrasive mechanisms are predominant in flank wear 
[4]. 

Type of tool wear contains crater wear on rake face and flank 
wear on flank face, which is shown in Fig. 2. Crater wear (Fig. 2) 
produces a wear crater of the tool rake face.  

The depth of the crater KT is selected as the tool life criterion 
for carbide tools. The other two parameters, namely, the crater 
width KB and the crater center distance KM are important if the 
tool undergoes re-sharpening. Flank wear (Fig. 2) results in the 
formation of a flank wear land. 

For the purpose of wear measurement, the major cutting edge is 
considered to be divided into the following three zones: (a) Zone C 
is the curved part of the cutting edge at the tool corner; (b) Zone N 
is the quarter of the worn cutting edge of length b farthest from the 
tool corner; and (c) Zone B is the remaining straight part of the 
cutting edge between Zones C and N.  

The maximum WBB max and the average WBB width of the 
flank wear are measured in Zone B, the notch wear WBN is 
measured in Zone N, and the tool corner wear WBC is measured in 
Zone C. As such, the following criteria for carbide tools are 
normally recommended: (a) the average width of the flank wear 
land WBB=0.3 mm, if the flank wear land is considered to be 
regularly worn in Zone B; (b) the maximum width of the flank wear 
land WBB max=0.6 mm, if the flank wear land is not considered to 
be regularly worn in Zone B.  

Besides, surface roughness for finish turning and the length of 
the wear notch WBN=1 mm can be used. However, these 
geometrical characteristics of tool wear are subjective and 
insufficient.  

  

 
Fig. 2. Types of wear parameters according to ISO Standard 

3685-1977 (E) Tool Life Testing [6]  

 

 

2.3. Common Tool Life Criteria for coated tungsten 
carbide inserts 

The criteria most commonly used for coated tungsten carbide 
inserts are as follows [7]: 

- The maximum width of the flank wear land WBB max=0.8 mm, 
if the flank wear isn’t regularly worn, scratched or badly grooved. 

- The average width of their flank wear land WBB=0.3 mm, if 
the flank wear land is considered to be regularly worn. 

- Catastrophic failure. 
 

Figure 2 shows the flank wear parameters. Flank wear 
typically increases with the time of cutting, as shown in Figure 3. At 
the beginning phase 1, there is an initial faster increase that is 
followed by a steady increase in proportion to cutting time, phase 2. 
When the wear reaches a certain size, it will accelerate and may 
lead to a sudden failure of the edge, phase 3. 

As it seen in figure 3, there is a linear relationship between 
flank wear size and turning time. So, using the experimental data 
and by fitting with this figure as a reference line, the tool life time 
of experiment can be estimated. 

  
Fig.3. Relationship between flank wear and time [5] 

 
Tool Life Criteria in practice [6]: 
 

- Complete failure of cutting edge  
-Visual inspection of flank wear (or crater wear) by the machine 

operator 
- Fingernail test across cutting edge 
- Changes in sound emitted from operation 
- Chips become ribbonry, stringy, and difficult to dispose of 
- Degradation of surface finish 
- Increased power 
- Workpiece count 
- Cumulative cutting time. 
 

3. Experimental methodology 
 

Machine tool:  production lathe PA631P, P = 12 kW, speed 
range n = 22 - 2200 rpm, feed rate range f = 0,08 - 2,5 mm/rev, 
Max. workpiece diameter dmax = 450 mm, Distance from  chuck to 
the tail stock  L = 2250 mm. 

Workpiece material: Hardened 42CrMo4 (EN 10250) steel at 
three levels of hardness HRC (35; 45 and 55), with dimensions L x 
D =200 x 40 mm. Heat treated at temperature 800-8500 oC, cooled 
in the  furnace to the temperature 460 oC and complete annealing 
the steel in the air. Its chemical composition is as follows:( 0.39-
0.42)% C; (1.04-1.06%) Cr; (0.22-0.24%) Mo; (0.72-0.76)% Mn; 
0.2-0.22% Si other components aprox. 98 % Fe. Tensile: strength: 
900-1000 N/mm2, Brinell hardness: 260-330 N/mm2, 

Cutting inserts: Experiments were performed using 
commercially available tungsten based cemented carbide inserts. 
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WC-Co coated TiN, inserts type SNMM120404, tool holder ISO 
PCBNR /L 2020K12. 

Measuring equipment is: Microscope Carl Zeiss 15x8 (Fig. 4), 
Spectrometer Metorex Arc-met 930, Hardness meter Krautkramer-
mic.10.DL. 

Tool life criteria: The tool life criteria is determined using ISO 
3685-1977(E) as a guide, the tool wear criterion used were when the 
maximum width of the flank wear land, WBmax = 0.2 mm or when 
the maximum width of the end clearance wear (WCmax) or nose 
wear (NWmax) reached 0.2 mm or the occurrence of the 
catastrophic failure [7]. Experimental matrix and results of tool 
wear and tool life test are shown in Table 2, 3 and 4. 

 

 
Fig. 4. Measurement microscope Carl Zeiss 

The parameters (factors) considered in this paper are cutting 
speed (Vc), feed rate (f) and depth of cut (a).  The cutting tool life 
was chosen as a target function (response, output). 

Since it is obvious that the effects of factors on the selected 
target function are nonlinear, an experiment with factors at three 
levels was set up (Table 1). 

A design matrix was constructed on the basis of the selected 
factors and factor levels (Table 2). The selected design matrix was a 
full factorial design N=2k+n0 (k=3 - number of factors, n0 = 4 – 
number of additional tests for three factors) consisting of 12 rows of 
coded/natural factors, corresponding to the number of trials. This 
design provides a uniform distribution of experimental points within 
the selected experimental hyper-space and the experiment with high 
resolution. 

The factor ranges were chosen with different criteria for each 
factor, aiming at the widest possible range of values, in order to 
have a better utilization of the proposed models. At the same time, 
the possibility of the mechanical system and manufacturer's 
recommendations are taken into account. 

Machining conditions used in the experiment are shown in 
Table 2. All of the trials have been conducted on the same machine 
tool, with the same tool type and the same cutting conditions. 

Table  1. Experimental setup at three level factor. 

Cutting factors and their levels 

No. Factors Code 
level 

High 
level  

Middle 
level 

Low 
level 

1 0 -1 
1 V, m/s X1 2.67 2.22 1.83 
2 f, mm/rev X2 0,285 0,214 0,178 
3 a, mm X3 1.5 0.8,5 0.5 

 

Entire experiment was carried out in the dry condition, where is 
no liquid cooling will apply during the machining process. Tool 
wear was measured using Tool Maker Microscope, the method used 
to measure the wear on cutting tool is illustrated in figure 1. The 
measurements were made on the cutting tool insert which is 
contacted on workpiece surface directly every 2-3 minutes. 

Table 2. Experimental results of tool war and tool life (35 HRC) 

Test 
No. 

Coded factors Tool wear Tool life 

X0 X1 X2 X3 WB (mm) TL (s) 

1 1 +1 -1 +1 0.21 3200 

2 1 -1 +1 +1 0.205 2300 

3 1 +1 +1 -1 0.198 2400 

4 1 -1 -1 -1 0.19 6600 

5 1 0 0 0 0.215 2900 

6 1 0 0 0 0.212 2760 

7 1 -1 -1 +1 0.197 3500 

8 1 +1 -1 -1 0.22 3100 

9 1 +1 +1 +1 0.195 2500 

10 1 -1 +1 -1 0.216 3900 

11 1 0 0 0 0.19 2500 

12 1 0 0 0 0.198 3048 

 
Table 3. Experimental results of tool war and tool life (45 HRC) 

Test 
No. 

Coded factors Tool wear Tool life 
X0 X1 X2 X3 WB (mm) TL (s) 

1 1 +1 -1 +1 0.192 3000 
2 1 -1 +1 +1 0.215 2200 

3 1 +1 +1 -1 0.209 2300 

4 1 -1 -1 -1 020 6000 

5 1 0 0 0 0.205 2800 

6 1 0 0 0 0.212 2500 

7 1 -1 -1 +1 0.198 3200 

8 1 +1 -1 -1 0.208 3000 

9 1 +1 +1 +1 0.215 2300 

10 1 -1 +1 -1 0.208 3800 

11 1 0 0 0 0.196 2300 

12 1 0 0 0 0.197 2500 

 
Table 4. Experimental results of tool war and tool life (55 HRC) 

Test 
No. 

Coded factors Tool wear Tool life 
X0 X1 X2 X3 WB (mm) TL (s) 

1 1 +1 -1 +1 0.198 2500 
2 1 -1 +1 +1 0.21 2000 

3 1 +1 +1 -1 0.205 2200 

4 1 -1 -1 -1 0.199 5500 

5 1 0 0 0 0.20 2580 

6 1 0 0 0 0.21 2300 

7 1 -1 -1 +1 0.195 3000 

8 1 +1 -1 -1 0.197 2900 

9 1 +1 +1 +1 0.215 2100 

10 1 -1 +1 -1 0.208 3400 
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11 1 0 0 0 0.196 2200 

12 1 0 0 0 0.199 2540 

4. Regression based modeling 
 The main task for regression analysis is to show relationship 

between tool life and machining independent variables. 
 The identification of the relationship between tool wear (and 

tool life) and cutting conditions is therefore essential for the 
economic utilization of cutting tools. F. W. Taylor (1907) in his 
classic paper "On the art of cutting metals" suggested that, for 
progressive wear, the relationship between the time to tool failure 
for a given wear criterion and cutting velocity was of the form [10]: 

CTV n =⋅              (1) 
 
Where; V-cutting speed, TL- tool life, n,C- Taylor constants 

(empirical). The values of both ‘n’ and ‘C’ depend mainly upon the 
tool-work materials and the cutting environment (cutting fluid 
application). The value of C depends also on the limiting value of 
WBB

 
undertaken. This basic relationship was later extended to the 

more general form: 
  

zyx
c

T
L afV

CT
⋅⋅

=                   (2) 

 
Many authors suggested linear and exponential empirical 

models for tool life as functions of machining parameters [1], [2], 
[4], [5], by the following : Three parameters were selected for this 
study: cutting speed (Vc), feed rate (f) and  depth of cut (a), 
therefore the Eq.(2) will appear as in the following: 

zyx
cTL afVCT ⋅⋅⋅=                                                          (3) 

 
Where TL is the tool life in (s), V - cutting speed in m/s, f - feed  

rate in mm/rev, a - depth of cut in mm, respectively x, y and z are 
constants. 

Multiple linear regression models for surface roughness can be 
obtained by applying a logarithmic transformation that converts 
non-linear form of Eq. (3) into following linear mathematical form: 

 
azfyVxCT TL lnlnlnln +++=                        (4) 

 
The linear model of Eq. (4) in term of the estimated response 

can be written as: 
       33221100 XpXpXpXpY +++=− ε                           (5) 

 where y is the logarithmic value of the tool life, p0, p1, p2, p3, are 
regression coefficients to be estimated, x0 is the unit vector, x1,  x2, 
x3, are the logarithmic values of cutting speed, feed rate, depth of 
cut, angle and ε is the random error. 

The regression analysis technique using least squares estimation 
was applied to compute the coefficients of the exponential model. 
The following exponential model for surface roughness was 
determined and is given, respectively: 

 
a) Tool life model (work material hardness: 35 HRC). 

 
       -0.248-0.769-0.8251821.634 afvT ⋅⋅⋅=                    (6)  

 
b) Tool life model (work material hardness: 45 HRC). 

 
       -0.267-0.724-0.8041774.598 afvT ⋅⋅⋅=                   (7)  

 
c) Tool life model (work material hardness: 55 HRC). 

 
       -0.303-0.71-0.800031665.6451 afvT ⋅⋅⋅=                  (8)  

5. Conclusions 
In this workpaper tool life was studied by applying a full design 

of experiments on effective parameters that have effect. 
Continuously a regression model between selected factors and tool 
life was introduced. Experimental observation indicates that tool 
life will decrease with cutting speed, feed rate, depth of cut and 
material hardness. The investigations of this study indicates that 
cutting speed has maximum effect (-0.825) and depth of cut has 
minimum effect (-0.248) at all levels of hardness.  

By using analysis of variance for obtain the significant factors, it was 
distinguished that all main factors have significant effect on tool life. It is 
important to use the right tool for the right cutting condition in order to 
reduce tool wear and fracture, increase machining accuracy, and increase 
tool life and productivity. 
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