
This dissertation investigates the material 
model parameter acquisition for finite 
element simulations of cutting. The model 
parameters are traditionally determined 
from tensile testing and SHPB testing, but 
the shortcoming of this method is that the 
testing conditions are not the same as in the 
cutting process. The theory of metal cutting, 
materials testing, the finite element method 
and cutting experiments are introduced as 
the theoretical foundation to this 
dissertation. Using cutting experiments as a 
materials testing method is proposed in 
order to test the material properties in 
cutting conditions. This requires an 
analytical model for determining the 
relationship between cutting experiment 
outputs, cutting force, temperature and chip 
morphology to material model inputs that 
are strain, strain rate and temperature. The 
model parameters acquired with this 
method are in good agreement with the 
experimental results. 
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Foreword

I will begin the foreword with one of my favorite quotes that sums up the primary
requirement for individuals doing a doctoral degree:

"It requires a very unusual mind to undertake the analysis of the obvious."
-Alfred North Whitehead

The concept of the obvious is in the eye of the beholder. To some people the ideas of
gravity, forces or mass are trivial and mundane, though in science, those concepts are
probably the most intriguing, and the research community is willing to and has al-
ready spent millions of hours and euros on the analysis. Even though the analysis does
not always directly contribute to technology or business, the cumulative effects are
undisputable. The quote could be rephrased thus: “It requires a very unusual imagi-
nation to see the future benefits of analyzing the obvious”, though I don’t think that
was the original author’s intent. I think that the message is closer to another quote:

“The best scientist is open to experience and begins with romance – the idea that anything
is possible.”
-Ray Bradbury

The love of knowledge and experimenting must be the driving force behind science. A
career in science nowadays is not an attractive choice if one is seeking good job secu-
rity, salary, status, or fame. It is an underpaid and unappreciated calling, but a calling
nevertheless. I didn’t realize I had this calling until I was half way through my master’s
degree. This endeavor of pursuing my degree has been time of self-doubt, difficulties
and hardship, but also an inspiring journey into the realm of science. In writing this
foreword, I can’t help but feel a sense of unreal triumph. The feeling that comes from
completing something that took me years of hard work and determination. I would
like to thank my professor, Dr. Esko Niemi, for guiding and encouraging me through
the process, my colleagues and the staff in the production engineering laboratory for
their peer support and technical expertise, and all the co-authors. Thanks to my
friends and peers in the Aalto University Doctoral Student Association (keep up the
fight) and the industry partners and foundations for their trust and support. Finally, I
would like to thank my friends and family for tolerating me during these years and
letting me pursue my true love. Now it is time for another…a

-In Espoo, 29th of October 2015, Sampsa Laakso

a Foreword in: Laakso S., Finite element modeling of cutting, Master’s Thesis, 2009
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Abbreviations and Definitions

𝐴 Johnson-Cook Parameter For Yield Stress

α Rake Angle𝐵 Johnson-Cook Parameter For Strain Hardening𝐶 Johnson-Cook Parameter For Rate Hardening

C0 Oxley’s Models Strain Rate Modifier𝑐௜, 𝑖 ∈ [0,5] Thermal Softening Parameters For Marusich
Model

CY Power-Law Model Yield Stress Parameter∆𝐿 Tensile Specimen Elongation

Δs2 Shear Band Thickness𝜀 Plastic Strain𝜀̇ Strain Rate𝜀஺஻ Strain In Shear Zone𝜀஺̇஻ Strain Rate In Shear Zone𝜀௖௨௧ Cutoff Strain𝜀௥̇௘௙ Reference Strain Rate𝜀௧̇ High Strain Rate Limit𝜀௫̇ Rate Of Strain To Direction Of X-Axis𝜀௬̇ Rate Of Strain To Direction Of Y-Axis𝜀௭̇ Rate Of Strain To Direction Of Z-Axis

FEM Finite Element Method

f Cutting Feed

Fc Cutting Force

Fe, R Resultant Force

Ff Feed Force

Fp Perpendicular Force

Fx Piezoelectric Sensor’s x-axis Force Component

Fy Piezoelectric Sensor’s y-axis Force Component

Fz Piezoelectric Sensor’s z-axis Force Component𝑘 Shear Stress In Slipline

kAB Specific Cutting Force𝑙 Shear Zone Length𝐿଴ Original Length Of Tensile Specimen𝑚 Thermal Softening Exponent𝑚ଵ Rate Hardening Exponent 1 For Marusich Model𝑚ଶ Rate Hardening Exponent 2 For Marusich Model
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𝑛 Strain Hardening Exponent𝑛ଵ Strain Hardening Exponent For Marusich Model

neq Oxley’s Models Strain Hardening Modifier𝑛௒ Power Law Strain Hardening Exponent𝑝 Mean Compressive Stress In Slipline

rβ Cutting Edge Radius (Edge Preparation)𝜙 Shear Zone Angle𝜓 Angle Of Maximum Shear Stress And Shear
Strain Rate

rpm Revolutions Per Minute

SHPB Split Hopkinson Pressure Bar𝑠ଵ Distance Along Slipline I𝑠ଶ Distance Along Slipline II𝜎ு Hydrostatic Stress𝜎௜ Deviatoric Stress𝜎஺஻ Stress In Shear Zone𝜎௙௟௢௪ Flow Stress𝜎௫ Deviatoric Stress To Direction Of X-Axis𝜎′௫ Stress To Direction Of X-Axis𝜎௬ Deviatoric Stress To Direction Of X-Axis𝜎′௬ Stress To Direction Of Y-Axis𝜎௬௜௘௟ௗ Yield Stress𝜎௭ Deviatoric Stress To Direction Of X-Axis𝜎′௭ Stress To Direction Of Z-Axis

t1 Uncut Chip Thickness𝑇௖௨௧ Cutoff Temperature For Marusich Model𝜃 Angle Between Resultant Force And Shear Zone𝑇௠௘௟௧ Melting Temperature𝑇௥௘௙ Reference Temperature𝜏௫௬ Shear Stress In XY-Plane

U Cutting Speed𝑢 Velocity Along Slipline I𝑣 Velocity Along Slipline II

vc Cutting Speed𝑉ௌ Shear Speed𝑤 Width Of Cut
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1  Introduction

Metal cutting is one of the most common processes in industry, and annual sales of
machine tools have been growing since the 1980s. In the last few years sales have been
worth roughly 60 billion euros according to Gardner’s World Machine-Tool Output &
Consumption Survey [1]. The metal cutting process is of interest to researchers be-
cause of the high costs and case-specific process control parameters. As a result, the
research results are valuable for increasing the efficiency of industrial production. Ad-
ditionally, metal cutting involves unique material deformation characteristics. There-
fore, the theoretical foundation in metal cutting mechanics and materials technology
is scientifically interesting. Even though machining and the process of chip formation
in metal cutting have been researched since the beginning of the 20th century, most
notably by Taylor in 1907 [2], there are still many unanswered questions and research-
ers have not been able to develop a general theory that explains every phenomenon
occurring during the cutting process. A quote from a research paper by Usui et al. in
1984 is still a good guideline for modern metal cutting research [3]:

“It should be recalled that the goal of metal cutting research is to establish the theory or
analytical model which enables the cutting tool wear and other necessary parameters such
as chip formation, cutting force, cutting temperature and surface finish to be predicted
quantitatively without any cutting experiment.”

Over the last few decades, metal cutting research has been focusing more on Finite
Element Modeling (FEM), and it seems that this direction could lead to the model that
Usui et al. wrote about. Mackerle composed a bibliography of research papers where
FEM is applied to the cutting process from years 1976-2002 [4,5]. A review article by
Arrazola et al. from 2013 investigates the advancements made in metal machining
processes. In summary, it suggests that despite the advancements in predictive mod-
eling, using these methods in industry is not yet practical due to the high skill require-
ments and case-specific conditions. The research should be more collaborative and
practical applications should be emphasized. [6] The major difficulty in FE modeling
of cutting is obtaining the parameters describing the material behavior characteristics
in a similar environment to metal cutting, which are required to numerically solve the
governing partial differential equations behind the physics of the cutting process. This
dissertation aims to address that by investigating the state-of-the art process of mate-
rial characterization and the difficulties involved, estimating the complexity of the cut-
ting process with graph analysis, and comparing different methods for material pa-
rameter acquisition from cutting experiments.
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1.1 Background and Research Gap

Material models used in FE simulations of cutting are generally phenomenological
descriptions of the stress-strain relation of the work materials. The material models
are called flow stress models or yield surfaces. [7] The stress-strain behavior is con-
sidered to be dependent on strain, strain rate and temperature. [8] The output of the
model is flow stress, which is the equivalent of yield stress after which the deformation
of the material leads to chip formation. There are three main procedures to obtaining
the parameters for the flow stress models: materials testing [8], inverse modeling with
simulations, [9] and inverse modeling with analytical models [10]. Inverse modeling
with cutting experiments and analytical models were suggested as subjects for inves-
tigation in the dissertation by Sartkulvanich in 2007, [11] which was used as the start-
ing point of the research plan in this dissertation after identifying it as the research
gap.

The main difficulty in materials testing, namely tensile or compression testing
and Split Hopkinson Pressure Bar (SHPB) testing, is that the experimental conditions
are not close enough to cutting conditions. The most difficult condition to achieve is
the level of strain, that is around 1-2.0 in cutting, but in materials testing, depending
on the work material, 0.5 is already difficult to test. Second, the strain rate in cutting
is around 50,000 1/s and even up to 106 1/s, but with SHPB testing the highest meas-
urable strain rates are of the magnitude of 10000 1/s. [8,12] The testing is even more
difficult to conduct in cutting temperatures that reach almost up to the work materials’
melting point in some cases. Different solutions for preheated material specimens or
special ovens for material testing have been found, but exact temperature control is
difficult.

Inverse modeling with simulations is a good way to directly tune the material
model to produce results that are close to cutting experiments, but this method is time
consuming due to the number of simulations required. This method requires two or
three different values for each material model parameter to be simulated, and the mul-
tiplicative effect of the complexity of the material model, i.e. the number of parameters
in the model, is exponential. This method is best used in fine tuning the model, espe-
cially when damage models are used in addition to flow stress models. Damage models
track the loading history of the work material and adjust the flow stress or yield stress
accordingly. Damage models are important in simulating chip breakage and saw-
toothed chip formation. [13,14]

Inverse modeling with an analytical model is faster than with simulations, but
the use of analytical model adds another layer of uncertainty between the experiments
and simulations. The typical approach is to use a parallel-sided shear zone model for
inverse analysis, like in Sartkulvanich et al. in 2004. [10] Another interesting method
was proposed by Agmell et al. in 2013 and 2014 [15,16], which is to use a Kalman filter
for the inverse determination of Johnson-Cook parameters from cutting experiment
data; the results show good agreement with the experiments.

Overall, the best results can be achieved by using all the three methods together,
but the expertise, time, and cost demands are high. Materials testing is not overly ex-
pensive or time consuming when identifying the stress-strain behavior at room tem-
perature and a moderate strain rate. That data can be used as a starting point for in-
verse analysis with analytical models to reduce the number of simulations required in
full factorial analysis. The most difficult part is to calculate the strain, strain rate and
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temperature with analytical models, and the method also requires a wide set of cutting
conditions for good results. Plastic strain in particular is subject to some debate in the
cutting research community; Astakhov and Shvets criticize the method of defining
plastic strain in cutting based on the geometry, and state that the magnitude of strain
is much higher than the theoretical maximum. They propose to use the chip compres-
sion ratio as the measurement of strain. [17] In 2009 Davim and Maranhão reported
totally opposite results in their research, where they compared plastic strain and strain
rate calculated using the single shear plane theory [18,19] to simulate results, and the
correlation was excellent. [20] This dissertation aims to add to the research in inverse
modeling and material parameter acquisition by investigating all the methods in par-
allel fashion.

1.2 Objectives, Scope and Research Questions

The research in this dissertation addresses the problems in obtaining the material
model parameters and fitting the model parameters to material data. Each of the arti-
cles presented in the thesis have their independent objectives that are discussed only
in the papers; in addition, the objectives discussed in this chapter focus on the larger
scale objectives in the framework of this dissertation. Figure 1 presents the disserta-
tion framework regarding the original articles (marked in blue) and how the individual
articles are related to the wider context. The red parts in the figure are out of scope for
this thesis, but are significant elements of the preliminary work that led to this disser-
tation.
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Figure 1. The framework of the dissertation from the original articles. Red parts are out of scope of the
dissertation

The first conference article (A1) focuses on the complexity of the cutting process
and the interdependencies of different cutting parameters, and on identifying the ma-
jor parameters that affect the measurable variables in cutting. On a larger scale, the
research answers the question of whether it is possible to differentiate between the
effect of strain, strain rate and temperature on flow stress by means of adjusting cut-
ting parameters like cutting speed, feed, or tool geometry. This paper outlined the
qualitative relations between parameters found in the literature. The second paper
(A2) investigates the effect of different cutting parameters on chip breakage of low-
lead brass. It is a state-of-the-art review of the process of initially performing material
testing to obtain the material model parameters and then evaluating and adjusting the
simulation model to cutting experiments. The research objectives were to identify the
shortcomings of the standard procedure of material modeling. A new research ques-
tion was identified from the results regarding the material model incapability of mod-
eling thermal behavior. The third article (A3) investigates an inverse method of ob-
taining the model parameters using an analytical model and cutting experiments. The
experimental data on cutting force, chip thickness, and cutting temperature is used as
an input instead of relying on analytical solutions regarding those variables. This in-
vestigation is outlined in non-brittle materials, namely AISI-1045 steel. The proposed
method performed well, but the capability of identifying complex thermal behavior
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was questioned. The paper also investigates the definition of plastic strain in cutting,
which has been the subject of some debate in the research community. The outcome
in this paper is that when using Oxley’s parallel-sided shear zone theory, the definition
proposed by Oxley should also be used. The fourth paper (A4) is a conference article
which expands the results of the third article in practice and compares the simulation
results with parameters obtained from the inverse method for cutting experiments.
The fifth paper (A5) revisits the material data of low-lead brass and investigates the
issues related to thermal softening dampening: The effect of thermal softening dimin-
ishes with increasing strain rate in the material testing results. A new material model
was developed to address this phenomenon and simulations with the model were com-
pared to cutting experiments to determine the significance of this dampening effect
on cutting. This article also responds to a question that arose from the results of arti-
cles 2 and 3 regarding the thermal behavior.

1.3 Research Methods and Dissertation Structure

This dissertation approaches the research questions with a strong emphasis on quan-
titative experimental methods and simulations. All hypotheses are scrutinized by com-
paring them to literature results. The experimental methods used are cutting force
measurements, material testing and chip morphology measurements. Simulations are
performed using the finite element method and analytical models. Materials testing
includes tensile and compression test and SHPB measurements. This dissertation first
presents the theoretical foundation behind metal cutting, the parallel-sided shear zone
model, materials testing, the finite element method and cutting experiments. The sec-
ond part presents the primary findings in the research articles and closes with a dis-
cussion on the practical and theoretical implications of the results. The articles are
included in the appendices.
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2 Theoretical Foundation

The theories and methods used in this dissertation and in the articles are presented in
the following chapters. The theoretical foundation in this dissertation is based on the
mechanical behavior of materials under metal cutting conditions. Definitions and the-
ories of metal cutting are presented first in order to form a picture of the conditions
which the work materials are exposed to. Presenting the standard definitions is critical
for establishing general terminology to avoid vagueness and misconceptions. The the-
ory of metal cutting and the parallel-sided shear zone model play a key role in articles
3 and 4, and are therefore presented in more detail. Following this, the materials test-
ing methods are presented to understand how the material behavior is experimentally
determined. The finite element method is introduced to explain how the material data
is used in the models. Cutting experiments are presented regarding cutting force, tem-
perature and chip morphology measurements. Finally, since friction is an important
factor in metal cutting, the theory and difficulties in friction modeling are presented
to explain the unique contact conditions in the tool-chip interface, though friction is
not within the scope of this work.

2.1 Metal Cutting

Metal cutting is a material removal process where relative movement between the tool
and the work produces the energy required for material removal. There are two main
categories of metal cutting: Cutting with arbitrarily-shaped abrasive tools, and cutting
with determined-shaped, single-point tools. Processes with arbitrarily-shaped abra-
sive tools include grinding, lapping, and polishing, whereas turning, milling, drilling,
and boring are cutting processes with determined-shaped, single-point tools. This dis-
sertation focuses on cutting with determined-shaped, single-point tools – turning, to
be exact. Process variation caused by the changes in microgeometry of the tool due to
manufacturing tolerances and tool wear are minimized in this work by using new tool
in each experiment or the tool is sharpened after each experiment. The microgeometry
such as the rake face surface roughness or cutting edge preparation, i.e. the cutting
edge roundness rβ are not measured except in macro level.

If cutting can be reduced to a single plane, i.e., the chip flow is on the same plane
as the cutting motion, it is called orthogonal cutting, as presented in Figure 2 b). [21]
In that case, the cutting motion is perpendicular to the tool cutting edge. If the direc-
tion of the flow deviates from the direction of the cutting motion, the cutting is oblique,
as in Figure 2 a). There are not many cases where the cutting is completely orthogonal,
but often it can be used as a good approximation: Turning with a cutting edge angle of
90 degrees, for example, can be considered orthogonal if the diameter of the work is
much larger than the cutting depth, and the nose radius of the tool is left out of con-
sideration, or groove turning of flanges with a radial feed, especially with larger work
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diameters, can be considered as orthogonal cutting. Fully orthogonal cases are found
in broaching or planing processes. [22]

Figure 2. a) Oblique and b) orthogonal cutting

Turning is a process where the cutting movement is produced by the rotating
spindle where the work is fixed. Figure 3 presents the cutting parameters and cutting
forces. The cutting speed is given either as rotation speed (rpm) or surface speed
(mm/min), denoted by U or vc. The work in this dissertation is always a round cylin-
der, but the turning of a rectangular or other arbitrarily-shaped work is also possible.
Feed (mm/r) denoted by f is the movement of the tool at a speed that is synchronous
with the rotational speed, therefore keeping the undeformed chip thickness constant.
The feed direction is either radial or axial to the work. The width of cut is either the
radial depth of the tool or the width of the tool in the case of radial feed. Cutting forces
are denoted by Fc, Fp and Ff. Cutting force FC is the primary force that is tangential to
the work. Perpendicular force Fe is parallel to the tool holder in turning and perpen-
dicular to the other two force components. Feed force Ff is parallel to the feed direction
but in groove turning the force is equal to the perpendicular force Fe. [22]
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Figure 3. Cutting Forces and Primary Cutting Parameters

The tool geometry is defined by the rake angle, release angle, cutting edge angle,
inclination angle, nose radius and cutting edge preparation. The most relevant tool
geometry is presented in Figure 4. [23]

Figure 4. Turning Tool Geometry
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2.1.1 Oxley’s Parallel-Sided Shear Zone Model

Oxley’s shear zone model (Oxley, 1989) builds on the assumption of plane strain con-
ditions, i.e., in orthogonal cutting all deformations take place in the x-y plane, as in
Figure 5. Elastic strain is considered negligible, and Lévy-Mises equations (1-3) are
used to describe the strain behavior in different directions for isotropic materials. De-
formation takes place in the direction of the load, as presented in equation 1, which
leads to the deviatoric stress component in the direction of the Z-axis, which is equal
to zero in plane strain conditions. Stress in the direction of the Z-axis can be calculated
from the definition in equation 2 that leads to the Lévy-Mises equations for plane
strain conditions presented in equation 3. The von Mises yield criteria is used to cal-
culate the combined effect of the stresses, which is used as an equivalent stress on a
yield surface. For plane strain conditions, the von Mises yield criteria is reduced to the
form presented in equation 4. The sum of all forces must be zero and body forces are
assumed to be negligible. Volume is assumed to be constant.

Figure 5. Plane strain conditions, rate of deformation is zero in the z-direction

Lévy-Mises equations
𝜀௫̇𝜎′௫ = 𝜀௬̇𝜎′௬ = 𝜀௭̇𝜎′௭ 1

Stresses divided into hydrostatic
and deviatoric components

𝜎′௜ = 𝜎௜ − 𝜎ு𝜎ு = 13 (𝜎௫ + 𝜎௬ + 𝜎௭) 2

Lévy-Mises equations for plane
strain

𝜎௭ = 12 (𝜎௫ + 𝜎௬) 3

Von Mises yield criteria 1 4ൗ ൫𝜎௫−𝜎௬൯ଶ + ൫𝜏௫௬൯ଶ ≥ 1 3ൗ 𝜎௬௜௘௟ௗଶ
4

Slip lines are formed in the directions of the maximum shear in each point of
the deforming work, as presented in Figure 6, where k represents the shear stress and
p is the mean compressive stress. The sliplines can be presented as functions (equa-
tions 5-6) derived from equilibrium equations and stress transformations. Geiringer
equations (7-8) are the velocity transformations along lines I and II that fundamen-
tally state that the deformation speed is highest in the direction of the lines. The de-
formation zone is where the largest strains form a field of slip lines. Oxley’s model
assumes that the deformation zone can be approximated with the parallel-sided shear
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zone, where the deformations takes place in the rectangular area in front of the tool-
chip contact surface.

Figure 6. Slipline I presents the positive shear stresses and II presents negative shear stresses

Slipline equation along line I
𝜕𝑝𝜕𝑠ଵ + 2𝑘 𝜕𝜓𝜕𝑠ଵ − 𝜕𝑘𝜕𝑠ଶ = 0 5

Slipline equation along line II
𝜕𝑝𝜕𝑠ଶ − 2𝑘 𝜕𝜓𝜕𝑠ଶ − 𝜕𝑘𝜕𝑠ଵ = 0 6

Geiringer equation along line I 𝑑𝑢 − 𝑣𝑑𝜓 = 0 7

Geiringer equation along line II 𝑑𝑣 + 𝑢𝑑𝜓 = 0 8

Figure 7 presents the geometrical definition of the model. In the figure, lines FE
and DC represent the boundaries of the parallel-sided shear zone. The height of the
zone, shear band thickness, is denoted as Δs2. The geometry is defined by the shear
zone angle 𝜙, rake angle α and uncut chip thickness t1. The shear strain takes place in
plane AB.



19

Figure 7. Oxley's shear zone model and velocity diagram modified from Oxley [24]

The shear stress is calculated from cutting forces as defined in equation 9. The
shear stress required for chip formation is named “specific cutting force kAB”, which is
equivalent to yield stress using the von Mises yield criteria as defined in equation 10.
Equation 11 provides the relationship between resultant force angle and shear plane
angle, which is referred to as Oxley’s model. The model has been derived from the
slipline equations by substituting k, p, s1, s2 and Ψ with observed conditions from cut-
ting experiments. Yield stress at different temperatures and strain rates is modeled
with flow stress models. Flow stress models give the corresponding stress for the
strain, strain rate, and temperature in the shear zone during cutting. The flow stress
model used in the original work of Oxley is the power law, presented in equation 12.
[24] The coefficient CY is the equivalent of initial yield stress and nY is the strain hard-
ening exponent. In addition, Johnson-Cook model is presented in equation 13. [25]
This model has an important role in this dissertation since it is used in articles 3-5 for
inverse modeling and as a basis for modeling thermal damping. The Johnson-Cook
model is discussed in more detail in section 2.3.1. C0 and neq are parameters that take
into account the effect of strain hardening, temperature and strain rate. Both are de-
pendent on which flow stress model is used. The values are calculated from equations
14 and 15. Equations 16-18 present the modifiers for the power law and the Johnson-
Cook model. Equation 16 was introduced by Lalwani et al. in 2009 to implement the
Johnson-Cook model to Oxley’s parallel-sided shear zone theory [26]. Strain and
strain rate are calculated from the geometry using equations 19 and 20. The shear
speed required for calculating strain rate can be calculated from the velocity diagram
in equation 21. Temperature can be calculated using the model proposed by Boothroyd
et al. in 1989, but the model is not used in this dissertation since the temperature is
measured from experiments. [27]
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Resultant force 𝑅 = 𝐹௘ = ට𝐹஼ଶ + 𝐹௙ଶ = 𝑘஺஻𝑡ଵ𝑤sin 𝜙 cos 𝜃 9

Specific cutting force 𝑘஺஻ = 1√3 𝜎௬௜௘௟ௗ = 𝜎௙௟௢௪(𝜀, 𝜀̇, 𝑇) 10

Oxley’s model tan 𝜃 = 1 + 2(𝜋4 − 𝜙) − 𝐶଴𝑛௘௤ 11

Power law model 𝜎 = 𝐶௒𝜀௡ೊ 12

Johnson-Cook
model 𝜎 = (𝐴 + 𝐵𝜀௡) ቈ1 + 𝐶 ln ቆ 𝜀̇𝜀௥̇௘௙ቇ቉ ቈ1 − ቆ 𝑇 − 𝑇௥௘௙𝑇௠௘௟௧ − 𝑇௥௘௙ቇ௠቉ 13

Strain rate modifier 𝐶଴ = 1 + 2 ቀ𝜋4 − 𝜙ቁ − tan 𝜃𝑛௘௤ 14

Strain hardening
modifier 𝑛௘௤ = ൬𝑑𝜎஺஻𝑑𝜀஺஻ ൰ ൬𝜀஺஻𝜎஺஻൰ 15

Strain hardening
modifier for power
law

𝑛௘௤ = ቆ𝑑(𝐶௒𝜀௡ೊ)𝑑𝜀 ቇ ൬ 𝜀𝐶௒𝜀௡ೊ൰ = 𝑛௒ 16

Strain hardening
modifier for John-
son-Cook

𝑛௘௤ = ൤൬𝜕𝜎𝜕𝜀 𝑑𝜀𝑑𝜀൰ + ൬𝜕𝜎𝜕𝜀 𝑑𝜀̇𝑑𝜀൰ + ൬𝜕𝜎𝜕𝑇 𝑑𝑇𝑑𝜀൰൨ ൬𝜀஺஻𝜎஺஻൰ 17

Simplified strain
hardening modifier
for Johnson-Cook

𝑛௘௤ ≈ 𝑛𝐵𝜀௡𝐴 + 𝐵𝜀௡ 18

Strain 𝜀 = 12√3 cos 𝛼sin 𝜙 cos(𝜙 − 𝛼) 19

Strain rate 𝜀஺̇஻ = 𝐶଴ 𝑉ௌ𝑙√3 20

Shear speed in re-
spect to cutting
speed

𝑉ௌ = 𝑈 cos 𝛼cos(𝜙 − 𝛼) 21

2.2 Material Testing

The material testing methods in this dissertation are tensile testing, compression test-
ing and SHPB testing. Tensile testing subjects the material specimen to tensile load.
The tensile loading force is measured in respect to the elongation of the specimen. The
data can be presented as an engineering stress-strain curve or a true stress-strain
curve. Engineering stress is calculated by dividing the load by the area of the speci-
men’s cross-section. An engineering strain is calculated as a ratio of elongation and
the original specimen length. Since the cross-section area of the specimen decreases
with increasing elongation, true stress is calculated by dividing the prevailing force
with the actual cross-section of the specimen at each time step. True strain is an in-
cremental change in length divided by the original length, integrated over time. This
leads to equation 22 [28, pg. 4-12]. All the material testing data in this dissertation is
presented as true stress-strain curves.

True stress 𝜀 = ln ∆𝐿/𝐿଴ 22

SHPB testing can be used to test a material’s response to high speed defor-
mation. Tensile and compression tests can be performed at up to 104 1/s strain rate.
The device consists of testing a specimen placed between an incident bar and a trans-
mission bar. A high speed stress wave is generated at the front end of the incident bar
with an external impact device such as a hammer or a bullet. The stress wave travels
through the incident bar, the specimen and the transmission bar, and then travels
back through. The wave is measured traveling in both directions with strain gauges.
The response of the test specimen can be then calculated from the difference between
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the propagating and reflected waves. The specimen can be preheated for testing at a
high temperature. Conducting the experiments at a static strain rate and temperature
is difficult and the exact data often requires inverse methods with FEM. [29, pp. 1-11]

2.3 Finite Element Method

The finite element method is used for solving differential equations describing the
physics behind a problem, using numerical methods. In metal cutting simulations, the
non-linear coupled governing equations require special attention in the solving rou-
tines. First of all, the simulation requires that the tool and work geometry are discre-
tized, i.e., they are presented as a mesh of triangular or quadrilateral elements. This is
done because an analytical solution to the equations for the complex geometry cannot
be found. The solution is calculated for the nodal points of the elements in the mesh
and the point vice values are interpolated along the element sides. Interpolation can
be performed with linear or higher degree functions. Different formulations for kinet-
ics, kinematics and mesh are Eulerian, Lagrangian, and a combination of both. The
fundamental difference is that the mesh in the Lagrangian formulation changes shape
with the solution, while the mesh in the Eulerian formulation is static. An arbitrary
Lagrangian Eulerian formulation utilizes the benefits of both methods so that the
boundary elements deform with the solution but the internal elements retain their
shape to minimize the element distortion, which is a major drawback of the Lagran-
gian method, especially with problems that include large deformations. Eulerian for-
mulation can be used also in situations where the mesh retains the shape, for example
in the machined surface that the tool has already passed. A model by Miguélez et al.
[30] presents a method to minimize the iteration required to guess the initial shape of
the  chip  with  Eulerian mesh on the  entrance  of  the  workpiece  and on the  chip.  To
further avoid the mesh distortion, especially in cutting simulations, the meshing is
done again when the element distortion reaches a certain limit. This is called remesh-
ing. This way the use of a chip separation criteria can be also avoided, which has a
significant effect on accuracy. The chip separation criteria deletes the elements in
which the strain reaches a certain limit and thus allows for chip formation. This
method causes volume loss in the workpiece and thus the accuracy of the model is
decreased [31]. The uniqueness of the chip separation criteria was criticized in Zhang,
1999 where it is concluded that none of the chip separation criteria produce reliable
results and the criteria are cutting parameter dependent [32]. This method was used
in early works of cutting simulations, but with remeshing the use of it has reduced.
Time integration is done either implicitly or explicitly. [33] In this dissertation, the
finite element software used is Third Wave Systems’ AdvantEdge, which was first pre-
sented in a paper by Marusich and Ortiz in 1995 [34]. The software is based on a dy-
namic explicit Lagrangian finite element model, which employs adaptive remeshing
to avoid element distortions. The model is based on equations of motion and a thermo-
mechanically coupled material model.

2.3.1 Flow Stress Models

Flow stress models or yield surfaces are functions that determine the corresponding
stress for a given strain, strain rate and temperature. In AdvantEdge FEM, the yield
stress is calculated as von Mises equivalent stress with equivalent plastic strain, strain
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rate and temperature. One of the most common models is the Johnson-Cook model
[25], presented in equation 13, where each variable has its own independent multipli-
cative effect on yield stress. Strain hardening causes the yield stress to increase with
increasing plastic strain. Rate sensitivity increases the yield stress when strain rate
increases. Thermal softening decreases the yield stress with an increase in the tem-
perature. Similar model is implemented in AdvantEdge (equation 23) as a built-in
custom material model. Johnson Cook model is presented in Figure 8, Figure 9 and
Figure 10 using AISI 1045 and AISI 316L steel values to compare to Marusich model
that is presented using values for EN CW511L brass. These figures present a typical
behavior for most engineering materials. The values for AISI 316L are from Tounsi et
al. 2002 [35] and AISI 1045 from author’s 3rd publication. The values for AISI 316L
were later validated in Umbrello et al. 2007 [36], where they compared 5 different sets
of Johnson-Cook parameters for AISI 316L and the set by Tounsi et al. produced the
best results compared to cutting experiments. The values for EN CW511L brass are
modified after author’s publications 1 and 5 for compatibility with Marusich model.
The models have a few differences: First, the most significant difference is that the
strain hardening (equation 24) is limited by cut-off strain, after which the stress does
not increase with increasing strain, as presented in Figure 8. Also, the rate sensitivity
function (equation 25) is a piecewise defined exponential function as presented in Fig-
ure 9, instead of the logarithmic function in Johnson-Cook model. The rate sensitivity
function has different exponents for different strain rate intervals, one for strain rates
less and another for strain rates greater than the transitional strain rate. Finally, the
form of the thermal softening function (equation 26) is a user-defined polynomial of
up to 5th order, presented in Figure 10 instead of the exponential function.

Extended power
law (Marusich
model)

𝜎 = 𝜎௬௜௘௟ௗ𝑔(𝜀)Γ(𝜀̇)Θ(𝑇)
23

Strain hardening
with hardening
cut-off

𝑔(𝜀) =
⎩⎪⎨
⎪⎧ቆ1 + 𝜀𝜀௥௘௙ቇ ଵ௡భ  𝑤ℎ𝑒𝑛 𝜀 < 𝜀௖௨௧

ቆ1 + 𝜀௖௨௧𝜀௥௘௙ቇ ଵ௡భ  𝑤ℎ𝑒𝑛 𝜀 ≥ 𝜀௖௨௧
24

Rate sensitivity Γ(𝜀̇) =
⎩⎪⎨
⎪⎧ ቆ1 + 𝜀̇𝜀௥̇௘௙ቇ ଵ௠భ  𝑤ℎ𝑒𝑛 𝜀̇ ≤ 𝜀௧̇

ቆ1 + 𝜀̇𝜀௥̇௘௙ቇ ଵ௠భ ቆ1 + 𝜀௧̇𝜀௥̇௘௙ቇ ଵ௠భି ଵ௠మ  𝑤ℎ𝑒𝑛 𝜀̇ > 𝜀௧̇ 25

Thermal soften-
ing Θ(𝑇) =

⎩⎪⎪⎨
⎪⎪⎧ ෍ 𝑐௜𝑇௜௞

௜ୀ଴  𝑤ℎ𝑒𝑛 𝑇 < 𝑇௖௨௧
ቌ෍ 𝑐௜𝑇௖௨௧௜௞

௜ୀ଴ ቍ ൤1 − 𝑇 − 𝑇௖௨௧𝑇௠௘௟௧ − 𝑇௖௨௧൨  𝑤ℎ𝑒𝑛 𝑇 ≥ 𝑇௖௨௧
26
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Figure 8. Strain hardening multiplier

Figure 9. Rate sensitivity multiplier
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Figure 10. Thermal softening multiplier

2.3.2 Friction

Friction is an important factor in cutting, but no single ubiquitous friction model has
been developed that explains the contact phenomena at the tool-chip interface. Ana-
lytical models and FE simulations of cutting are often required to use friction coeffi-
cients that are significantly greater than those measured from experiments in tribol-
ogy. Friction does not have a particularly important role in this dissertation, since the
material model performance is unrelated to the friction model. The final results are
affected by the friction model but it is proportional to the cutting force so the different
material models can be evaluated against each other. The friction model used in the
accompanying papers is Coulomb friction model. The friction model has been shown
to have a significant effect on simulated results of chip geometry, forces, stresses on
the tool, and the temperature at the tool-chip contact interface. The simulations are in
best agreement with experiments regarding the above mentioned values when a vari-
able friction model is used. [37] A variable friction model was proposed by Childs in
2006, where the friction coefficient is a function of plastic strain. [38] A recent study
by Puls et al. in 2014 shows that the friction coefficient is temperature-dependent so
that as the temperature increases, the friction coefficient decreases. The article pro-
poses a friction model that is similar to the Johnson-Cook thermal softening term.
Simulations with the model are in good agreement with experiments. [39]

2.4 Cutting Experiments

Cutting experiments have been the primary research method in metal cutting research
since the beginning of the 20th century. Cutting forces, cutting temperature and chip
morphology have been established as the primary variables of measurement from the
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experiments. Recent developments in high speed imaging and digital image correla-
tion have resulted in attempts to perform direct measuring of strain and strain rate,
as in Mahadevan, 2005 [40], or by Mäenpää et al. 2003 [41]. Thermal imaging can
also be used to determine the shear zone characteristics as in Artozoul et al. in 2014
[47]. Other important but more practical variables for cutting experiments are tool
wear, surface quality, and residual stresses.

2.4.1 Cutting Forces

Cutting forces are measured directly with piezoelectric force sensors and indirectly
using spindle power with accelerometers or with strain gauges placed in the tool
holder. Piezoelectric sensors have high dynamic response (natural frequency
>3.5 kHz) and better accuracy compared to indirect measuring [42]. The instruction
manual [43] of a similar Kistler sensor as used in the experiments in this dissertation
states that the natural frequency of the sensor should be about 3 times the signal fre-
quency to avoid significant error in the measurement. Chip formation is cyclic in na-
ture and for example, the frequency (number of chip teeth formed in unit time) of the
chip formation for AISI 1045 steel is between 0.1-4.5 kHz with cutting speeds of 12-
180 m/min after Astakhov, 2006 [49, pages 53-57]. A signal processing theory, the
Nyquist-Shannon theorem states that the measuring frequency higher than or equal
to twice the frequency of the measured signal is enough for sampling the signal [44].
Therefore, the sampling rate in the case of AISI 1045 should be around 10 kHz, and if
the chip formation cycle is required to be measured, cutting speed up to 120 m/min
can be used for sensor with natural frequency of 3.5 kHz. Figure 11 presents the struc-
ture of a 3-axis dynamometer. The orientation of the sensor on the lathe affects the
designation of force component in relation to the sensor co-ordinate system: Cutting
force Fc is always to the FZ direction but FX and FY can either represent feed force Ff

or perpendicular force Fp. Figure 11 presents the structure of a 3-axis dynamometer.
Piezoelectric sensors in metal cutting applications have the following sources of error:
Triboelectric effect can disturb charge signals when the charge is small, e.g., small
forces, and the effect can be generated if the cables are shifting. Charge amplifiers have
electrical drift that stabilizes approximately 30 min. after powering up the amplifier.
The amplifier drift is ±0,03 pC/s that equals at maximum about ±0.2%/s depending
on the measured force, according to a presentation by Blattner, 2013 [45]. The insu-
lation and connectors of the cables causes signal drift, especially if the connectors are
polluted. Thermal drift of the sensor is caused by thermal expansion of the preloading
bolt during use. The mounting of the dynamometer on the machine table is essential,
and the more connection points there are, the better. The added mass on the dyna-
mometer, such as a tool holder, for example, should be as light as possible since the
added mass decreases the frequency response and higher mass causes higher inertial
forces thus the signal peaks are overestimated.
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Figure 11. Structure of a 3-axis piezoelectric force sensor, modified after [45]

2.4.2 Cutting Temperature

Cutting temperature can be measured with a thermocouple composed of the cutting
tool and work. This gives the mean temperature difference between the two. This
method provides good dynamic response but it is not clear what exact temperature is
measured. Another use of a thermocouple is to embed it inside the tool, but this
method has a slow response to temperature changes and errors can be high because
the air between the thermocouple and the tool acts as an insulator. Single wire ther-
mocouples have been used for measuring the temperature inside the work during mill-
ing. Infrared pyrometers are optical temperature sensors that have a fast response
time and they do not require contact with the measured object. As with all infrared
measuring methods, the object’s emissivity must be taken into account. This can be
done by calibrating the sensor. Infrared cameras or thermal cameras are viable meth-
ods for measuring the temperature. With the correct emissivity value, the measure-
ments are accurate. The object should be painted black to minimize the error resulting
from the emissivity. The difficulty is the sample rate and thus resolution that is too
low for high speed machining experiments. Other more exotic methods have been
used, but often their wider use is not practical. [46] One successfully applied IR
method is presented by Artozoul et al. in 2014, where an infrared camera and a force
measuring system were used to calculate not only the temperature fields, but also fric-
tion, tool-chip contact length, specific cutting energy, and shear angle. [47]
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2.4.3 Chip Morphology

Chip morphology is measured from the formed chip, quick stop experiment samples,
or from the cutting process with a high speed camera. The most important measures
in chip morphology are the chip thickness, the shear band thickness and chip segmen-
tation. Sometimes the chip curvature and chip length are measured but that is more
of an application-specific requirement. The measurement is performed with an optical
microscope in case of chip thickness. In this work, the chip thickness and chip com-
pression ratio calculated from it are the most important measures since they can be
used for evaluating the plastic strain in shear zone.  Shear band thickness can also be
measured with an optical microscope, but metallography or scanning electron micros-
copy (SEM) should be used for better results. [48] Figure 12 presents SEM images of
different chip morphologies of AISI 1045. Chip compression ratio is considered an im-
portant factor in cutting by some researchers. [17] Chip compression ratio is the ratio
between undeformed chip thickness and actual chip thickness. This can be measured
by measuring the chip thickness directly or by calculating the thickness based on
known chip length, density and mass. [49]

Figure 12. SEM Images of AISI 1045 chips [48]
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3 Results

The main aspects and the primary findings of the articles included in this dissertation
are presented in this chapter. The descriptions of the articles focus on the details that
are essential to this dissertation framework, but some other interesting findings are
also pointed out.

3.1 Article 1: Graph-based Analysis of Metal Cutting Parameters.

The first article compiles an interdependency matrix of the most critical parameters
in metal cutting. Based on the matrix, a graphic presentation with graph analysis is
performed to identify the most important factors among the parameters. The analysis
was done with Gephi – an open source network and graph analysis software package.
[50] The level of importance is determined with eigenvector centrality that determines
a value of a node based on how many other nodes it is connected to and what the value
of the connected nodes is. [51] The parameters are categorized to machine parameters
and design parameters based on modularity analysis. [52] The most important ma-
chine parameters are cutting temperature, cutting tool, cutting feed, cutting speed,
cutting force, tool wear and cutting depth. The most important design parameters are
surface quality, tolerances, and residual stresses.

These results are of interest in this dissertation framework, since by controlling
these parameters, the variation can be minimized in the cutting experiments in arti-
cles 2 and 5. The effect of cutting tool wear is circumvented by using an unworn tool
for each experiment. Cutting forces are measured and included in the analysis. Cutting
speed, feed and depth are process parameters that can be varied, and their effect on
other parameters is analyzed. Cutting temperature is measured, but in this disserta-
tion, temperature is either simulated or the temperature data is found in the literature.

3.2 Article 2: Investigation of the Effect of Different Cutting Parame-
ters on Chip Formation of Low-lead Brass with Experiments and
Simulations.

In this article, the state-of-the-art procedure of modeling material behavior for cutting
simulations is performed. Low-lead brass was characterized with tensile testing,
SHPB experiments and cutting experiments. Tensile testing was done with 0.1 1/s and
0.001 1/s strain rates and at 25 °C, 200 °C and 450 °C. SHPB experiments were con-
ducted at the same temperature but with strain rates from 1250 1/s to 3200 1/s. The
material model was fitted to the stress-strain data, and cutting experiments were used
to determine the cut-off strain in the material model. Relatively good correlation was
achieved between cutting experiments and simulations, but the material model was
realized to be inadequate to take thermal softening behavior into account on all strain
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rates. The material experiments for material characterization were found to be expen-
sive and time consuming. The practical implications in the research showed that high
cutting speed, small feed, and low cutting temperature improved chip breakage, and
the same behavior was also identified in the cutting experiments.

3.3 Article 3: Determination of material model parameters from or-
thogonal cutting experiments.

This article applies an extended Oxley’s parallel-sided shear zone model to an inverse
analysis of cutting experiment data to identify Johnson-Cook flow stress model pa-
rameters. The extended Oxley’s model replaces the power law material model origi-
nally implemented by Oxley with Johnson-Cook material model. AISI-1045 steel was
used as a pilot material since there are many literature sources including cutting ex-
periment data and material testing data for the material. The parameters identified
with the proposed method are compared to parameter values from the literature and
the performance of the parameters is evaluated. Based on the results, the extended
Oxley model has the best fit to the cutting experiment data with the parameters from
the proposed method. Another important result is that the optimization routine leads
to different solutions depending on the boundary conditions, i.e., how many static ma-
terial model parameters are used during the optimization. This leads to the conclusion
that the problem has multiple local minima and thus it is advisable to keep the param-
eters that are directly measurable from material properties as static variables to en-
sure that the model yields realistic parameter sets.

3.4 Article 4: Using FEM Simulations of Cutting for Evaluating the
Performance of Different Johnson-Cook Parameter Sets Acquired
with Inverse Methods.

This article is an extension to article 3. Here the Johnson-Cook parameters acquired
through the inverse analysis with extended Oxley’s model are evaluated with FEM
simulations. The same simulation set-up was also used with parameters from litera-
ture sources. The results are close to those of the analytical model and the proposed
inverse method also produces the best parameters for the simulations. The simulation
results underlined the conclusion made in article 3 regarding the multiple local min-
ima: The simulations that used the parameters acquired with optimization runs with
few static parameters yields to unrealistic results.

3.5 Article 5: Modified Johnson-Cook Flow Stress Model with Ther-
mal Softening Damping for Finite Element Modeling of Cutting.

This article investigates the thermal behavior identified in article 2. A new material
model was developed to take into account the coupled behavior of thermal softening
and rate sensitivity. The Johnson-Cook model was modified with a thermal damping
function and the model was fitted to the material data acquired for low-lead brass. The
model fit was excellent and thus the model was implemented in FEM software. Or-
thogonal cutting experiments were conducted for reference. The model performance
was better than the unmodified Johnson-Cook model, but further investigation iden-
tified the reason to be strain hardening cut-off rather than thermal damping. It was
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left unproved as to why the damping behavior is present in material testing but not in
cutting experiments. In the wider context of this dissertation, the lack of presence of
the damping behavior is beneficial, since the inverse analysis for material model pa-
rameter acquisition would have been a more complex optimization problem for a ma-
terial model with the thermal damping effect.
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4 Discussion and Conclusions

The complex coupled nature of metal cutting makes it difficult to identify the effect of
an individual parameter. The graph analysis in article 1 addressed this difficulty and
showed that it is possible to identify loops of interconnected parameters. The analysis
was done only with qualitative relationships but nevertheless the outcome was sensi-
ble. The analysis identified the most important machine parameters to be cutting tem-
perature, cutting tool, cutting feed, cutting speed, cutting force, tool wear and cutting
depth. Additionally, the parameters were grouped with modularity analysis to two dis-
tinct categories: Design parameters and machine parameters. The analysis showed
potential and in future an analysis with a quantitative connection between the param-
eters could be investigated. The same methodology was applied to a manual assembly
environment and similarly the method proved sensible [53,54]. The work has also
been applied for sustainability estimation of machining in Bhanot et al. 2014. [55]

In the second article, cutting simulations and cutting experiments for low-lead
brass were performed in order to investigate the effect of cutting parameters on the
cutting process. The results suggested the use of high cutting speed and low cutting
feed to ensure good chip breakage. The larger scale implications in this article are re-
lated to the inadequacy of the material model regarding the thermal effects, and the
heavy process of acquiring the material model parameters with material testing. The
material model was optimized to the data so that the best fit is around 200 °C. It was
decided to investigate this later in the research.

To develop the material model parameters acquisition, an inverse routine was
developed based on parallel-sided shear zone theory and cutting experiments. The
method is presented and evaluated in article 3. The method was compared to other
parameter sets for AISI 1045 found in literature. In the test group, the proposed model
gave the best results for the analytic prediction of cutting forces. The method was fur-
ther validated in article 4, where the parameter set was used for FEM simulations. The
proposed model also gave the best results with the simulations. Both articles also point
out that the optimization routine has multiple local minima and the model parameters
should be kept static regarding those parameters that are directly linked to measura-
ble material properties like yield stress or melting temperature. The results so far are
encouraging, but the method must be validated for multiple materials. The parallel-
sided shear zone model has difficulties when considering materials with a strong ten-
dency of forming saw-toothed chips, built-up edge or discontinuous chips. There are
some extensions to Oxley’s model like that proposed by Fang et al. in 2001, where a
slipline model for restricted tool-chip contact was developed [56], or the slipline
model by Uysal and Altan in 2015 for rounded-edge cutting tools [57], but it is not
obvious if the extensions to the slipline theory are practical or universal enough to be
used in inverse analysis.
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Finally, in article 5, the issue identified in article 2 regarding the material model
inadequacy for thermal behavior is investigated. The material testing data is unam-
biguous and the thermal damping at high strain rates is an existing behavior. A new
material model was developed based on the Johnson-Cook model. The model has ex-
cellent fit to the data and thus it was an unexpected result to find that the simulations
with the model were not in good agreement with cutting experiments. The effect of
variables other than the new modification in the model was ruled out by making yet
another modified version of the Johnson-Cook model with strain hardening cut-off.
This model had a simple thermal softening behavior but the strain hardening was lim-
ited by cut-off strain. This model produced significantly better results compared to the
cutting experiments, and it was concluded that the thermal damping effect does not
affect the cutting process. The physical explanation behind this should be investigated
to better understand material behavior under cutting conditions.
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5 Summary

This dissertation investigates the material model parameter acquisition for finite ele-
ment simulations of cutting. The model parameters are traditionally determined from
tensile testing and SHPB testing, but the shortcoming of this method is that the testing
conditions are not the same as in the cutting process. The theory of metal cutting, ma-
terials testing, the finite element method and cutting experiments are introduced as
the theoretical foundation to this dissertation. Using cutting experiments as a materi-
als testing method is proposed in order to test the material properties in cutting con-
ditions. This requires an analytical model for determining the relationship between
cutting experiment outputs, cutting force, temperature and chip morphology to mate-
rial model inputs that are strain, strain rate and temperature.

The first article investigates the interdependencies of the cutting parameters
with graph analysis and qualitative data found in literature. A binary matrix of rela-
tionships was compiled and used as an input in Gephi network analysis software.
Modularity analysis was done that show that the parameters can be divided in ma-
chine parameters and design parameters, as shown with red and turquoise in the Fig-
ure 13. The results also shows that cutting temperature, cutting tool, cutting feed, cut-
ting speed, cutting force, tool wear and cutting depth are the most critical machine
parameters in cutting. Most important design parameters are surface quality, toler-
ances and residual stresses.

Figure 13 Cutting Parameter Relationship Graph [Publication 1]
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The second paper investigates the state-of-the-art method of acquiring the ma-
terial model parameters with material testing methods. Low-lead brass is character-
ized with tensile testing and SHPB tests. The material model is used in FEM simula-
tions and the results are compared to cutting experiments. This investigation resulted
in two conclusions: Materials testing is expensive and time consuming, and the mate-
rial model used is not able to take into account thermal behavior in all strain rates.
This results are discussed in depth in publication 5. The practical implications of the
work are that the chip breakage of the low lead brass can be achieved when the cutting
temperature can be kept moderate. This is managed by minimizing plastic strain in
the chip formation zone. The simulations show that plastic strain and temperature are
minimized with positive rake angle, high cutting speed and small feed. This conclusion
was also observed in the cutting experiments. The experimented chip lengths are
shown in Figure 14.

Figure 14 Chip Length as Observed from Cutting Experiments [Publication 2]

The analytical model used in this dissertation is an extension of Oxley’s parallel-
sided shear zone theory, where the original stress-strain relation is replaced with the
Johnson-Cook material model. This method is presented in publication 3. Strain is
calculated from cutting experiment data with Oxley’s model, strain rate is calculated
with the extension of Oxley’s model, and the temperature is used as measured. These
values are used as inputs to the Johnson-Cook model and the output, i.e., flow stress,
is used in Oxley’s model to calculate the resultant force. The resultant force is com-
pared to the experiments and Johnson-Cook parameters are iterated to achieve the
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minimum mean square of errors. Cutting experiment data from AISI 1045 is used as
the testing data for the method. The method gives the best fit to the data compared to
Johnson-Cook parameters found in literature as shown in Table 1. The iterative fitting
process gives 3 sets of parameters depending on what limits are used for the parame-
ters. It was concluded that there are many local optimal solutions for flow stress model
parameters and it is advisable to use compression test values for setting the reference
frame for the model parameters.

Table 1 Johnson-Cook Parameters and Accompanying Error in Resultant Cutting Force from Oxley's
Model Compared to Experiments [Publication 3]

nr. Laakso 1 Laakso 2 Laakso 3 Jaspers et al. 4 Klocke et al. 5

A 550 391 290 553 546

B 600 217 283 601 487

n 0.234 0.340 0.249 0.234 0.250

C 0.025 0.003 0.004 0.013 0.027

m 0.741 3.283 3.365 1.000 0.631

Tmelt 1460 1460 1460 1460 1460

Tref 20 20 20 20 20

(d /dt)ref 7500 7500 0.001 7500 0.001

avg. error 5.3 % 5.0 % 5.0 % 20.4 % 13.4 %

max. error 12.6 % 9.9 % 9.9 % 34.9 % 28.4 %

min. error 0.0 % 1.1 % 1.1 % 7.5 % 0.8 %

The inverse analysis routine is further examined in publication 4 using the ac-
quired Johnson-Cook parameters in FEM simulations, to compare if the simulated
results are in agreement with analytical model and cutting experiments. The parame-
ter sets 1-3 by Laakso and parameter sets 4 and 5 for reference were simulated with
AdvantEdge 2D. The results show that parameter set 1 gives the best fit to experi-
mented data as seen in Table 2. Also, the issue that was raised in the publication 3
regarding the multiple local solutions for the fitting of the model was confirmed. The
parameters sets that were less restricted regarding the yield stress and strain harden-
ing give unrealistic results from simulations that can be observed in Figure 15, where
the chip formation is unrealistic regarding parameter sets 2 and 3.
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Table 2 FEM Simulation Error Compared to Experiments [Publication 4]

Laakso 1 Laakso 2 Laakso 3 Jaspers et al. 4 Klocke et al. 5

Avg. Error Avg. Error Avg. Error Avg. Error Avg. Error

FC 7 % 39 % 42 % 28 % 30 %

FT 17 % 39 % 41 % 28 % 35 %

R 9 % 39 % 41 % 27 % 31 %

T 10 % 14 % 16 % 15 % 26 %

Figure 15 Simulation Results from FEM Analysis, the Parameters Sets from Left to Right are in Numer-
ical Order 1-5 [Publication 4]

The last article revisits the material testing data of lead free brass to develop a
new material model that is able to model the thermal behavior in all strain rates. The
behavior is named thermal damping. The damping effect is illustrated in Figure 16.
Johnson-Cook model was modified to include the damping function. The modified
Johnson-Cook model has significantly better fit to the material testing data than un-
modified model. The modified model is plotted in Figure 17. Based on simulations,
cutting experiments and the materials testing data, it is concluded that the behavior
does not occur in cutting conditions even though it does occur in material testing con-
ditions.

Figure 16 Thermal Softening Curves with Damping Function and Unmodified Johnson-Cook Thermal
Softening [Publication 5]



37

Figure 17 Modified Johnson-Cook Model Plot with Material Testing Data Points (Small X's) [Publica-
tion 5]

To conclude, the work done in this dissertation shows that cutting experiments
have potential as materials testing method and the difference in testing conditions of
materials testing and cutting experiments can lead to great errors in simulations. Fur-
ther development should be done regarding more complex material behavior like yield
delay and chip formation models for built up edge, saw toothed chip and discontinu-
ous chip.
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ABSTRACT

Material model parameters are the primary source of error in the finite element analysis (FEM) of cutting pro-
cesses. Expensive and time consuming material testing is required in order to describe the material’s behavior in
high temperature and high strain rate conditions during cutting. An alternative approach has been suggested in
research papers; inverse analysis using cutting experiments together with FE analysis or analytical models. The
latest approach is to combine an analytical model together with a material model capable of describing flow
stress in terms of strain, strain rate and temperature, and using cutting experiments to acquire input parameters
for inverse analysis, from which the material model parameters can be solved. In this paper, performance evalua-
tion is done for five different sets of Johnson Cook parameters for AISI 1045, acquired with materials testing, in-
verse analysis with FEM, and the proposed combined inverse analysis with an analytical model and cutting ex-
periments. The performance is evaluated by running simulations with a wide range of cutting parameters and
comparing the simulated results of cutting forces and temperature to known experimental results found in litera-
ture. It was found that the proposed inverse method produces better performing model parameters than those
found in literature.

1.INTRODUCTION

In order to use the FEM modeling of cutting in industrial applications, more robust material modeling using real
cutting data is required instead of expensive materials testing data. Different approaches using inverse modeling
have been suggested by Sartkulvanich et al. [1, 2, 3], Klocke et al. [4], and Laakso & Niemi [5]. Each of these meth-
ods adjusts the model parameters to fit the model to the cutting data acquired from cutting experiments. The major
differences are that Sartkulvanich uses analytical models where Klocke uses simulations in iterative trials to fit the
model to the data. Laakso’s approach uses an analytical model as well, but instead of analytic or simulated solutions
of plastic strain, strain rate and temperature, real cutting data is used as an input to the model.

These approaches have been evaluated by Laakso & Niemi [5], by using five different sets of Johnson Cook ma-
terial model parameters together with a modified Oxley’s chip formation model, presented in [6]. The modified
Oxley’s model can be used with any material model instead of the power function of yield stress (as in the original
Oxley’s model). The results produced using the parameters from Laakso & Niemi, Klocke et al. and Lalwani et al.
were compared to the real cutting experiment data of AISI 1045 by Ivester et al. [7, 8] and Iqbal et al. [9]. The
method proposed by Laakso & Niemi produced data that had, on average, a 5 % error in resultant forces, where the
same results with parameters by Klocke [4] produced a 13 % error, and with parameters by Lalwani et al. [6] and
Jaspers & Dautzenberg  [10] they produced a 20 % error. In this paper, the same model parameters as in Laakso &
Niemi [5] are used with FEM simulations to evaluate if the performance with a modified Oxley’s model correlates
with the performance in simulations.

2.MATERIALS AND METHODS

Third Wave Systems’ AdvantEdge (http://www.thirdwavesys.com/) is used to simulate the orthogonal cutting of
AISI 1045 with 12 different cutting conditions and five different material parameter sets. The software was first
presented in a paper by Marusich and Ortiz [11]. The software is based on a dynamic explicit Lagrangian finite

* Sampsa VA Laakso: Tel.: +358(0)407055039; E-mail: sampsa.laakso@aalto.fi
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element model, which employs adaptive remeshing to avoid element distortions. The model is based on equations of
motion and a thermo-mechanically coupled material model. In this paper, a Johnson Cook material model is used
(equation 1) [12]:= ( + ) 1 + ln 1 . (1)

Where A = Yield Equivalent, B = Strain Hardening Multiplier, n = Strain Hardening Exponent, m = Thermal Soften-
ing Exponent,  = Strain, Strain , = Rate T = Temperature,  = Reference Temperature,  = Melting Tem-
perature.

The cutting conditions are presented in

Table 1. A wide range of cutting conditions is used to ensure that the model is accurate beyond local cutting
conditions. Also, as cutting is a complex physical problem, interaction of different cutting parameters makes meas-
uring the effect of individual parameters difficult [13]. The cutting conditions are the same as those used by Ivester
et al. (A1–A8) and Iqbal et al. (B1–B4) in their cutting experiments [7, 8, 9]. No cutting fluid was used in the simula-
tions or in the cutting experiments by Ivester et al. or Iqbal. The friction was set to a standard 0.5 in the simulations
and tool cutting edge sharpness was set to 20 μm. The length of cut was set to 5 mm to have steady state chip.
40 000 nodes were used in the simulations.

Table 1: The Cutting Conditions Used in Simulations: Cutting Speed, Feed, Rake Angle, Width of Cut, Measured Resultant
Cutting Force, and Temperature in Chip Formation Zone

Nr. v (m/min) f (mm/r)  w (mm) Rexp (N) TAB (C°)

A1 200 0,15 5 1,6 2900 561

A2 300 0,15 5 1,6 2564 618

A3 200 0,15 -7 1,6 3285 544

A4 300 0,15 -7 1,6 3234 653

A5 200 0,3 5 1,6 2222 600

A6 300 0,3 5 1,6 1954 653

A7 200 0,3 -7 1,6 2590 586

A8 300 0,3 -7 1,6 2531 535

B1 198 0,1 0 2,5 2812 564

B2 399 0,1 0 2,5 2538 613

B3 628 0,1 0 2,5 2314 620

B4 879 0,1 0 2,5 2339 628

The material parameters used in the simulations are presented in Table 2. Sets JC1–JC3 are from the inverse
analysis presented by Laakso & Niemi [5]. Set JC1 was fitted to cutting data by varying  and ; set JC2 by vary-
ing all parameters at 7500 s-1 reference strain rate; and set JC3 was similarly fitted with the reference strain rate at
0,001 s-1. Parameter A is bound between 290–660 MPa in the fitting since A represents yield stress in the model.
Other variables are bound between 0 and 10 except B, which is bound between 0 and 1000. Set JC4 is from Lalwani
et al. [6] and set JC5 is from Klocke et al. [4]. Lalwani et al. [6] used the Johnson Cook parameters found in Jaspers
& Dautzenberg  [10] and the experimental results of Ivester et al. [7]. The high variation between the model parame-
ters, especially regarding JC2 and JC3, can be explained by the mechanistic nature of Oxley’s model. There can be
many local optimums and some of them can be unrealistic. Therefore, as suggested by Laakso & Niemi [5], the
model parameters that have a clear link to actual material behavior (like yield stress or a strain hardening exponent)
should be kept constant and preferably be acquired from material tests. Even though the method can be used with
any material model besides the Johnson Cook model, the cutting experiments might not give distinct enough differ-
ences in temperatures or strain rates to identify all material behavior – like coupled rate hardening and thermal sof-
tening identified in [14,15] – to fit more complex material models to the data.
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Table 2: Material Model Parameter Sets

Parameter JC1 JC2 JC3 JC4 JC5

A 550 391 290 553 546

B 600 217 283 601 487

n 0,234 0,340 0,249 0,234 0,250

C 0,025 0,003 0,004 0,013 0,027

m 0,741 3,283 3,365 1,000 0,631

Tmelt 1460 1460 1460 1460 1460

Tref 20 20 20 20 20

(d /dt)ref 7500 7500 0,001 7500 0,001

3.RESULTS AND DISCUSSION

The simulation results are presented in Figure 1. The simulation results, cutting forces, tangential forces and
temperatures are compared to the cutting experiments (the black bars). The resultant forces calculated from the cut-
ting forces and tangential forces are also included in the comparison. More detailed simulation results are presented
in Appendix 1. The errors are calculated for each test condition and the material parameter set and the average, max-
imum and minimum errors are presented in Table 3.

Figure 1: A Comparison of the Cutting Forces and Temperatures of the Simulations and Cutting Experiments
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Table 3. Error Comparison

JC1 JC2 JC3 JC4 JC5

Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min.
FC 7 % 20 % 0 % 39 % 82 % 11 % 42 % 86 % 11 % 28 % 41 % 12 % 30 % 47 % 1 %

FT 17 % 42 % 4 % 39 % 60 % 12 % 41 % 59 % 14 % 28 % 59 % 2 % 35 % 61 % 2 %
R 9 % 26 % 0 % 39 % 72 % 19 % 41 % 76 % 20 % 27 % 46 % 4 % 31 % 51 % 3 %

T 10 % 40 % 1 % 14 % 36 % 1 % 16 % 39 % 2 % 15 % 51 % 0 % 26 % 61 % 0 %

Based on these results, the JC1 parameter set clearly performs better than the parameter sets JC2–JC5. JC1 pro-
duces a less than 20 percent average error in all categories, whereas other parameters sets produce 30–40 percent
average errors. The greatest differences between the models are in the model behavior under different cutting
speeds. JC1, JC4, and JC5 produce better results at higher cutting speeds, but JC1 gives the best overall performance
through all cutting speeds. The JC1 model is also significantly more accurate than the other models on high chip
loads (large chip cross-section area, feed x width of cut) in test conditions A5–A8. JC2 and JC3 have lower perfor-
mance at the higher speeds but also the worst performance in all categories. This can be explained by the model
parameter C that affects the rate hardening. The low C values of JC2 and JC3 affect the model behavior, especially
at high strain rates (i.e., at high cutting speeds) so that the increase of the flow stress of the material is not signifi-
cant. Though this is against intuition, JC2 and JC3 produce overestimated values for the cutting forces on high cut-
ting speeds, even when the flow stress is lower than in JC1, JC4, and JC5. This can be explained by the chip for-
mation; the softer material forms a larger plastic deformation zone, instead of a clean chip formation zone, and the
chip formation causes a higher load on the tool. This can be observed in Figure 2, where JC2 and JC3 have clear
differences to other models in the size of the shear zone. JC2 and JC3 produce a much thicker chip in all simulations
because the A and B values are underestimated, leading to lower flow stresses in general. Also, the thermal softening
behavior determined by the parameter m in JC2 and JC3 is over three times the value of the other models; this leads
to a slower decrease of flow stress with increasing temperature when compared to other models – though that does
not affect the results as much as the rate hardening exponent.

Figure 2. Simulated Plastic Strains. B3 Cutting Conditions, JC1 to JC5 from left to right

4.CONCLUSIONS

The material model parameters acquired by the inverse analysis method proposed by Laakso & Niemi [5] are
compared to other material parameter sets. The evaluation was conducted by Laakso & Niemi [5] by analytical
model and the conclusion was that the inverse method proposed produces better performing parameters that those
found in literature. In this paper, the model was further evaluated by implementing the model parameters in FEM
simulations and comparing those to experimental results and to simulations with other material parameters. The
results are similar to those of the analytical model in [5]. The material parameters proposed (set JC1) produced the
most accurate results from the simulations. It is safe to say that the inverse method can be used to acquire material
model parameters from cutting experiments. Though one point has been found that should be taken into account
when implementing the method:

As analytical models like Oxley’s model can produce the same cutting forces with different parameters,
model fitting must be done so that the parameters that are clearly bound by material properties, like yield
strength, are determined from material testing to avoid unrealistic material behavior, like in the case of the
JC2 and JC3 parameter sets.
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Abstract

Results of materials testing for lead-free brass show that the effect of thermal softening decreases

significantly when the strain rate is high. This behavior is referred to as thermal softening damping.

In this paper, a flow stress model with thermal softening damping based on the Johnson-Cook flow

stress model was developed. Finite element simulations with the proposed model are compared to

cutting experiments to estimate the effect of damping in metal cutting.
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Low Lead Brass

Introduction

Finite element simulations of cutting employ a flow stress model to predict the required stress for

chip formation. Flow stress models gives the stress in respect to strain, strain rate and temperature.

The most fundamental effects are strain hardening, rate sensitivity and thermal softening. Other

behaviors can be observed, depending on the material, including yield delay, temperature and rate

dependent strain hardening, and thermal softening dependent on strain rate. In this paper,

modifications to the Johnson-Cook flow stress model1 are made to implement the coupled effect of

thermal softening and rate sensitivity. Material testing results and literature sources are presented as

evidence of the existence of this behavior, and the effect of the behavior in cutting is investigated. In

the proposed model, an increasing strain rate leads to a decrease in the effect of thermal softening.

This is significantly different from the rate sensitivity, since the nominal flow stress is not exceeded

due to the thermal softening damping multiplier approaching a predetermined cutoff value with an

infinite strain rate. The rate sensitivity in the model is replaced with rate sensitivity from the modified



power law presented by Marusich.2 Additionally, a decrease in the initial yield stress and the slope of

the strain hardening with increasing temperature was identified in the material testing data, although

this is not addressed in this paper in terms of modifications to the material model. These behaviors

also diminish with increasing strain rate. Finite element simulations with the proposed model are

compared to cutting experiments to evaluate the effect of damping behavior on cutting.

Wang et al. have modified the Johnson-Cook model so as to model the behavior of brass (Cu 79–

81 %, Si 2.5–4.5 %, and the remainder of Zn) over a wide range of strain rates.3 The rate sensitivity

they observed is very similar to that of the current paper, while the effect of the strain rate is

insignificant in regard to strain hardening behavior. For this reason, the rate dependent coefficient in

strain hardening is left out of the scope of this paper. Xiao et al. have developed an Arrhenius-type

equation for modeling H62 brass stress-strain behavior with different strains and temperature. 4

Although the experiments by Xiao et al. have limited strain rate range in regard to cutting conditions,

the coupled effect of temperature and strain rate can be identified in their results. Jiang et al. modified

the power law equations to simulate cutting of Al7050-T7451. The results of their materials testing

show that the thermal softening damping behavior is present also in aluminum.5

Materials and Methods

This research has three major parts: cutting experiments, materials testing, and cutting simulations.

A manual lathe is used for the cutting experiments. The cutting experiment setup is presented in

Figure 1. The workpiece was a Ø55 mm cylinder with 2 mm wide flanges. The groove depth was

4 mm and the width was 3 mm. The tool was generic high speed steel with a 9 degree release angle

and a zero degree rake angle. The tool holder was installed on a Kistler 9257A piezoelectric sensor

for force measurements. The tool holder was set at two positions, with a rake angle of ±4 degrees and

therefore a 5 and 13 degrees release angle. The cutting edge angle was 90 degrees and the tool cutting

edge preparation (corner radius) was approximately 30 μm. This is observable from the microscope

image (Figure 2) of the tool rake face, where it can be seen that the tool edge roundness is clearly less

than one thirds of the minimum 0.1 mm range of a glass scale. The feed direction was orthogonal to

the workpiece, leading therefore to almost orthogonal cutting. Cutting fluid was not used. Four sets

of cutting parameters were used, two feeds 0.1 and 0.4 mm/r and two rotation speeds leading to 54–

47 m/min and 216–185 m/min cutting speeds, depending on the cutting length (radial depth). The

width of the cut was the same as the flange width. The chips were collected after each test and the

chip thickness was measured. Each experiment was repeated three times.



Figure 1 Cutting Experiment Setup

Figure 2 Cutting Tool Edge Preparation on the Rake Face (Facing Up)

The lead-free brass investigated in this paper is close to the standard CW511L. The composition of

the brass is presented in Table 1. Details of the materials testing, compression tests, Split Hopkinson

Pressure Bar (SHPB) tests and tensile testing have been presented in the authors’ previous work

(Laakso et al. 2013).6 The most significant results from those experiments are presented in Figure 3

and Figure 4, where the thermal softening effect can be seen to diminish in high strain rate tensile

testing and SHPB experiments.



Table 1 Chemical composition of the lead-free brass

Sn Pb P Fe Si As Sb Al Cu B

0.15-

0.25

0.2 max 0.01

max

0.05-

0.10

0.02

max

0.02

max

0.03-

0.06

0.60-

0.65

61.5-

63.5

10-14

ppm

Figure 3 Stress-Strain Curve on Low Strain Rate from Tensile Testing

Figure 4 Stress-Strain Curve on High Strain Rate from SHPB testing



Simulations were done with Third Wave Systems AdvantEdge FEM simulation software, running on

a PC with 24 3.6 GHz Intel Xeon Cores, 32 GB of memory, an Nvidia Quadro FX 1800 graphics card

and 3x500 GB hard drives on RAID 5 configuration. The software uses dynamic explicit Lagrangian

finite element solver and the chip formation and element distortion is handled with adaptive

remeshing. The user routine for the material model was programmed with Fortran, using Microsoft

Visual Studio and compiled with the Intel Fortran Compiler. The simulation setup had 30 000

elements and the workpiece was 8x2 mm. Simulations were done with the same cutting parameters

as the cutting experiments, although the cutting speeds were set to 50 m/min and 200 m/min. The

same simulations were done with the unmodified Johnson-cook model for comparison. Simulations

with the Johnson-Cook model with a strain hardening cutoff were done to inspect the effect of thermal

softening damping alone. The importance of strain hardening cutoff is discussed in Jiang et al.5

Additionally, simulations with the modified Johnson-Cook model with a damping cutoff value set to

1.0 were done to remove all sources of error between the two models.

Flow Stress Model

The flow stress model used in this paper is based on the widely used Johnson-Cook model with two

modifications. The unmodified Johnson-Cook model is presented in equation 1. The modified model

is presented in equation 2 as the multiplication of three individual parts that represent strain hardening

(equation 3), rate sensitivity (equation 4) and thermal softening (equation 5). The strain hardening is

limited by the cutoff strain, after which the stress is constant, presented in Figure 5 First modification

was done on rate sensitivity that was replaced with modified power law rate sensitivity developed by

Marusich2. The rate hardening multiplier is plotted in Figure 6. The second modification was thermal

softening damping. Damping causes thermal softening to decrease with increased strain rate. The rate

dependent damping function is presented in equation 6 and it is plotted in Figure 7. The damping

cutoff value ccut represents the ratio of thermal softening in low strain rates and thermal softening in

high strain rates. Setting the value to 1.0, the damping effect is removed, whereas the maximum

damping i.e. no thermal softening would occur at the value 0.0 before the cutoff temperature. The

simulations were also done with the unmodified Johnson-Cook model and Johnson-Cook model with

strain cutoff. In the model with the strain cutoff, the first Johnson-Cook term A+B n is replaced with

the strain hardening presented in equation 3.



Johnson-Cook Model [1] = ( + ) 1 + 1 1

Modified Johnson-Cook Model = ( ) ( ) ( , ) 2

Strain hardening ( ) = + <+ 3

Rate Sensitivity multiplier ( ) = 1 +
1 + 1 + > 4

Thermal Softening Multiplier ( ) =
1 ( )( ) 0

5

Thermal Softening Damping Function ( ) = ++ 6

Figure 5 Strain Hardening Curve



Figure 6 Rate Sensitivity Multiplier

Figure 7 Thermal Softening Multiplier

Fitting the Flow Stress Model to the Materials Testing Results

The first steps in fitting the model to the materials test data were to set the strain hardening parameters,

since they are considered independent in respect to strain rate and temperature. Strain hardening at a

temperature of 25 °C and strain rate of 0.001 1/s were selected as the reference strain hardening curve.

The model was fitted to the testing data so as to minimize the square of errors of the yield stress. The

fitted model and testing data are presented in Figure 8. Figure 9 shows the similar strain hardening

plot but for higher strain rate (1300 1/s) to illustrate that the model fit is also good in high strain rates.



The strain hardening model accuracy was 3.33% calculated as average deviation. The original

unmodified Johnson-Cook model was similarly fitted to the testing data.

Figure 8 Strain Hardening at 0.001 1/s and 25 °C

Figure 9 Strain Hardening at 1300 1/s and 25 °C

When the strain hardening is set, the materials testing data can be normalized in terms of thermal

softening and rate sensitivity. A plastic strain value of 0.19 was selected as the reference point for all



material behaviors, since it is the largest strain where material testing data was obtained in all test

conditions. The model was then fitted to the normalized testing data in respect to rate sensitivity and

thermal softening. The strain cutoff value was selected based on the cutting experiments and

simulations, though 0.2 was used as the initial value. The friction coefficient was adjusted based on

the experiments and simulations, with an initial value of 0.1. The fitted model parameters are

presented in Table 2. The model accuracy was 4.77%. The materials testing data and equivalent model

values are presented in Figure 10. Figure 11 shows the model surface fit to the material testing data

points in strain rate-temperature based system. The physical properties of the brass presented in Table

3 were acquired from the material manufacturer’s brochure.7 Parameters for the unmodified Johnson-

cook model and the model with strain cutoff are presented in Table 4. The model parameters in Table

4 were also identified with model fitting by the author, as presented above. The accuracy for the

Johnson-Cook model was 42.09%.



Table 2 Flow Stress Model Parameters

Strain Hardening

Parameters

A initial yield stress Pa 93E6

B strain hardening stress coefficient Pa 978E6

n strain hardening power coefficient - 0.662

cutoff strain - 0.2

Thermal Softening

Parameters

Troom room temperature °C 19.4

Tmelt melting temperature °C 920

m thermal softening power coefficient - 1

Tcut cutoff temperature °C 468

Rate Sensitivity

Parameters

m1 strain rate exponent 1 - 131.6

m2 strain rate exponent 2 - 27.5

high strain rate limit 1/s 886

reference strain rate 1/s 0.000888

Damping Parameters
high damping strain rate limit 1/s 103

damping cutoff - 0.118

Table 3 Material Physical Properties

Heat Transfer

k thermal conductivity W/m°C 123

c heat capacity J/kg°C 375

density kg/m^3 8400

alpha (thermal expansion) 1/°C 2.05E-5

Elastic
E Youngs Modulus Pa 97E9

Poisson’s Ratio - 0.3754



Table 4 Johnson-cook Model Parameters

Strain Hardening

Parameters

A initial yield stress Pa 93E6

B strain hardening stress coefficient Pa 978E6

n strain hardening power coefficient - 0.662

cutoff strain - 0.28

Thermal Softening

Parameters

Troom room temperature °C 20

Tmelt melting temperature °C 920

m thermal softening power coefficient - 0.131

Rate Sensitivity

Parameters

C rate hardening coefficient - 0.0935

reference strain rate - 0.001

Figure 10 Material Model and Experimental Stress Values at 0.19 Strain



Figure 11 The Modified Johnson Cook Model Plotted as a Surface by Strain Rate and Temperature, the small
X’s are Material Testing Data Points for Reference

Results

The cutting experiments produced consistent results for cutting forces for each repeated experiment

with an average 3.9% deviation. The cutting force results are presented in Figure 12. Chip thicknesses

showed larger variation, with an average 13.3% deviation, presented in Figure 13. Simulations with

the modified and unmodified Johnson-Cook model produces very different results. The unmodified

Johnson-Cook model produced overestimated forces and chip thicknesses, with an error of 20.5% for

tangential force, 208% for the main cutting force and 240.1% for the chip thickness. The modified

Johnson-Cook model produced better results with corresponding errors of 21.4%, 35.0% and 43.9%.

The comparison of the cutting forces is presented in Figure 14. Figure 15 presents the second set of

simulations. Simulations with the Johnson-Cook model with the strain hardening cutoff set to 0.28

produced much better results, leading to 9.4%, 3.5% and 20.6% errors, respectively. The modified

Johnson-Cook model with the damping cutoff set to 1.0 produced similarly better results, of 15.7%,

5.6% and 31.8%, respectively. The simulation results regarding temperature distribution in the shear

zone and chip thickness are presented in Appendix 1.



Figure 12 Measured Forces from Cutting Experiments

Figure 13 Measured Chip Thicknesses from Cutting Experiments, Error Bars Indicate the Measured Maximum
and Minimum Values



Figure 14 Cutting Forces from Simulations and Experiments (Modified Johnson-Cook, MJC, Original Johnson-
Cook, OJC)

Figure 15 Cutting Forces from Simulations and Experiments, no thermal damping (Modified Johnson-Cook
model with no damping effect, MJC0, Original Johnson-Cook with Strain Cutoff, OJC CUT)

Conclusions

Based on the cutting experiments and simulation results, the effect of thermal softening damping on

high strain rates observed in the materials testing results did not seem to impact the cutting. There are

a few possible explanations for why the materials testing data and cutting experiments contradict each

other: if the thermal softening damping occurs only in a very short time interval, the effects are



negligible in a continuous cutting process. Moreover, the damping effect could diminish in high

strains, as the simulations suggest that strains during cutting are 1 to 2.0 in magnitude in the shear

zone, while the material model covers only strains from 0 to 0.3. The time aspect of the damping in

particular needs more research, since it shares similarities with yield delay behavior and the effect on

cutting as proposed by Childs et al.8 Their conclusions were based on results of Marsh & Campbell

1963, where high speed compression experiments with low carbon steel were conducted, and the

stress level was seen to be dependent on time.9 In other words, the strain did not begin until after a

certain time period, which was named the yield delay.  This can also be observed in stress that is

higher in the first tenths of seconds and which stabilizes after one second of loading. If this behavior

were also to be found in the brass investigated in this paper, the SHPB experiments could add too

high stress, since the loading cycle is too short. The absence of the damping effect in cutting implies

that using analytical model and cutting experiments as inverse method to obtain flow stress model

parameters as discussed in Laakso and Niemi, 2015 is plausible even with materials with more

complex thermal behavior that was questioned in the paper.10
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Appendix 1: Simulation Results

Figure 16 Simulations with the original Johnson-Cook Model with cutting speeds 50 m/min and 200 m/min
and =-4 and 4°, f = 0.1 mm/r

Figure 17 Simulations with the original Johnson-Cook Model with cutting speeds 50 m/min and 200 m/min
and =-4 and 4°, f = 0.4 mm/r



Figure 18 Simulations with the modified Johnson-Cook Model with cutting speeds 50 m/min and 200 m/min
and =-4 and 4°, feed = 0.1 mm/r

Figure 19 Simulations with the modified Johnson-Cook Model with cutting speeds 50 m/min and 200 m/min
and =-4 and 4°, feed = 0.4 mm/r



Figure 20 Simulations with the original Johnson-Cook Model with strain cutoff with cutting speeds 50 m/min
and 200 m/min and =-4 and 4°, feed = 0.1 mm/r

Figure 21 Simulations with the original Johnson-Cook Model with strain cutoff with cutting speeds 50 m/min
and 200 m/min and =-4 and 4°, feed = 0.4 mm/r



Figure 22 Simulations with the Modified Johnson-Cook Model without damping with cutting speeds 50 m/min
and 200 m/min and =-4 and 4°, f = 0.1 mm/r

Figure 23 Simulations with the modified Johnson-Cook Model without damping with cutting speeds 50 m/min
and 200 m/min and =-4 and 4°, f = 0.4 mm/r







This dissertation investigates the material 
model parameter acquisition for finite 
element simulations of cutting. The model 
parameters are traditionally determined 
from tensile testing and SHPB testing, but 
the shortcoming of this method is that the 
testing conditions are not the same as in the 
cutting process. The theory of metal cutting, 
materials testing, the finite element method 
and cutting experiments are introduced as 
the theoretical foundation to this 
dissertation. Using cutting experiments as a 
materials testing method is proposed in 
order to test the material properties in 
cutting conditions. This requires an 
analytical model for determining the 
relationship between cutting experiment 
outputs, cutting force, temperature and chip 
morphology to material model inputs that 
are strain, strain rate and temperature. The 
model parameters acquired with this 
method are in good agreement with the 
experimental results. 
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