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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical
model for capacity management based on different costing models (ABC and TDABC). A generic model has been
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity
optimization might hide operational inefficiency. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 

Keywords: Cost Models; ABC; TDABC; Capacity Management; Idle Capacity; Operational Efficiency 

1. Introduction

The cost of idle capacity is a fundamental information for companies and their management of extreme importance
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity
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Abstract

This paper investigates the accuracy of using the Woxén equivalent chip thickness to represent feed, depth of cut, nose radius and
major cutting angle in tool life modeling of machining low alloy steel in longitudinal turning. Hägglund’s way of calculating the
equivalent chip thickness has been used and compared to the Woxén equation. The equivalent chip thickness was held constant as 
the tool life was recorded for varied feeds and depths of cut. The results show that the tool life decreases for an increase of depth
of cut and a decrease of feed, using the same equivalent chip thickness.
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1. Introduction 

When machining, cutting data is generally optimized for maximizing the depth of cut, feed and optimizing the 
cutting speed considering physical constraints. Commonly, the cutting data is provided by the tool manufacturer, in 
different web applications. The suggested cutting data can be calculated using tool life models such as the Taylor 
equation, the extended Taylor equation or the Colding tool life equation [1-3].  Johansson et al. has shown that the 
Colding model is a well-functioning tool life model in metal cutting [4]. 

The Colding equation uses the Woxén equivalent chip thickness [5] to describe the theoretical chip thickness of 
the process, presented in eq. 1. 

 

 ℎ𝑒𝑒 = 𝑎𝑎𝑝𝑝∙𝑓𝑓
𝑎𝑎𝑝𝑝−𝑟𝑟(1−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠𝑠𝑠 𝜅𝜅 +𝜅𝜅∙𝑟𝑟+𝑓𝑓
2

(1) 
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1. Introduction

When machining, cutting data is generally optimized for maximizing the depth of cut, feed and optimizing the
cutting speed considering physical constraints. Commonly, the cutting data is provided by the tool manufacturer, in
different web applications. The suggested cutting data can be calculated using tool life models such as the Taylor
equation, the extended Taylor equation or the Colding tool life equation [1-3]. Johansson et al. has shown that the
Colding model is a well-functioning tool life model in metal cutting [4].

The Colding equation uses the Woxén equivalent chip thickness [5] to describe the theoretical chip thickness of
the process, presented in eq. 1.

ℎ𝑒𝑒 = 𝑎𝑎𝑝𝑝∙𝑓𝑓
𝑎𝑎𝑝𝑝−𝑟𝑟(1−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠𝑠𝑠 𝜅𝜅 +𝜅𝜅∙𝑟𝑟+𝑓𝑓
2

(1)
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The Woxén equivalent chip thickness he is based on feed, f, depth of cut, ap, nose radius, r, and the major cutting
edge angle, κ. This relation allows for the geometrical entities to be represented by one entity in the Colding equation,
eq. 2. The entities are he, tool life, T, cutting speed, vc, and the model constants K, H, M, N0 and L. When calculating
T as a function of he and vc, the model will give a specific T for the selected cutting data. As he is based on both f and
ap, therefore the same tool life is expected for a high f and a low ap, as for a low f and high ap, given that he is held
constant.

𝑣𝑣𝑐𝑐 = 𝑒𝑒[𝐾𝐾−(𝑙𝑙𝑙𝑙(ℎ𝑒𝑒)−𝐻𝐻)2
4∙𝑀𝑀 −(𝑁𝑁0−𝐿𝐿∙𝑙𝑙𝑙𝑙(ℎ𝑒𝑒))∙𝑙𝑙𝑙𝑙(𝑇𝑇)] (2)

Hägglund presents a way of calculating he for rounded and pointed inserts. Hägglund’s he for SA case 2, S’A case
A for rounded inserts is presented in eq. 5 and the constraints in eq. 3 and eq. 4. Hägglund’s he for SA case 1, S’A case 
B for pointed inserts is presented in eq. 11, and eq. 10 is needed to calculate he for this case. The constraints for this
case is presented in eq. 7, eq. 8 and eq. 9. When the insert is considered round, according to the constraint in eq. 3 and
eq. 4, κ is calculated using eq. 6 [6].

Hägglund’s way of calculating he is based on the same variables as Woxén, but also counts for the minor cutting
edge angle.

SA case 2, S’A case A for rounded inserts

0 < 𝑎𝑎𝑝𝑝 ≤ 𝑑𝑑
2 (3)

0 < 𝑓𝑓 ≤ 2 ∙ √𝑎𝑎𝑝𝑝 ∙ (𝑑𝑑 − 𝑎𝑎𝑝𝑝) (4)

ℎ𝑒𝑒 =
𝑎𝑎𝑝𝑝∙𝑓𝑓−𝑑𝑑

2∙[𝑓𝑓−𝑓𝑓
2∙√1−(𝑓𝑓

𝑑𝑑)
2

− 𝑑𝑑
2∙asin(𝑓𝑓

𝑑𝑑)]
𝑑𝑑
2∙[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑑𝑑−2∙𝑎𝑎𝑝𝑝

𝑑𝑑 )+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓
𝑑𝑑)]

(5)

κ = asin (𝑎𝑎𝑝𝑝
𝑟𝑟 ) (6)

SA case 1, S’A case B for pointed inserts

κ ≥ κ𝑏𝑏 (7)

𝑎𝑎𝑝𝑝 > 𝑟𝑟 ∙ (1 − 𝑐𝑐𝑐𝑐𝑐𝑐(κ)) (8)

2 ∙ 𝑟𝑟 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏) < 𝑓𝑓 ≤ 𝑟𝑟∙(1−𝑐𝑐𝑐𝑐𝑐𝑐(κ+κ𝑏𝑏))
𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏) (9)

𝜑𝜑′ = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (1 − 𝑓𝑓
𝑟𝑟

∙ 𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏)) − κ𝑏𝑏 (10)

ℎ𝑒𝑒 =
𝑎𝑎𝑝𝑝∙𝑓𝑓−𝑟𝑟∙𝑓𝑓∙(1−

𝑐𝑐𝑐𝑐𝑐𝑐(κ𝑏𝑏)+𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑′)
2 )+𝑟𝑟2

2 ∙[𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏+𝜑𝜑′)−(κ𝑏𝑏+𝜑𝜑′)]

𝑎𝑎𝑝𝑝−𝑟𝑟∙(1−𝑐𝑐𝑐𝑐𝑐𝑐(κ))
𝑠𝑠𝑠𝑠𝑠𝑠(κ) +𝑟𝑟∙(κ+κ𝑏𝑏)+

𝑓𝑓− 𝑟𝑟∙(𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏)+𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑′))
𝑐𝑐𝑐𝑐𝑐𝑐(κ𝑏𝑏)

(11)

The purpose of the study is to analyze how the tool life corresponds to variances in ap and f for a constant value of
he. 
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1. Introduction

When machining, cutting data is generally optimized for maximizing the depth of cut, feed and optimizing the
cutting speed considering physical constraints. Commonly, the cutting data is provided by the tool manufacturer, in
different web applications. The suggested cutting data can be calculated using tool life models such as the Taylor
equation, the extended Taylor equation or the Colding tool life equation [1-3]. Johansson et al. has shown that the
Colding model is a well-functioning tool life model in metal cutting [4].

The Colding equation uses the Woxén equivalent chip thickness [5] to describe the theoretical chip thickness of
the process, presented in eq. 1.

ℎ𝑒𝑒 = 𝑎𝑎𝑝𝑝∙𝑓𝑓
𝑎𝑎𝑝𝑝−𝑟𝑟(1−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠𝑠𝑠 𝜅𝜅 +𝜅𝜅∙𝑟𝑟+𝑓𝑓
2

(1)
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1. Introduction

When machining, cutting data is generally optimized for maximizing the depth of cut, feed and optimizing the
cutting speed considering physical constraints. Commonly, the cutting data is provided by the tool manufacturer, in
different web applications. The suggested cutting data can be calculated using tool life models such as the Taylor
equation, the extended Taylor equation or the Colding tool life equation [1-3]. Johansson et al. has shown that the
Colding model is a well-functioning tool life model in metal cutting [4].

The Colding equation uses the Woxén equivalent chip thickness [5] to describe the theoretical chip thickness of
the process, presented in eq. 1.

ℎ𝑒𝑒 = 𝑎𝑎𝑝𝑝∙𝑓𝑓
𝑎𝑎𝑝𝑝−𝑟𝑟(1−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠𝑠𝑠 𝜅𝜅 +𝜅𝜅∙𝑟𝑟+𝑓𝑓
2

(1)
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The Woxén equivalent chip thickness he is based on feed, f, depth of cut, ap, nose radius, r, and the major cutting 
edge angle, κ. This relation allows for the geometrical entities to be represented by one entity in the Colding equation, 
eq. 2. The entities are he, tool life, T, cutting speed, vc, and the model constants K, H, M, N0 and L. When calculating 
T as a function of he and vc, the model will give a specific T for the selected cutting data. As he is based on both f and 
ap, therefore the same tool life is expected for a high f and a low ap, as for a low f and high ap, given that he is held 
constant. 

𝑣𝑣𝑐𝑐 = 𝑒𝑒[𝐾𝐾−(𝑙𝑙𝑙𝑙(ℎ𝑒𝑒)−𝐻𝐻)2
4∙𝑀𝑀 −(𝑁𝑁0−𝐿𝐿∙𝑙𝑙𝑙𝑙(ℎ𝑒𝑒))∙𝑙𝑙𝑙𝑙(𝑇𝑇)] (2) 

Hägglund presents a way of calculating he for rounded and pointed inserts. Hägglund’s he for SA case 2, S’A case 
A for rounded inserts is presented in eq. 5 and the constraints in eq. 3 and eq. 4. Hägglund’s he for SA case 1, S’A case 
B for pointed inserts is presented in eq. 11, and eq. 10 is needed to calculate he for this case. The constraints for this 
case is presented in eq. 7, eq. 8 and eq. 9. When the insert is considered round, according to the constraint in eq. 3 and 
eq. 4, κ is calculated using eq. 6 [6].  

Hägglund’s way of calculating he is based on the same variables as Woxén, but also counts for the minor cutting 
edge angle.  

SA case 2, S’A case A for rounded inserts 

0 < 𝑎𝑎𝑝𝑝 ≤ 𝑑𝑑
2 (3) 

 0 < 𝑓𝑓 ≤ 2 ∙ √𝑎𝑎𝑝𝑝 ∙ (𝑑𝑑 − 𝑎𝑎𝑝𝑝) (4) 

 ℎ𝑒𝑒 =
𝑎𝑎𝑝𝑝∙𝑓𝑓−𝑑𝑑

2∙[𝑓𝑓−𝑓𝑓
2∙√1−(𝑓𝑓

𝑑𝑑)
2

− 𝑑𝑑2∙asin(𝑓𝑓
𝑑𝑑)]

𝑑𝑑
2∙[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑑𝑑−2∙𝑎𝑎𝑝𝑝

𝑑𝑑 )+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓
𝑑𝑑)]

(5) 

κ = asin (𝑎𝑎𝑝𝑝
𝑟𝑟 ) (6) 

SA case 1, S’A case B for pointed inserts 

 κ ≥ κ𝑏𝑏 (7) 

 𝑎𝑎𝑝𝑝 > 𝑟𝑟 ∙ (1 − 𝑐𝑐𝑐𝑐𝑐𝑐(κ))  (8) 

2 ∙ 𝑟𝑟 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏) < 𝑓𝑓 ≤ 𝑟𝑟∙(1−𝑐𝑐𝑐𝑐𝑐𝑐(κ+κ𝑏𝑏))
𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏)  (9) 

 𝜑𝜑′ = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (1 − 𝑓𝑓
𝑟𝑟

∙ 𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏)) − κ𝑏𝑏 (10) 

 ℎ𝑒𝑒 =
𝑎𝑎𝑝𝑝∙𝑓𝑓−𝑟𝑟∙𝑓𝑓∙(1−

𝑐𝑐𝑐𝑐𝑐𝑐(κ𝑏𝑏)+𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑′)
2 )+𝑟𝑟2

2 ∙[𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏+𝜑𝜑′)−(κ𝑏𝑏+𝜑𝜑′)]

𝑎𝑎𝑝𝑝−𝑟𝑟∙(1−𝑐𝑐𝑐𝑐𝑐𝑐(κ))
𝑠𝑠𝑠𝑠𝑠𝑠(κ) +𝑟𝑟∙(κ+κ𝑏𝑏)+

𝑓𝑓− 𝑟𝑟∙(𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑏𝑏)+𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑′))
𝑐𝑐𝑐𝑐𝑐𝑐(κ𝑏𝑏)

(11) 

The purpose of the study is to analyze how the tool life corresponds to variances in ap and f for a constant value of 
he. 
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Nomenclature 

ap Cutting depth mm 
d Nose diameter mm 
f Feed mm/rev 
he Equivalent chip thickness mm 
κ Major cutting edge angle ° or radians 
κb Minor cutting edge angle ° or radians 
r Nose radius mm 
T Tool life  min 
VB Flank wear  mm 
vc Cutting speed m/min 

2. Experimental setup and calculations

2.1. Experimental setup 

The testing was done by longitudinal turning using coated CNMG120408 inserts, with r = 0.8 mm. Tool holder 
DGLN3232P12-M with 50 mm tool overhang, and κ = 95° was used. When the constraints in eq. 3 and eq. 4 for 
rounded inserts are fulfilled, κ changes to 30° respectively 45° depending on ap, although the holder was always 
installed in the same position. The machining was done in dry conditions. The machine, used for the data collection, 
was an SMT SAJO 500 Swedturn, NC-turning machine. The cutting forces were recorded in three different directions 
(main cutting, passive, and feed force) by a Kistler piezo-electric 3-components measuring system, type 9129A. 

Tool wear was measured with an Olympus SZX7 stereo microscope. The tool life criterion was selected to flank 
wear VBmax = 0.3 mm. The tested cases are presented in Table 1. For he = 0.12 mm (case 1) a medium fine chip breaker 
was used, and for he = 0.26 mm (case 2) a medium chip breaker was used. 

Table 1. Cutting data tested. 

Case he (mm) vc (m/min) ap (mm) f (mm/rev) κ  ap /f Woxén he (mm) 

1 0.12 300 

0.4 0.30 30°   1.3 0.119 
0.8 0.20 45° 4.0 0.118 
1.2 0.18 95° 6.7 0.124 
1.6 0.16 95° 10.0 0.120 

2 0.26 230 

0.8 0.50 45° 1.6 0.266 
2.0 0.35 95° 5.7 0.266 
3.0 0.32 95° 9.4 0.265 
4.0 0.30 95° 13.3 0.260 

Work piece material used was the low alloy steel SS2541 (34 CrNiMo6), rods 1000 mm long, machined from a 
dimeter of 220 mm to 80 mm. 

2.2. Calculations 

Two out of seven cases for calculating the equivalent chip thickness according to Hägglund has been used for 
rounded and pointed inserts, eq. 5 and eq. 10. For low ratios of r/f, the uncut material needs to be considered when 
calculating the true area being cut by the tool, and this area is always smaller compared to when calculating the area 
using the traditional Woxén chip thickness [6]. 
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Woxén’s way of calculating the equivalent chip thickness has not been used when calculating the corresponding
feed for a given he and ap. In Table 1 the Woxén he is presented using eq. 1. κ in eq. 11 for when the tool is considered
as round, when ap ≤ r, is not used when calculating the Woxén he.

3. Result and discussion

In Fig. 1, the relation between T and ap/f for case 1 is presented. The mean tool life of this data set with relative
standard deviation is 28.95 ± 22.8 % min. The longest tool life is achieved when the ratio of ap/f = 4. When ap is
increased over this point, the tool life is decreasing.

Fig. 1. The tool life as a function of ap/f for case 1, he = 0.12 mm.

Fig. 2 presents the relationship between T and ap/f for case 2. The mean tool life for this data set was 12.7 ± 55.2
% min. It should be noted that the tool life at ap = 0.8 mm and f = 0.5 mm/rev, with a ratio of ap/f = 1.6, is considerably
longer (22.9 min) than the other tested data points.
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Nomenclature

ap Cutting depth mm
d Nose diameter mm
f Feed mm/rev
he Equivalent chip thickness mm
κ Major cutting edge angle ° or radians
κb Minor cutting edge angle ° or radians
r Nose radius mm
T Tool life min
VB Flank wear mm
vc Cutting speed m/min

2. Experimental setup and calculations

2.1. Experimental setup

The testing was done by longitudinal turning using coated CNMG120408 inserts, with r = 0.8 mm. Tool holder
DGLN3232P12-M with 50 mm tool overhang, and κ = 95° was used. When the constraints in eq. 3 and eq. 4 for
rounded inserts are fulfilled, κ changes to 30° respectively 45° depending on ap, although the holder was always
installed in the same position. The machining was done in dry conditions. The machine, used for the data collection,
was an SMT SAJO 500 Swedturn, NC-turning machine. The cutting forces were recorded in three different directions
(main cutting, passive, and feed force) by a Kistler piezo-electric 3-components measuring system, type 9129A.

Tool wear was measured with an Olympus SZX7 stereo microscope. The tool life criterion was selected to flank
wear VBmax = 0.3 mm. The tested cases are presented in Table 1. For he = 0.12 mm (case 1) a medium fine chip breaker
was used, and for he = 0.26 mm (case 2) a medium chip breaker was used.

Table 1. Cutting data tested.

Case he (mm) vc (m/min) ap (mm) f (mm/rev) κ ap /f Woxén he (mm)

1 0.12 300

0.4 0.30 30° 1.3 0.119
0.8 0.20 45° 4.0 0.118
1.2 0.18 95° 6.7 0.124
1.6 0.16 95° 10.0 0.120

2 0.26 230

0.8 0.50 45° 1.6 0.266
2.0 0.35 95° 5.7 0.266
3.0 0.32 95° 9.4 0.265
4.0 0.30 95° 13.3 0.260

Work piece material used was the low alloy steel SS2541 (34 CrNiMo6), rods 1000 mm long, machined from a 
dimeter of 220 mm to 80 mm.

2.2. Calculations

Two out of seven cases for calculating the equivalent chip thickness according to Hägglund has been used for
rounded and pointed inserts, eq. 5 and eq. 10. For low ratios of r/f, the uncut material needs to be considered when
calculating the true area being cut by the tool, and this area is always smaller compared to when calculating the area
using the traditional Woxén chip thickness [6].
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Woxén’s way of calculating the equivalent chip thickness has not been used when calculating the corresponding 
feed for a given he and ap. In Table 1 the Woxén he is presented using eq. 1. κ in eq. 11 for when the tool is considered 
as round, when ap ≤ r, is not used when calculating the Woxén he. 

3. Result and discussion

In Fig. 1, the relation between T and ap/f for case 1 is presented. The mean tool life of this data set with relative
standard deviation is 28.95 ± 22.8 % min. The longest tool life is achieved when the ratio of ap/f = 4. When ap is 
increased over this point, the tool life is decreasing. 

Fig. 1. The tool life as a function of ap/f for case 1, he = 0.12 mm. 

Fig. 2 presents the relationship between T and ap/f for case 2. The mean tool life for this data set was 12.7 ± 55.2 
% min. It should be noted that the tool life at ap = 0.8 mm and f = 0.5 mm/rev, with a ratio of ap/f = 1.6, is considerably 
longer (22.9 min) than the other tested data points. 
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The ratio of ap/f for case 1 was 1.3-10.0 and the ratio of ap/f for case 2 was 1.6-13.3, as presented in Table 1. This 
can be considered rather large and the expected use of the tool would be within a smaller range. Hence, the relative 
variation for the data when removing the outer points was calculated, see Table 2. 

Fig. 2. The tool life as a function of ap/f for case 2, he = 0.26 mm. 

Table 2. Mean tool life and relative standard deviation. 

he (mm) 
Mean tool life 

(min) 
for all data 

Relative standard 
deviation  

Mean tool life 
(min) 

for center points

Relative standard 
deviation  

0.12 28.95 22.8 % 31.65 15.4 % 
0.26 12.7 55.2 % 10.45 8.8 % 

When studying the collected data, it can be concluded that the Woxén chip thickness model does not accurately 
predict the expected tool life for large ratios of f and ap when he is held constant. Still, the model shows a somewhat 
linear or exponential relationship, when ap/f is increased, and T is reduced. This is not true for the data point ap = 0.4 
mm and f = 0.3 mm/rev, case 1. One possible explanation for this is that the tool was used outside of the designed 
cutting data range and the chip breaker was not properly used, or that the cutting data selected allowed for a tool 
protective layer build up, protecting the cutting tool as reported by Johansson et al [7]. 

Several studies show the accuracy of the Woxén equivalent chip thickness when modeling tool wear using the 
Colding tool life model [2-11]. This study shows that the tool life is not constant for a constant he, varying ap and 
ratios of ap/f ranging from 1.3 – 13.3. Nevertheless, the tool life accuracy is improved for smaller ranges of ap/f. 
Further studies are needed based on cutting data tests using a smaller range of ap/f, to find a proper correction factor 
of the influence when increasing ap and decreasing f. Further, more tests should be performed in several of the 
commonly used work piece materials such as cast irons, steels and stainless steels. 

If the presented phenomena is valid, the accuracy of the Colding model when based on he can be lower than 
expected. When predicting cutting data, the Colding model will be prone to suggest an inaccurately high ap and low 
f, based on modeling error of the chip thickness model as the most optimal cutting data for a given machining 
operation. 

The Woxén he, in Table 1, varies as the Hägglund he is held constant. When the ratio of ap/f increases, the accuracy 
of the Woxén he increases. When using cutting data with lower ratios of ap/f, attention must be paid to the true area 
being removed per revolution. 
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Hardness measurements of the surface has not been performed during the data collection. For further studies, this
could be interesting in order to analyze the effects of strain hardening on the work piece material, since the tool life
can be affected by strain hardening effects. Also, the hardness of the outer layer can affect the tool wear deterioration
depending on the diameter of the work piece material. ap is the parameter deciding if the strain hardened layer is cut 
through or not, hence affecting the wear mechanism of the tool. The wear on the tool caused by strain hardening are 
typically located in the end points of the wear of the tool, when ap exceeds the deformed layer. However, the VBmax

has during the tests always been located under the cut surface, not in the edges of the wear on the tool, corresponding
to the area of VBB. When ap/f is at its lowest, the tool life is longer compared to higher values of ap/f, with ap closer to
a potentially strain hardened layer. Hence, the wear might be caused by other effects, such as high temperatures in the
edge. This could be an explanation of the VBmax located in VBB area since the tests were performed during dry
conditions.

Regarding cutting speeds in relation to the edge temperature, an increase in cutting speed can both higher and lower
the cutting edge temperature depending on the thermal conductivity of the work piece material. If the cutting speed
increases, the heat generated could be transported from the cutting edge by the removed material, or be concentrated
in the cutting edge – depending on the thermal conductivity of the work piece material. For lower values of ap/f , the 
area of material will be concentrated to the edge of the tool. Fig. 1 and Fig. 2 shows that for lower values of ap/f the
tool life is the second longest respectively the longest, indicating that the possible temperature increase might have
been transported with the chips.

As tool wear progresses the ratio of ap/f will vary. This has not been taken in to account and can have minor
influence on the result. Also, to minimize the effect of the chip breaker and in some cases using the chip breaker
outside of its designed cutting parameters it would be of interest to repeat these test with tools not having any chip
breakers.

4. Conclusion

Hägglund’s way of calculating the equivalent chip thickness equation has been investigated when machining low 
alloy steel SS2541 (34 CrNiMo6) using coated CNMG120408 inserts in longitudinal turning. The influence on T
when changing the ratio of ap/f was recorded. The result shows a decrease in T when ap is increased, keeping he

constant, for all but one cutting test. This suggest that there is an inaccuracy when using Woxén chip thickness equation
to represent f, ap, r and κ in tool life modeling. Also, the fact that for smaller ratios of ap/f the true area being removed
is not considered when using the Woxén equation, which can result in suggestions not applicable for the case. This 
model inaccuracy will result in a tool life model being prone to suggest higher a ap and a lower f for the same given
T. When using Hägglund’s way of calculating the equivalent chip thickness, the tool life accuracy increases when the
ration of ap/f decreases. It is also shown that the accuracy of the Woxén chip thickness is improved when the ratio of
ap/f is increased regarding the true area removed per revolution. It is possible that this model error is negligible in 
industrial applications, when the suggested window of cutting data is small, and the tools are used in a correct 
application area. Nevertheless, this phenomenon needs to be further studied to investigate the effects of changes in 
the ratio of ap/f, when using the Woxén chip thickness.
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The ratio of ap/f for case 1 was 1.3-10.0 and the ratio of ap/f for case 2 was 1.6-13.3, as presented in Table 1. This
can be considered rather large and the expected use of the tool would be within a smaller range. Hence, the relative
variation for the data when removing the outer points was calculated, see Table 2.

Fig. 2. The tool life as a function of ap/f for case 2, he = 0.26 mm.

Table 2. Mean tool life and relative standard deviation.

he (mm)
Mean tool life 

(min)
for all data

Relative standard
deviation

Mean tool life 
(min)

for center points

Relative standard
deviation

0.12 28.95 22.8 % 31.65 15.4 %
0.26 12.7 55.2 % 10.45 8.8 %

When studying the collected data, it can be concluded that the Woxén chip thickness model does not accurately
predict the expected tool life for large ratios of f and ap when he is held constant. Still, the model shows a somewhat
linear or exponential relationship, when ap/f is increased, and T is reduced. This is not true for the data point ap = 0.4 
mm and f = 0.3 mm/rev, case 1. One possible explanation for this is that the tool was used outside of the designed
cutting data range and the chip breaker was not properly used, or that the cutting data selected allowed for a tool
protective layer build up, protecting the cutting tool as reported by Johansson et al [7].

Several studies show the accuracy of the Woxén equivalent chip thickness when modeling tool wear using the 
Colding tool life model [2-11]. This study shows that the tool life is not constant for a constant he, varying ap and
ratios of ap/f ranging from 1.3 – 13.3. Nevertheless, the tool life accuracy is improved for smaller ranges of ap/f.
Further studies are needed based on cutting data tests using a smaller range of ap/f, to find a proper correction factor
of the influence when increasing ap and decreasing f. Further, more tests should be performed in several of the
commonly used work piece materials such as cast irons, steels and stainless steels.

If the presented phenomena is valid, the accuracy of the Colding model when based on he can be lower than
expected. When predicting cutting data, the Colding model will be prone to suggest an inaccurately high ap and low 
f, based on modeling error of the chip thickness model as the most optimal cutting data for a given machining
operation.

The Woxén he, in Table 1, varies as the Hägglund he is held constant. When the ratio of ap/f increases, the accuracy
of the Woxén he increases. When using cutting data with lower ratios of ap/f, attention must be paid to the true area
being removed per revolution.
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Hardness measurements of the surface has not been performed during the data collection. For further studies, this 
could be interesting in order to analyze the effects of strain hardening on the work piece material, since the tool life 
can be affected by strain hardening effects. Also, the hardness of the outer layer can affect the tool wear deterioration 
depending on the diameter of the work piece material. ap is the parameter deciding if the strain hardened layer is cut 
through or not, hence affecting the wear mechanism of the tool. The wear on the tool caused by strain hardening are 
typically located in the end points of the wear of the tool, when ap exceeds the deformed layer. However, the VBmax 
has during the tests always been located under the cut surface, not in the edges of the wear on the tool, corresponding 
to the area of VBB. When ap/f is at its lowest, the tool life is longer compared to higher values of ap/f, with ap closer to 
a potentially strain hardened layer. Hence, the wear might be caused by other effects, such as high temperatures in the 
edge. This could be an explanation of the VBmax located in VBB area since the tests were performed during dry 
conditions.   

Regarding cutting speeds in relation to the edge temperature, an increase in cutting speed can both higher and lower 
the cutting edge temperature depending on the thermal conductivity of the work piece material. If the cutting speed 
increases, the heat generated could be transported from the cutting edge by the removed material, or be concentrated 
in the cutting edge – depending on the thermal conductivity of the work piece material. For lower values of ap/f , the 
area of material will be concentrated to the edge of the tool. Fig. 1 and Fig. 2 shows that for lower values of ap/f the 
tool life is the second longest respectively the longest, indicating that the possible temperature increase might have 
been transported with the chips. 

As tool wear progresses the ratio of ap/f will vary. This has not been taken in to account and can have minor 
influence on the result. Also, to minimize the effect of the chip breaker and in some cases using the chip breaker 
outside of its designed cutting parameters it would be of interest to repeat these test with tools not having any chip 
breakers. 

4. Conclusion

Hägglund’s way of calculating the equivalent chip thickness equation has been investigated when machining low 
alloy steel SS2541 (34 CrNiMo6) using coated CNMG120408 inserts in longitudinal turning. The influence on T 
when changing the ratio of ap/f was recorded. The result shows a decrease in T when ap is increased, keeping he 
constant, for all but one cutting test. This suggest that there is an inaccuracy when using Woxén chip thickness equation 
to represent f, ap, r and κ in tool life modeling. Also, the fact that for smaller ratios of ap/f the true area being removed 
is not considered when using the Woxén equation, which can result in suggestions not applicable for the case. This 
model inaccuracy will result in a tool life model being prone to suggest higher a ap and a lower f for the same given 
T. When using Hägglund’s way of calculating the equivalent chip thickness, the tool life accuracy increases when the 
ration of ap/f decreases. It is also shown that the accuracy of the Woxén chip thickness is improved when the ratio of 
ap/f is increased regarding the true area removed per revolution. It is possible that this model error is negligible in 
industrial applications, when the suggested window of cutting data is small, and the tools are used in a correct 
application area. Nevertheless, this phenomenon needs to be further studied to investigate the effects of changes in 
the ratio of ap/f, when using the Woxén chip thickness. 



Daniel Johansson et al. / Procedia Manufacturing 00 (2018) 000–000 7

Acknowledgements 

This work was co-funded from the European Union’s Horizon 2020 Research and Innovation Program under 
Flintstone2020 project (grant agreement No 689279) and is also a part of the Sustainable Production Initiative 
cooperation between Lund University and Chalmers University of Technology. The support of Seco Tools AB and 
Sören Hägglund is greatly appreciated. 

References 

[1] F. W. Taylor, On the Art of Cutting Metals, The American Society of Mechanical Engineers, New York, USA, 1909. 
[2] B.  Colding, A wear relationship for turning, milling and grinding, Doctoral Thesis, KTH, Stockholm, 1959F. W. Taylor, On the Art of 

Cutting Metals, The American Society of Mechanical Engineers, New York, USA, 1909. 
[3] B. Colding, The Machining Productivity Mountain and its Wall of Optimum Productivity, 9th NAMRAC, 37-42, 1981. 
[4] Daniel Johansson, Sören Hägglund, Volodymyr Bushlya, Jan-Eric Ståhl, Assessment of Commonly used Tool Life Models in Metal 

Cutting, In Procedia Manufacturing, Volume 11, 2017, Pages 602-609, ISSN 2351-9789. 
[5] R. Woxén, Theory and an Equation for the Life of Lathe Tools, Handling 119, Ingenjörsvetenskapsakademin, Stockholm, Sweden, 1932  

(In Swedish). 
[6] S. Hägglund, Methods and Models for Cutting Data Optimization, Doctoral Thesis, Chalmers University of Technology, Gothenburg, 

Sweden, 2013. 
[7] Johansson, D., Schultheiss, F., Bushlya, V., Zhou, J.M., and Ståhl, J.-E. Tool Life and Wear in Metal Cutting, Part 1 – Influence of 

Varying Flank Wear Criterion on Colding’s Tool Life Equation, Swedish Production Symposium SPS2014, Gothenburg, 2014. 
[8] Lindström, B. Cutting Data Field Analysis and Predictions – Part 1: Straight Taylor Slopes, Annals of the CIRP, 38, 1989, 103–106. 
[9] Bus, C., Touwen, N. A. L., Veenstra, P. C., and Van der Wolf, A. C. H. On the significance of equivalent chip thickness, Annals of the 

CIRP, XVIV, 1971, 121–124. 
[10] Colding, B. A tool-temperature/tool-life relationship covering a wide range of cutting data, CIRP Annals - Manufacturing Technology, 

40, 1991, 35–40. 
[11] Ståhl, J.-E., and Schultheiss, F. Analytical Calculation of the True Equivalent Chip Thickness for Cutting Tools and its Influence on the 

Calculated Tool Life, Advanced Materials Research, 576, 2012, 80–86. 




