
Improved finite element modeling for chip 
morphology prediction in machining of  
C45E steel
Within the manufacturing of metallic components, machining plays an important role and is of vital significance to ensure 
process reliability. From a cutting tool design perspective, physics-based numerical modeling that can predict chip morpholo-

gy is highly needed to design tool macro geometry. The chip morphology describes the chip shape geometry and the chip curl 
geometry. Improved chip morphology prediction increases process reliability by improved chip breakability and e�ective chip 
evacuation.

Toward this goal, in this work, a platform is developed to compare a numerical model’s chip morphology prediction with exper-
imental results. Numerical models that simulate the chip formation process are used to predict the chip morphology accom-
panied by machining experiments. The platform consists of tools such as computed tomography, high speed videography and 
geometrical modeling as part and are capable of characterizing chip curl in orthogonal and oblique cutting process.

With regards to chip shape predictability, the numerical models that simulate the chip formation process are improved by 
improving the flow stress models and evaluating advanced damage models. The workpiece material, C45E steel is character-
ized using Gleeble thermo-mechanical simulator and the obtained flow stress is modeled using phenomenological flow stress 
models. Existing phenomenological flow stress models are modified to improve their accuracy. The damage models’ influence 
on the continuous chip to segmented chip transition prediction is studied. The flow stress models and the damage models 
are implemented in the numerical models through FORTRAN subroutines. The continuous to segmented chip transition is 
evaluated for varying rake angles and feed rate at a constant cutting velocity.

The results show that the numerical model evaluation platform enables reliable quantitative evaluation of chip morphology 
prediction capability’ viewpoint for the nose turning process. The numerical modeling results show that the chip curl variation 
for varying cutting conditions is predicted qualitatively. The flow stress curves obtained through Gleeble thermo-mechanical 
simulator show dynamic strain aging presence in specific temperature -strain rate ranges. The results of the phenomenolog-
ical model modification show their ability to incorporate the dynamic strain aging influence. The modified phenomenological 
model improves the accuracy of the numerical models’ prediction accuracy. The flow stress models combined with advanced 
damage model can predict the transition from continuous to segmented chip. Within damage model, the fracture initiation 
strain component is observed to influence the continuous chip to segmented chip transition and chip segmentation intensity 
for varying rake angle and feed rate and at a constant cutting velocity.
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Populärvetenskaplig Sammanfattning  

Nyckelord: Spånkrökning; Spånflöde; Spånsegmentering; Datortomografi; 
Skademodelleringen; Modellering av Flytspänning; Bearbetning 

Bearbetning är en 150-årig tillverkningsprocess som återfinns antingen direkt eller 
indirekt i nästan allt som tillverkas. I dagsläget med den snabba omställning mot 
mer digitala arbetssätt riskerar allt som inte digitaliseras med stor sannolikhet att 
bli kvarlämnat. Två aspekter mot digitaliseringen av skärande 
bearbetningsprocesser har genomförts i detta arbete. Den första var en 
utvärdering av befintliga metoder och utvecklingen av nya metoder för att 
digitalisera komplexa spångeometrier som återfinns i bearbetningsprocessen, 
vilket inte tidigare gjorts. Nästa steg är att fånga fysiken som är involverad i en 
skärprocess för att kunna simulera denna med högre noggrannhet. I denna del av 
arbetet har inriktats till att urskilja små förändringar i ingångs förhållandena i dess 
relation till spånformning. 

En spånans ytstruktur kan vara antingen slät eller korrugerad. Att veta vilken 
spånform som kommer att skapas ger oss förmågan att bättre kontrollera 
bearbetningsprocessen. I det genomförda arbetet har det skapats förbättrande 
materialmodeller som möjliggör en ökad noggrannhet vad gäller möjligheten att 
simulera spånformen vid skärande bearbetning. En stor del av arbetet här har 
ägnats åt en ökad förståelse av ett materials uppträdande, i detta fall stål, vid 
skärande bearbetning. Detta har skett genom omfattande materialtestning där 
testresultaten har presenterats i form av matematiska ekvationer i de numeriska 
modellerna. Övriga metoder som har används för att skapa dessa digitala spånor 
inkluderar datortomografi, höghastighetsvideografi och matematiska modeller. 
När dessa kombineras med datorgrafik kan man erhålla numeriska modeller för 
att simulera skärande bearbetning.  

Resultatet av denna förbättring av befintliga numeriska modeller är förmågan att 
se påverkan av hur små förändringar i skärverktygets geometri kan påverka 
formen på den av skärprocessen skapade spånan. Sammantaget kan resultatet av 
den genomförda forskningen bidra till att skapa ett obrutet virtuellt arbetssätt vid 
produktutveckling av skärande verktyg. 
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prediction in machining of C45E steel 
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Within the manufacturing of metallic components, machining plays an important 
role and is of vital significance to ensure process reliability. From a cutting tool 
design perspective, physics-based numerical modeling that can predict chip 
morphology is highly necessary to design tool macro geometry. The chip 
morphology describes the chip shape geometry and the chip curl geometry. 
Improved chip morphology prediction increases process reliability by improved 
chip breakability and effective chip evacuation. 

To this end, in this work, a platform is developed to compare a numerical model’s 
chip morphology prediction with experimental results. The investigated cutting 
processes are orthogonal cutting process and nose turning process. Numerical 
models that simulate the chip formation process are used to predict the chip 
morphology accompanied by machining experiments. Computed tomography is 
used to scan the chips obtained from machining experiments evaluating its ability 
to capture the chip morphology variation. For the nose turning process, chip curl 
parameters need to be calculated during the cutting process. Kharkevich model is 
utilized in this regard for calculating the ‘chip in process’ chip curl parameters. 
High-speed videography is used to measure the chip side-flow angle during the 
cutting process experiments enabling comparison with physics-based model 
predictions.  

With regards to chip shape predictability, the numerical models that simulate the 
chip formation process are improved by improving the flow stress models and 
evaluating advanced damage models. The workpiece material, C45E steel, are 
characterized using Gleeble thermo-mechanical simulator. The obtained flow 
stress is modeled using phenomenological flow stress models. Existing 
phenomenological flow stress models are modified to improve their accuracy. 
The fracture initiation strain component of damage models’ influence on the 
prediction of transition from continuous chip to segmented chip is studied. The 
flow stress models and the damage models are implemented in the numerical 
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models through FORTRAN subroutines. The prediction of continuous to 
segmented chip transitions are evaluated for varying rake angles and feed rate at 
a constant cutting velocity. 

The results from the numerical model evaluation platform show that the 
methodology provides the framework where an advance in numerical models is 
evaluated reliably from a ‘chip morphology prediction capability’ viewpoint for 
the nose turning process. The numerical modeling results show that the chip curl 
variation for varying cutting conditions is predicted qualitatively. The flow stress 
curves obtained through Gleeble thermo-mechanical simulator show dynamic 
strain aging presence in specific temperature -strain rate ranges. The results of the 
phenomenological model modification show their ability to incorporate the 
dynamic strain aging influence. The modified phenomenological model improves 
the accuracy of the numerical models’ prediction accuracy. The flow stress models 
combined with advanced damage model can predict the transition from 
continuous to segmented chip. Within damage model, the fracture initiation strain 
component is observed to influence the continuous chip to segmented chip 
transition and chip segmentation intensity for varying rake angle and feed rate 
and at a constant cutting velocity. 
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Nomenclature 

Variable Description [unit] 
 Johnson-Cook model constant: (Strain hardening component) 
 Johnson-Cook model constant: (Strain hardening component) 

b1 Slant width of a helical chip [mm] 
ap  Depth of cut [mm] 

 Johnson Cook model constant (Strain-rate hardening component) 
 Taylor constants: Intercept on the speed axis 

e Distance between the plane of helix's axis and YZ plane [mm] 
f Feed rate [mm/rev [turning process]; mm [orthogonal cutting]] 
Ff Friction force [N] 
Fn Normal force [N] 
h1 Projection length of slant width of helical chip parallel to helix axis [mm] 

 Chip thickness [mm] 
hmax Maximum chip thickness [mm] 
hmin Minimum chip thickness [mm] 

 The incident intensity of X-ray [R] 

 Reduced-intensity of X-ray after passing through an object of interest 
[R] 

lc Tool chip contact length [mm] 
lp Length of sticking contact [mm] 
ls Chip segmentation width [mm] 

 Johnson-Cook model constant (Thermal softening component) 
 Johnson-Cook model constant (Strain hardening component) 
 Taylor constant: Slope of tool life vs cutting speed in a log-log plot 

p The pitch of screw chip [mm] 
Pr Tool rake face plane  

 The inherent radius of chip curvature (Nakayama equation) [mm] 
 Limiting radius of chip curvature to contact obstacle (Nakayama 

equation) [mm] 
 Initial chip curl radius [mm] 

 Chip curl radius based on galaxy describing function [mm] 
 Cutting velocity [m/min or rpm] 

 Tool life [min] 
 Johnson-Cook model variable: workpiece temperature [°C] 

 Johnson-Cook model constant: workpiece melting temperature [°C] 
 Johnson Cook model constant: room temperature [°C] 

AH The axis of screw chip helix 
AHr' Projection of AH on tool rake plane 
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XYZ A Cartesian coordinate system with Z axis positively directed outward 
from tool rake face, X is parallel to AH and Y-axis perpendicular to AHr 
while being parallel to tool rake face. 

Plane I The plane containing a chip's cross-section in orthogonal turning 
Plane II The plane containing the chip curl in orthogonal turning 

 Relief angle [°] 
 Wedge angle [°] 
 Rake angle [°] 

Δh Average chip thickness [mm] 
Δρ Difference between ρ0 and ρ1 [mm] 

 Chip curl constant based on galaxy describing function 
 Strain [dimensionless]  Johnson Cook Model variable: Equivalent plastic strain 
 Strain rate [s-1] 
 Johnson Cook model variable: Equivalent plastic strain rate [s-1] 
 Johnson Cook model constant: reference plastic strain rate [s-1] 
 Ultimate strain of chip material [dimensionless] 

η Chip side-flow angle [°] 
ηc Angle between and a [°] 
θ The angle of tilt of helix's axis with tool rake face plane [°] 

 Initial chip curl twist angle [°] 
 Chip curl variable based on galaxy describing function [°] 

μ Coulomb friction factor 
 Material photoelectric absorption coefficient under X-ray radiation 

 Chip curl curve 
 Chip side-curl curvature radius [mm] 
 Chip up-curl curvature radius [mm] 

1/  Chip side-curl curvature [mm-1] 
1/  Chip up-curl curvature [mm-1] 

 Largest radius of screw chip face [mm] 
 Smallest radius of screw chip face [mm] 

σn Normal stress [MPa] 
τ Friction shear stress [MPa] 
τchip The shear flow stress of chip material [MPa] 
ωz Component of the angular velocity of the chip in Z direction [s-1] 
ω Angular velocity of the chip [s-1] 
  
Abbreviation 
AISI American Iron and Steel Institute 
CT Computed Tomography 
CAD Computer-aided design 
FE Finite element 
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HSV High-speed videography 
TCSL Tool chip separation line 
STL Stereolithography 
2D two dimensional 
3D three dimensional 
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Definitions 

Orthogonal turning process: 
(2D turning process) 
 
The orthogonal turning process is where the 
wedge-shaped cutting tool’s straight cutting 
edge is at a right angle to the cutting velocity 
direction. This results in the chip flow angle 
to be zero. 

 
Oblique turning process: 
(2D turning process) 
 
The oblique turning process is where the 
wedge-shaped cutting tool’s straight cutting 
edge is inclined to the cutting velocity 
direction by the inclination angle. This 
results in the chip flow direction to be non-
zero. 

Nose turning process: 
(3D turning process) 
 
The nose turning process is where the 
wedge-shaped cutting tool’s cutting edge is 
not at right angle to the cutting velocity 
direction. The cutting edge consists of the 
nose part in addition to the straight cutting 
edge. 

Rake face

Feed direction

Cutting velocity 
direction

Feed
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Chip up-curl in orthogonal turning 
process: 
 
Chip up-curl is the radius of the chip curl 
curve’s curvature in the YZ plane. The YZ 
plane is defined as a plane perpendicular to 
the rake face and its normal parallel to the 
TCSL. 

 
Chip up-curl in nose turning process: 
 
Chip up-curl is the radius of the curvature of 
the chip helix curve (red curve) in the YZ 
plane. The YZ plane is defined as a plane 
perpendicular to the chip helix curl’s axis. 

 
Chip side-curl in nose turning process: 
 
Chip side-curl is the radius of the curvature 
of the chip helix curve in the XY plane. The 
XY plane is the rake face plane. 
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1 Introduction 

Manufacturing makes critical contribution to an industrialized country’s gross 
domestic product, which is one of the indicators of the wellbeing of the nation’s 
economy. 20th-century manufacturing was dominated by line manufacturing 
systems and the use of modern computer & communication systems. These 
developments have improved the living standards of industrialized countries 
across the world. Moving forward, 21st-century manufacturing is and will be built 
on the foundation of 20th-century manufacturing, which includes the internet, 
digital communications and digital manufacturing. Digital manufacturing and 
individualized manufacturing systems transfer information seamlessly from 
concept design to end-user and vice versa. Digital manufacturing will enable 
production based on specific customer needs, will collect real-time performance 
data, optimize performance under different working conditions and provide 
feedback for next-generation product design. Individualized manufacturing is 
significantly enhanced with digital manufacturing. These developments in the 
world of manufacturing offer the ability to improve the efficiency with which 
natural resources are consumed and recycled when countries with large 
populations progress from underdeveloped to developing and developed states. 
21st-century manufacturing is essential for and will provide the answers to the 
question of sustainability of life on planet earth. To this end, the transformation 
or advancement of traditional manufacturing methods with digital manufacturing 
tools is vital. Among the many components of manufacturing, digitization of 
complex geometries at different stages of manufacturing is imperative. This work 
contributes to this transformation of the traditional machining process for the 
21st century. 

Machining has been an essential component of the manufacturing world in the 
20th century and will be even more critical in the 21st century. Machining is 
expected to be more individualized according to customer needs with 
developments in digital manufacturing. A wide variety of materials, ranging from 
softwood to extremely brittle bones and heat resistant super alloys, can be 
machined with the desired accuracy producing highly engineered functional 
surfaces. It has also been employed at different scales ranging from the machining 
of massive engine components in supertankers to machining on the micro-scale 
for the manufacture of mechanisms for Swiss watches. In the 21st-century 
competitive manufacturing world, the machining process competes with a wide 
range of advanced manufacturing processes such as additive manufacturing, near 
net shape forming and powder metallurgy. In the manufacture of a product, the 
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initial shape is created employing a primary manufacturing process such as 
casting, forging, or powder metallurgy. Due to the limitation of primary processes 
employed, machining is carried out to remove unwanted material to increase 
strength to weight ratio, improve surface finish and produce engineered surfaces. 
Naturally, the machining process is implemented close to the end of 
manufacturing cycle of a component and any error created at this stage is termed 
a costly error. 

The material removal process in machining process has been studied traditionally 
analyzed using a 2D schematic as shown in Figure 1. The workpiece material is 

deformed in two zones. The two zones are the primary deformation zone and 
secondary deformation zone. The rake face geometrically defined by the rake 
angle,  and the flank face defined by the clearance angle,  generate the cutting 
edge which also defines the cutting wedge angle, . 

Machining has been studied from an engineering and scientific viewpoint well 
over a century. The study of chip formation is challenging due to the harsh 
environment in which it takes place. From a thermo-mechanical viewpoint, 
machining is a large plastic deformation process and involves large strains,  (up 
to 5), in the workpiece at high strain rates,  (103-106 s-1), which raise the 
workpiece surface to high temperatures typically in the range of 0.16-0.9 times 
the melting temperature, Tm. These extreme conditions pose a challenge for 
studying the process mechanics and also for obtaining material properties at the 
operating conditions. Machining is studied both in academia and industry, mainly 
using a simplified process such as the orthogonal cutting process. Industrial 
machining processes such as drilling, five-axis milling and deep-hole machining 

h 

Workpiece 

Cutting wedge

Machined surface 

Chip 

: Rake angle (-  : Wedge angle (+ve) 

Primary deformation zone Primary deformation zo

Secondary deformation zone 

 

 

Rake face 

Flank face  

Figure 1 Schematic of chip formation in machining process 
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are much more challenging to be studied experimentally. Thanks to advances in 
material science and metallurgy, a wide variety of materials need to be machined 
in the industrial world. Development of the machining process through 
traditional trial and error methods is expensive and unreliable. Physics-based 
engineering models that can simulate machining processes are highly desirable as, 
will be shown in the following chapters. 

From a cutting tool design viewpoint, physics-based engineering models that can 
predict the performance of new cutting tool designs are highly desirable. With 
advances in computing, physics-based engineering models are predominantly 
numerical models with material properties provided as input. Numerical models 
are primarily used to predict cutting forces as these are essential for modeling the 
dynamic behavior of cutting tools and machine tools. Therefore, numerical 
models are optimized to a large extent for cutting force prediction and to a smaller 
extent for temperature prediction. Recent advances in numerical modeling 
include heat generation prediction during the cutting process and have been 
reviewed by Abukhshim et al. in [1]. Prediction of temperature at the cutting tool 
rake surface provides an indicator of cutting tool wear and in turn, cutting tool 
life. Residual stresses induced during the machining process can be optimized 
using numerical modeling, as shown by Ee et al. [2] and can improve the service 
life of components and precision-engineered products. Improvements are 
necessary to employ these numerical models to predict other output parameters 
such as chip morphology. These advances will provide the possibility to evaluate 
the numerical models for their force prediction capability, temperature prediction 
capability and chip morphology prediction capability at the same time. A physics-
based engineering model that is evaluated for all these prediction capabilities will 
be more reliable and can be used with confidence during cutting tool design and 
machining process design. 

From a cutting tool design viewpoint, the influence of the chip breaker geometry 
influence on chip morphology is important. Chip morphology includes the chip 
shape, chip flow on the cutting tool rake face and chip curl. The macro and micro 
geometry of the tool influence material deformation during the primary and 
secondary deformation and in turn, the chip shape. The influence on material 
deformation can be understood by understanding the interaction of the 
workpiece material and the cutting tool geometry with the operating conditions. 
Appropriately positioned geometric features on the rake face controls the chip 
flow and influences the chip curl. These geometric features are designed to move 
the tool-chip contact area away from the active cutting edge. This repositioning 
of tool-chip contact area leads to larger crater wear before the cutting edge 
becoming weak, improving tool life. Inappropriate positioning would weaken the 
active cutting edge. 
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From a machining process design viewpoint, chip morphology prediction aids in 
ensuring process robustness and limited interruption during machining 
operations. With commercial chip breaker geometries, desirable chip morphology 
and chip breakage cannot be guaranteed for all variations of workpiece materials. 
The solution is to identify the chip breaker geometries for a fixed set of cutting 
parameters and workpiece material or choose cutting parameters for the chip 
breaker geometry at hand. In either case, it is necessary for the chip morphology 
or explicitly, the chip curl to be qualitatively evaluated or quantitatively evaluated. 
Inappropriate cutting conditions or chip breaker geometry lead to massive snarls 
of soft chips or small hard chips. When snarls of soft chips are produced, they 
can become wound around the workpiece. When the chips are tiny, they become 
wedged between moving machine tool parts. These challenges motivate work to 
develop robust methodologies for the qualitative and quantitative evaluation of 
chip forms produced in machining. From a chip shape perspective, segmented 
chips provide better chip breakage control. 

Earlier studies of chip curl were started in the 1950s by Hahn [3] who made 
several hypotheses and discarded the influence of residual stress, tool – chip 
friction and, tool-chip interface temperature, instead suggestion the built-up edge 
as being the source of chip curl. Hahn also showed that the velocity gradient 
across the shear plane and temperature-dependent stress to have an important 
influence on chip curl. He also showed that tool – chip friction influences chip 
curl, although it is not the primary source of chip curl.  Fundamental 
understanding of chip curl was developed from the 1960s by Cook et al. [4] 
showed that the chip curl is influenced by the plastic behavior of the material at 
the primary deformation zones. He also showed the influence of temperature on 
the material’s plastic deformation influences chip curl. Nakayama [5] studied chip 
curl for oblique turning process whereas the previous studies were limited to the 
orthogonal cutting process. Nakayama extended characterization of chip curl into 
three dimensions by considering chip up curl and chip side curl. He also showed 
that the chip tilt by the tilt angle,  as the chip side flow angle increases. The 
pioneering works in chip curl by Spaans [6] showed that the primary source for 
chip curl is the curved shear zone and that Merchant’s shear plane model [7] does 
not lead to chip curl. Chip curl research was carried out in the 1990s by Jawahir 
et al. [8]–[10]. Jawahir et al. utilized high-speed videography to study the 
interaction of chip with the workpiece in orthogonal cutting and its influence on 
chip curl. They developed analytical and numerical models, which considered the 
chip geometry after the tool-chip contact zone to predict chip curl and chip 
breakage. 

Modeling of chip curl is closely linked to the chip formation process, with studies 
showing chip curl influencing chip formation during the primary deformation [4], 
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[6]. Accurate chip curl modeling is of significant importance for the prediction of 
process productivity. The linking of chip curl modeling and chip formation 
studies provides the ability to design cutting tools optimized for specific cutting 
processes. With the current wide variety of machining processes, workpiece 
materials, cutting tool material, cutting tool coating, machine tools and cutting 
conditions, a physics-based model capable of accurate chip curl prediction is 
highly desirable. While modeling the machining process has received enormous 
attention from the research community, the prediction of chip curl using 
numerical modeling has received comparatively little attention. Comparing chip 
curl between experiment and simulation is carried out qualitatively and 
quantitative characterization has only been carried out to a minimal extent [11], 
[12]. In [10], Kharkevich developed a methodology to accurately predict chip curl 
in an oblique turning process and measured the chip curl from chips collected 
during the experimental investigation. The chip measurement methodology was 
primarily developed for the case when the chip is not in contact with the 
workpiece or the cutting tool, other measurement methodologies are needed 
when chip curl is influenced by the chip – workpiece contact or chip – cutting 
tool contact. The focus of the work by Buchkremer et al. [12] was to calibrate the 
fracture model in finite element, FE modeling of chip formation in the 
longitudinal turning of AISI 1045 steel. They used the Kharkevich model to 
calculate chip curl parameters in an experiment. The chip curl parameters 
obtained from experiment and FE simulations were only compared qualitatively. 
The specific parameters of chip up-curl, chip side-curl and chip side-flow angle 
were not compared. 

Chip shape is a function of the workpiece material deformation. On a macro level, 
chip shape can be classified as either continuous or segmented. Segmented chip 
have been classified further by  Komanduri & Brown [13] as a wavy chip, 
catastrophic shear chip, segmented chip and discontinuous chip based on the chip 
formation mechanism. Regenerative chatter influences wavy chips during the 
cutting process and catastrophic shear chips are produced during machining of 
materials with low thermal conductivity or when cutting materials like steel and 
are influenced by the cutting conditions. Towards chip shape prediction, the early 
modeling works of Merchant [7] did not concentrate on the variation between a 
continuous chip and a segmented chip. Modeling of chip segmentation in steel 
has been related to damage evolution during the machining process. Cutting 
speed has been primarily linked to increased chip segmentation [14] but also 
cutting tool geometry. With increase in cutting velocity, the time for heat 
dissipation is reduced leading to adiabatic heating conditions and ultimately to 
segmented chips [15]. The influence of cutting tool geometry on chip 
segmentation is due to its influence on stress state in the primary deformation 
zone [16]. During plastic deformation in the primary deformation zone, the 
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material is damaged, leading to fracture. This evolution of damage and resulting 
fracture is studied both from the stress viewpoint and strain viewpoint. From the 
strain viewpoint, fracture strain is used to define the damage and its influence on 
chip segmentation. Fracture strain is modeled as a function of stress state, strain 
rate and temperature. Fracture modeling is not independent of plastic 
deformation modeling. Patxi et al. [17] have shown that plastic deformation 
modeling and fracture modeling are not independent of each other and should be 
studied together.  

To this end, an attempt is made in this work towards improving the prediction of 
chip morphology using numerical models of the chip formation process. 
Quantitative chip curl characterization is carried out using modern metrological 
tools such as computed tomography, high-speed videography and mathematical 
modeling of chip curl geometry. Numerical modeling of chip formation was 
carried out and the predicted chip curl geometry compared to the experimental 
observations. To further improve, chip shape prediction, modeling of the 
workpiece material behavior was carried out. Workpiece material deformation 
was studied through material testing at varying temperatures and strain rates. To 
incorporate the behavior in FE simulations, existing phenomenological models 
were modified to improve the accuracy of numerical models. Advanced damage 
models combined with the flow stress models were implemented in FE 
simulation models to predict the continuous to segmented chip transition. 

1.1 Scope and aim of this study 
The central aim of this work is twofold. The first aim is to understand how the 
workpiece material deformation behavior, cutting tool macro geometry and 
process parameters influence chip morphology, including chip shape, chip flow 
and chip curl. The second aim is to advance our understanding of chip formation 
and chip segmentation using numerical modeling and to develop methodologies 
to evaluate chip flow angle and chip curl geometry prediction by advanced 
numerical models. 

A better understanding of chip morphology evolution and the accuracy with 
which chip flow and chip curl are predicted will lead to the possibility to develop 
innovative geometric features for specific machining processes.  

1.2 Delimitations 
The work carried out is concerned with the academically relevant orthogonal 
turning process and the industrially relevant nose turning process. The limitations 
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of this work are presented separately for the chip curl characterization 
methodologies and for the advances in numerical models. 

The limitations of the chip curl characterization methodologies developed are as 
follows. Chip curl geometries for other industrially relevant cutting processes 
such as drilling, milling and gear-cutting processes are not evaluated in this study. 
Characterization of micro features such as strain variation in the chip, which 
indicates the material deformation behavior, is not the focus of this study and 
cannot be evaluated using the chip characterization methodologies developed. 
Specific features, such as lateral deformation is not quantitatively evaluated. The 
cutting process parameters that were varied were the feed rate and rake angle 
during the orthogonal turning process, but the influence of cutting velocity 
variation was not examined. Similarly, the cutting speed influence on chip-curl in 
the nose turning process was not evaluated.  

The limitations of the advancements made in the area of numerical modeling are 
as follows. The material’s flow stress was evaluated only for C45E steel. Direct 
extrapolation to other materials would be erroneous. The accuracy of the flow 
stress models at very high strain rates were not directly evaluated using material 
testing. The damage models for different machining processes and different 
workpiece materials were not evaluated. For damage modeling, the fracture 
initiation strain modeling component influence was evaluated only for C45E steel. 
In terms of continuous to segmented chip transition prediction, the numerical 
models were not evaluated for different cutting speeds and different chip breaker 
geometries. 

1.3 Research questions 
With the goal to build the knowledge base for utilizing numerical modeling of the 
metal cutting process for product development in the cutting tool industry, the 
thesis work is divided into two essential aspects. 

Towards the first aim presented in the previous section, methodologies are 
developed to characterize the chip morphology and existing numerical models are 
evaluated for their chip morphology prediction capability. This leads to the 
development of a numerical model evaluation platform to evaluate the results of 
numerical models against the experimental investigation with a special focus on 
chip morphology. Towards the second aim of advancing the numerical models 
with a focus on chip shape for its applicability in evaluating product design, the 
workpiece material description flow stress models are developed and damage 
models are evaluated for their chip morphology prediction capability. 
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The thesis work is based on the following research questions. 

1. Can quantitative chip curl characterization be used to experimentally validate the 
numerical model predictions for orthogonal and oblique turning operations? 

2. Can numerical models accurately predict the transition from continuous chip to 
segmented chip formation for varying rake angle and feed rate during machining 
C45E steel? 

3. How accurately can phenomenological models represent the deformation 
behavior of ferritic-pearlitic steels and are modifications possible to improve 
their accuracy? 

4. How capable are current damage models for the prediction of chip segmentation 
during the machining of ferritic-pearlitic steels and what are the most important 
influencing factors? 

1.4 Research approach 
This work is based on two hypotheses.  
The first hypothesis is that it is possible to characterize the chip morphology for 
orthogonal turning and nose turning using mathematical models which describe 
chip curl. 

- Computed tomography and high-speed videography were used to measure chip 
curl geometry. 

- Experimental investigations of nose turning were carried out to measure the 
chip curl parameters, chip side-flow angle, chip up-curl radius and chip side-curl 
radius in C45E steel. 

- Finite element simulation of chip formation is carried out and chip curl 
parameters are measured.  

- Using mathematical models, and experimental investigation the chip curl 
parameters are compared using finite element simulations. 

The second hypothesis is that it is possible to predict the chip morphology 
through numerical modeling of the cutting process. 

In this regard,  

- Compression testing at varying temperatures in the low strain rate regime was 
conducted to study the flow stress behavior of C45E steel. 

- The phenomenological Johnson-Cook model [18] was modified to capture the 
dynamic strain aging phenomena active in the tested temperature – strain rate 
regime. 



INTRODUCTION 
 

9 
 

- The modified Johnson-Cook model was implemented in a FE approach to 
simulate chip formation in orthogonal turning. 

- Childs damage model [19] was combined with the modified Johnson-Cook 
model and fracture strain models to predict chip segmentation and the chip 
segmentation – continuous chip boundary for varying rake angle and chip 
thickness. 

Figure 2 shows how the different work elements are designed to achieve the 
objective of employing numerical models in cutting tool design. 

1.5 Thesis outline 
The structure of this thesis is as follows: 

Chapter 2 provides the theoretical framework to describe the chip morphology in 
general and curl geometry in particular. 

Chapter 3 describes the measurement methodology, using computed tomography 
as a measurement technique to study and characterize chip curl geometry. A 
mathematical function is used to characterize chip up-curl within a short time 
frame in the orthogonal turning process. 

Figure 2 Chip morphology evaluation methodology and its role in the evaluation 
of physics-based numeric models 
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Chapter 4 discusses the material characterization to study the flow stress behavior 
of C45E steel. The flow stress behavior is an essential parameter in the modeling 
of the chip formation process. 

Chapter 5 describes in detail modeling the material behavior during chip 
formation. Based on the flow stress behavior captured through the material 
characterization investigation of Chapter 4, two modified Johnson-Cook models 
are developed. Incorporation of Childs damage model for the flow stress 
modification to model chip segmentation is presented in detail. 

Chapter 6 describes the advanced numerical models used to model chip formation 
in the cutting process. These are used to predict chip shape and chip curl under 
varying process conditions. 

Chapter 7 presents the experimental investigation against which the numerical 
models are evaluated. 

Chapter 8 provides the results followed by the discussions, conclusions and 
suggestions for future work. 
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2 Chip morphology 

The term ‘chip morphology’ describes the complete chip geometry and includes 
chip shape and chip curl as shown in Figure 3a-b. Chip morphology is influenced 
by machining process parameters, workpiece material behavior and the cutting 
tool geometry used. Variation in any of these parameters leaves an intelligible 
mark on the chip morphology. From the chip’s color, shape, surface texture and 
hardness, experienced machinists can identify the cutting conditions that 
produced the chip. However, a scientifically accurate description of a chip is a 
challenge even for the academically relevant orthogonal turning process. In this 
chapter, the chip morphology is described for both the nose turning and 
orthogonal turning processes.  

2.1 Chip morphology 

Chip shape and its variation are explained using the analogy of an extrusion 
process. In extrusion, the workpiece geometry before it enters the extrusion die 
is predetermined. Similarly, feed rate and depth of cut in the nose turning process 
determine the chip shape. After the material undergoes deformation, workpiece 
material strains lead to the chip shape after the cut. Unlike the extrusion where 
the workpiece cross-section always remains constant, during machining, the chip 
shape in the primary deformation zone can be constant leading to a continuous 
chip or it can vary leading to a segmented chip. Figure 3a shows a segmented 

 
Figure 3 Components of chip morphology from the nose turning process (a) Chip 

shape (b) Chip curl & Chip flow angle based on Kharkevich  model 



 

12 
 

chip. In a segmented chip, the thickness is characterized by a minimum chip 
thickness, hmin, a maximum chip thickness, hmax and an average chip thickness, 
hmean. Since the chip shape can vary during the cutting process, a complete 
description of chip shape requires two perpendicular planes with the ‘tool in 
processes as a reference and is shown in Figure 4. Plane XZ is perpendicular to 
the rake face and its normal is parallel to the chip flow direction vector. The cross-
section of the chip in this plane is characterized by the chip thickness and chip 
width. Plane YZ is perpendicular to the rake face and it contains the chip flow 
direction vector. The cross-section of the chip in the YZ plane is typically a saw 
tooth profile with peaks and troughs. The variation of chip thickness along the 
chip flow direction is studied in the YZ plane. Thus, the complete chip shape 
geometry can be obtained from the chip thickness, chip thickness variation along 
the chip flow direction and the chip width. 

Chip shape in the XZ plane is defined by chip thickness, X dimension and chip 
width, Z dimension. In a 2D orthogonal turning process, chip thickness is one of 
the primary parameters that is used to characterize material deformation during 
the cutting process as chip width is assumed to remain the same before and after 
the cut. Chip thickness and its variation is a direct result of the workpiece material 
behavior and the cutting conditions used. Material deformation in the primary 
and the secondary deformation zones results in an increase in the ratio of the chip 
thickness to the uncut chip thickness. The ratio between the deformed chip 
thickness and uncut chip thickness is termed cutting ratio. In Merchant’s cutting 
force model [7], a continuous cutting process was investigated and hence, the 

 
Figure 4 Chip shape characterization for chip thickness description and its variation 



CHIP MORPHOLOGY 
 

13 
 

variation of chip thickness along plane YZ was not considered. Similarly, the ratio 
between the cut chip width and uncut chip width, in Plane XZ is assumed to be 
unity as the model is in 2D and plane strain conditions are assumed. The chip 
shape is described by chip thickness and chip width when the chip formation is 
continuous, as previously mentioned. On the other hand, when the chip 
formation process is cyclic due to mixed-mode ductile failure and adiabatic shear, 
leading to segmented chip formation, the chip is similar to a saw-tooth and 
described using the maximum chip thickness, minimum chip thickness pitch and 
angle formed by the serration as is shown in Figure 3b. These parameters can also 
be used to measure the variation in the strain and strain rate during the cyclic 
cutting process, as shown by Li et al. [20]. A literature review shows that the 
segmented chip formation is modeled using different variants of the sawtooth 
profile [21]–[23]. 

Chip thickness can vary from approximately constant to a saw-tooth profile as 
shown in Figure 3a and Figure 5. This variation depends on material deformation 
in the primary deformation zone, the contact between the chip and the cutting 
tool and the secondary deformation and the temperature increase due to severe 
plastic deformation in the primary and secondary deformation zones. The 
transformation from continuous chip to segmented chip is of great importance 
as this is directly related to chip breakage. This transition happens when the 
cutting speed is increased for a constant feed rate and feed rate is increased at 
constant cutting speed. The transition due to increase in cutting speed is 
attributed to adiabatic heating. At low cutting speeds, deformation in the primary 
deformation zone is homogeneous over the shear zone, whereas, at high- cutting 
speeds, deformation is concentrated to one particular shear plane in the shear 
zone. Concentrated shear arises from adiabatic heating in the primary shear zone 

 
Figure 5 Variation of chip thickness for varying feed rates and cutting speeds [24] 
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and is termed ‘Mode 2’ failure. The transformation of chip segmentation with a 
feed rate increase is attributed to ductile fracture at the cutting-edge/workpiece 
contact. This transformation of the chip from continuous to segmented shape 
due to variation of cutting speed and feed rate is termed the mixed-mode ductile 
failure and adiabatic shear phenomena [15]. It is dependent on other process 
parameters such as rake angle and tool material and coating parameters. 

Empirical, analytical and numerical two-dimensional cutting models assume plane 
strain conditions and calculate the cutting ratio in the cutting width direction as 
one. This assumption is valid throughout the cutting process except for the edges 
where the deformation takes place also in a third direction. Three-dimensional 
modeling of the cutting process using an analytical approach and numerical 
modeling approach can predict the variation in chip width in addition to chip 
thickness. For accurate modeling of the cutting process, the influence of adiabatic 
shear on the chip width variation should also be included. 

2.2 Chip curl 
Chip curl defines the flow of the chip after the chip exits the tool chip contact 
length in 2D or tool chip contact area in 3D. Preliminary observations of chip 
curl started only in the 1950s by Henriksen [25] and Hahn [3]. Cook et al. [4] 
ascertained from observations that the built-up edge and tool wear took the shape 
of chip curl, i.e. the chip curl is related to a curved shear zone and the chip is 
‘born’ curled’ and is a cause rather an effect. In addition, strain hardening and 
strain rate hardening are observed as critical parameters influencing the chip curl. 
Pioneering works were carried out by Spaans [6], Nakayama [26], and Van 
Luttervalt & Jawahir et al. [27] from the 1950s to 1990s. Characterization of chip 
curl in orthogonal turning was carried out by Nakayama et al. [5] who related 
strain in the chip,  to chip curl radius,  when the chip touches the tool flank 
surface, the initial chip curl radius,  and chip thickness,  as shown in(Eqn. 1. 

The chip breaks when the strain,  exceeds the maximum strain of the chip 
material. The chip up-curl radius is defined by Nakayama as the chip curl in the 
orthogonal cutting process in a plane rake face tool [5]. In a plane rake face cutting 
tool, the tool-chip contact length is termed as the natural tool-chip contact length. 
With the introduction of a chip breaker geometry or an obstruction type chip 
breaker, the tool chip contact length is reduced compared to the natural tool-chip 
contact length and those cutting tools are termed restricted contact cutting tool. 
During cutting the chip flows into the chip breaker geometry which leads to the 
need for a chip back-flow angle in addition to a chip up-curl radius to completely 

  (Eqn. 1) 
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describe chip curl. With a restricted contact cutting tool, and depending on the 
restricted contact length, the natural tool-chip contact length, uncut chip 
thickness and cutting ratio, the chip backflow angle varies. 

Chip curl in a nose turning process is influenced by the nose radius, restricted 
contact and varying chip flow direction between the main cutting edge and nose 
radius. Therefore, chip curl in the nose turning process is defined using three 
critical parameters, namely, chip up-curl, chip side-curl and chip side-flow angle  
Nakayama [28]. These parameters are defined with the chip in the process 
reference frame and are shown in Figure 6. 

The chip side-flow angle is used to describe the chip flow direction on the tool 
rake face plane and is measured in the YZ plane. One of the well-known models 
for the chip side-flow angle is the Colwell line [29], which connects the projected 
endpoints of the depth of cut and feed rate on the tool rake face. The chip side-
flow angle is normal to this line. Several other models have been developed which 
take into account the influence of varying chip thickness along the cutting edge 
and its influence on the resulting chip side-flow angle, although none of them 
provide any significant improvement in the prediction of chip side-flow angle 
compared to Colwell’s method. 

Pekelharing [30] shows that the cutting edge is curved, the primary motion being 
not perpendicular to the feed direction and the cutting edge is not perpendicular 
to the primary motion are the primary reasons for the chip side curl. The non-
straight cutting edge is due to the nose radius and approach angle. The chip flow 
direction being perpendicular at each elementary chip width along the cutting 
edge causes the chip side-curl in addition to the variation of chip speed along the 
cutting edge. With chip curl being defined geometrically and the influences of the 
kinematics of cutting on chip up-curl and chip side-curl, qualitative evaluation of 

Figure 6 Chip curl geometry characterization according to Nakayama et al. (1992) 
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chip curl is possible. To predict the quantitative values of chip curl, in addition to 
the kinematics of cutting, the mechanics of material deformation in the primary 
and secondary deformation zones are required. 

One of the best tools to observe and study chip curl in machining is high-speed 
videography, as shown by Jawahir in [8]. The description of chip up-curl and chip 
side-curl by Nakayama was carried out with the chip in the process as a reference 
frame. To measure chip curl for industrial machining process with complicated 
insert chip breaker geometries and tool angles, measurement of chip curl 
parameters from chips collected is advantageous. Several researchers have used 
the chip in hand process parameters directly to evaluate the chip formation 
models [31]–[33]. This methodology does not provide the cutting tool designer 
with the insight necessary for the design of a chip breaker as chip curl parameters 
with the chip in process parameters are better suited than the ‘chip in hand’ chip 
curl parameters. In this regard, a detailed geometrical analysis of the chip curl was 
carried out by Kharkevich et al. [11], [34], [35] identifying the chip up-curl and 
chip side-curl parameters in the ‘chip in process’ reference frame from the ‘chip 
in hand’ reference frame. 

Chips are collected from the experiment and the ‘chip in hand’ chip curl 
parameters are measured. The chips in hand chip curl parameters are the outside 
diameter, , inside diameter, , pitch, , chip width,  and chip’s slant width,  
as illustrated in Figure 7. Mathematically, chip curl geometry is defined as the 
radius of curvature when a helical geometry represents the chip curl. The radius 
of curvature on the rake face plane is the chip side-curl radius and the chip up -
curl radius is the radius of curvature on a plane perpendicular to the rake face and 
its normal parallel to the main cutting edge. From the mathematical analysis of 
Kharkevich et al., chip up-curl radius,  and chip side-curl radius,  can be 
calculated from the ‘chip in hand’ chip curl parameters as shown in Eqn. 2 – Eqn. 
4. 

Figure 7  the Kharkevich 
model [11] 
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(Eqn. 2) 

 

 
(Eqn. 3) 

 

 
(Eqn. 4) 

where  refers to the chip tilt angle, and  refers to the deviation from the chip 
side-flow angle predicted by the Colwell line. The direction of  and  is obtained 
from high-speed videography. The following formula calculates the magnitude of 
, 

 (Eqn. 5) 

 
The magnitude of  is calculated as follows 

 
(Eqn. 6) 

By employing the Kharkevich model, chip curl can be quantitatively characterized 
in the nose turning process when the chip is not hindered by contact with the 
workpiece or tool. Under machining conditions, where the chip is highly 
deformed due to contact with the workpiece or tool and modeling the chip curl 
as a helix geometry, computed tomography proves to be a practical methodology 
for chip morphology characterization.
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3 Chip morphology characterization 

Robust characterization methodologies are required to characterize chip 
morphology for the orthogonal and nose turning processes. The characterization 
methodologies should be able to characterize chip morphology and especially any 
variations in chip up-curl and chip side-curl. The ability to measure chip shape 
features like segmentation and segmentation frequency without elaborate 
metallographic analysis procedures is an added advantage. For chip shape 
characterization a well-established methodology described in the literature is 
metallographic investigation. Here it is employed in the orthogonal turning 
process. Computed tomography is used to obtain the chip shape and chip curl 
for the nose turning process. 

Chip curl in the orthogonal turning process is mainly up-curled and chip side-curl 
is not taken into account. Nakayama [26] characterized chip up-curl in the 
orthogonal turning process using the initial chip curl radius. This methodology 
has also been used by other researchers including Zhou [36], who characterized 
chip curl for various 2D chip breaker geometries. Measurement of the chip up-
curl radius is done manually and can be incorporated into chip breakage 
prediction equations. Additionally, a description of measurement of chip curl 
variation when the steady-state cutting is reached. In paper A, initial chip curl 
radius and twist angle are used to characterize the chip curl in the orthogonal 
turning process where chip up-curl and chip side-curl are characterized.  

Another methodology to characterize chip curl in orthogonal turning or 
orthogonal cutting, in general, is modeling of the chip curl curve. This has been 
used by researchers including Batzer et al. [37]. In paper B, chip up-curl is 
characterized by fitting the curve to the chip curl. This methodology is more 
suitable to be used to characterize chips using a vision-based metrology system. 
It is possible to measure the chip curl curves using an image recognition system. 

The characterization methodology should be able to compare chip curl obtained 
from experimental investigation and chip curl predicted by numerical modeling. 
This is discussed in paper C, where a chip curl characterization methodology for 
the nose turning process is described. Kharkevich’s model assumes the chip curl 
to be a helical surface. When the cutting parameters are changed, the helical curve 
also changes. In practice, at certain cutting conditions, the chip hits the workpiece 
surface, or the tool flank surface and the chip curl deviates from being a helical 
curve. Chips, which are primarily up-curled, are obtained when low feed rate and 
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high depth of cut are employed, keeping other cutting conditions constant in the 
nose turning process. In this case, computed tomography was used to measure 
the chip curl directly. High-speed videography was also used to measure chip side-
flow angle and chip tilt angle, for a complete characterization of chip curl. 

3.1 Computed tomography as a metrological tool 
Computed tomography, CT was developed in the early 1970s for medical 
applications to scan and detect anomalies in the human body. Hounsfield [38] 
utilized existing X-ray techniques and the advancing computing technology to 
construct 3D models from 2D images. Industrial computed tomography is an X-
ray based technique and is used in dimensional metrology for 3D reconstruction 
of geometrically complex artifacts [39]. In this work, computed tomography is 
used to capture the geometrical parameters of both the chip shape and chip curl 
in the form of a 3D digital model. This aids in evaluating numerical model 
predictions of chip curl. 

A brief review of the CT methodology is provided here with a schematic diagram 
in Figure 8. The two components of the CT measurement are the CT scanning 
and reconstruction technology. During CT scanning, the object of interest is 
placed between an X-ray source and a detector. A series of X-ray images are 
obtained with the object of interest being rotated between successive scan. 
During reconstruction, the X-ray images are combined to obtain a 3D digital 
model. 

The X-ray source in the CT machine consists of the electron beam gun Wehnelt 
grid electrode and a target material. The electron beam originates from a filament, 
the cathode that emits electrons which are accelerated by a high electric potential 
towards an anode. The Wehnelt grid electrode controls the electron beam while 
magnetic deflectors and lenses are used to focus the electron beam onto the 
target. The target material depends on the X-ray radiation required and the 
material generally used is tungsten. On hitting the target, the electrons decelerate 
and depending on whether an electron hits the nucleus or inner shell electron of 
an atom radiation with a broad energy spectrum or radiation of a characteristic 
wavelength is produced. 

This X-ray radiation propagate through the object of interest and is attenuated 
due to absorption or scattering. The distance traveled in the object of interest, i.e. 
its thickness in the direction of the beam determines the degree of attenuation, 
which is also dependent on the material object composition, its density and the 
X-ray energy. By measuring the degree of attenuation and, the distance traveled 
in the object, the difference between each material through which it passed is 
calculated. The X-ray detector, which is usually of the area detector type, is used 
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to obtain the X-ray image. The object of interest placed in the rotary table is 
rotated, the process is repeated and an image for each 0.25 degree of rotation is 
captured. 

The second component of computed tomography is carried by the accompanying 
software, where the captured images are combined to reconstruct the object in a 
3D model. Filtered back projection based on a linear integral transformation 
model is used to describe the absorption intensity of X-rays, I passing through 
the object of interest with varying linear attenuation coefficient μ as shown 
in,(Eqn. 7 with the initial intensity of . 

The attenuation coefficient  varies with X-ray photon energy in accordance 
with the absorption spectrum of the material. The gray value profiles of a point 
in space obtained from different images are used to reconstruct the 3D voxel. 
Automatic edge detection algorithms are used to differentiate the object of 
interest from the surroundings and a collection of all these points is then used to 
reconstruct a 3D model of the object of interest. 

3.2 Chip morphology characterization using CT 
With the previous section describing the principle of computed tomography, to 
obtain 3D digital models of chips obtained from experimental investigation, a 
measurement methodology was developed where chips are scanned using 
computed tomography. Post-processing of 2D images obtained from CT was 
used to construct the digital models of the chip. Computed tomography is a 
relatively new methodology in the field of dimensional metrology, the CT system 
is calibrated between consecutive measurements and the scaling factors are 

  (Eqn. 7) 
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updated to ensure accuracy and repeatability of the measurements. Figure 9 shows 
the procedure for chip morphology characterization. The process employed is 
applicable for chips obtained from any industrial machining process. 

The influence of the CT system parameters was studied and optimized based on 
the material density and the resolution of the digital model required. The voxel 
size parameter is a three-dimensional equivalent of pixel size in 2D and is 
determined by the size of the component to be measured. With the increase in 
chip size obtained from larger feed rates and depth of cut, larger voxel sizes are 
obtained. Increased voxel size does not necessarily mean the accuracy of the 
model is reduced as post-processing software can provide the model with a 
resolution of one μm. Paper A provides a complete description of the chip 
morphology characterization methodology. Metallographic analysis is the 
currently available standard chip morphology characterization technique. It is best 
suited to 2D chips and the chips are of course destroyed during the preparation. 
In this work, the CT measurement results were compared with the curl geometry 
obtained by standard metallographic analysis. Computer tomography was 
employed in this study to characterize chip shape parameters such as chip 
thickness, chip width, chip segmentation and chip curl parameters such as chip 
up-curl, chip side-curl, twist angle. 

 
Figure 9 Chip scan methodology for accurate dimensional measurement 
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3.3 Chip curl characterization in nose turning 
operations 

Nose turning is a form of oblique turning operation where the chip flow direction 
vector on the rake face does not lie perpendicular to the plane containing the 
main cutting edge and cutting velocity vector1. The cutting tool geometry is a 
combination of a straight cutting edge insert and a round cutting insert. This leads 
to the chip flow in 3D space resulting in a helical chip. To characterize chip curl 
in nose turning, the methodology should be able to measure the parameters, chip 
up-curl, chip side-curl and chip side-flow angle.  In this regard, a detailed 
methodology is developed in Paper C where computed tomography, the 
Kharkevich model and high-speed videography is used. Table 1 shows the 
characterization methodology used and the chip curl parameter measured for the 
various cutting conditions.  

 
The chip geometries produced in the nose turning process are presented in the 
form of a chip-breaking chart, as shown in Figure 10. The chip breaking chart 
shows how the chip curl varies when the depth of cut and feed rate are changed. 
The chip-breaking chart was constructed by experimental investigation for a new 
chip breaker design. The chip breaking chart is used both in academic research 
and as a standard practice in the cutting tool industry [8], [31]. The chart shows 
the transition of the chip from being unbroken to broken. For a given chip 
breaker geometry, an area in the chip breaking chart shows the cutting parameters 
above which chips break. Figure 10 shows the chip to the left of the boundary 
line is unbroken. The chips within the boundary, dashed line is broken and cutting 
conditions in this zone are considered acceptable for longer tool life. The chips 
to the right of the boundary are overstrained. Chip breaking charts help in 
selection of the appropriate chip breaker geometry for the cutting process at hand. 
The chip curl in general increases as we move from left to right, which in other 
words implies a smaller chip curl radius. As we move from bottom to top, the 
chips’ cross-section increases leading to increased stiffness of the chip. A stiff 

                                                      

1 Reader is referred to the Definitions section. 

Table 1 Characterized chip curl feature and characterization tool employed 

Chip side-flow angle High-speed videography 
Chip up-curl & chip side-curl (for chips not 
obstructed by tool and workpiece) Kharkevich model 

Chip up-curl & chip side-curl (for chips heavily 
deformed due to contact with tool or workpiece) Computed tomography 



 

24 
 

chip lends itself to easier chip breakage. The chip-breaking chart provides a 
qualitative understanding of the chip breaking and was used in this work to better 
understand the chip breaking process. 

3.4 Chip curl characterization using spiral galaxy 
function 

Chip morphology characterization in the orthogonal turning process can 
characterize the complete chip morphology. The characterization methodology 
requires between 15 to 30 minutes of scanning and processing time. To evaluate 
the chip curl statistically, a large number of chips would need to be measured 
which is not feasible. To overcome this difficulty, a much simpler process was 
also developed in this work based on another method found in the literature 
where a curve is fit to the chip curl. In [37], Batzer et al. used a logarithmic 
function to measure the chip curl in the orthogonal cutting process. The function 
consists of three parameters and leads to difficulty in fitting the curve. In this 
work, a logarithmic function was utilized to measure the spiral galaxy. The spiral 
galaxy has a very similar curl to the chips produced in an orthogonal turning 
process. When the curl is positioned to the origin of a graph, the curve starts with 
a straight bar from the origin and then spirals outward as shown in Figure 11. 
Ringermacher et al. [41] developed an equation that can measure the straight bar 
and the outward spiral. This equation is used in this work to characterize the chip 
curl curve in the orthogonal turning process. 

 
Figure 10 Chip breaking chart showing the transition from unbroken to broken chip 
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Figure 11 shows that the curve function can represent the different chip curl 
shapes, and hence be used to describe the curve shape for different cutting 
parameters. The chip curl characterization methodology using spiral galaxy 
function is presented in paper B. The fitting of the curve is implemented in a 
MATLAB program where the chip curl curve is fitted. The images of 
experimentally obtained chips are used to verify the curve fitting in a MATLAB 
GUI interface. Similarly, the chips obtained from simulations are also fitted. The 
mathematical function can measure the chip up-curl for varying cutting speed and 
feed rate, which produces comma-shaped chips and 2D spiral chips. This 
methodology is ideal for an automated evaluation process and can be used to 
evaluate the statistical modeling of the chip curl for identical cutting conditions. 

 

 

 
Figure 11 Modeling of chip curl curve employing spiral galaxy function 
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4 Workpiece material characterization 

Characterization of the material behavior to be used in the modeling of the chip 
formation requires the relationship between true stress and plastic strain for 
varying stress state, strain rate and temperature. The relationship is plotted in the 
form of a true stress vs. plastic strain curve at a programmed strain rate and 
temperature. From a continuum mechanics viewpoint, the study of this material 
behavior falls under the ambit of viscoplasticity. 

From a stress state viewpoint, the simplified modeling of the machining process 
assumes pure shear loading in the primary deformation zone, Piispannen’s card 
model and Merchant’s circle. In reality, during machining, the material 
experiences a combination of compressive, shear and tensile loads. This leads to 
the need to conduct material testing for different stress states, i.e., tensile tests, 
compression tests and torsion tests. From a strain rate viewpoint, material 
deformation varies based on the cutting velocity and chip thickness ranging up to 
103-105 s-1 and from a temperature viewpoint, temperatures up to 1000 °C in the 
secondary deformation zones has been documented. The strain, strain rate and 
temperature and the corresponding stresses experienced by the workpiece 
material are dependent on the shear zone in which the material deformation 

 
Figure 12 Material testing for different strain rate regimes. Material testing relevant for 

material modeling to be used in machining process modeling is marked in 
blue [42]  
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happens, primary deformation zone, secondary deformation zone, or tertiary 
deformation zone. 
Figure 12 provides an overview of the different material testing methods and the 
strain rate regimes in which the tests are conducted. The challenge lies in the 
possibility of achieving the relevant strains at high strain rates and temperatures. 
For machining process modeling, material testing at intermediate strain rates 
using special hydraulic machines and at high strain tests, split Hopkinson pressure 
bar tests have been used. Using special hydraulic machines, material behavior at 
different stress states, temperature and strain rates are studied. As part of this 
study, this methodology has been used to study deformation behavior at different 
temperatures and different strain rates. Also, a brief description of the high strain 
rate material testing using the split Hopkinson pressure bar test is provided in this 
chapter. 

4.1 Intermediate strain rate material 
characterization (GleebleR thermo-mechanical 
simulator) 

For measurement of flow stress curves at intermediate strain rates, servo-
hydraulic machines are used. The GleebleR thermo-mechanical simulator is a 
servo-hydraulic machine with the capability to control the strain rate using a 
closed-loop feedback system. A schematic of the GleebleR thermo-mechanical 
simulator is shown in the following Figure 13a. The specimens are held between 
the ISO -T anvil between graphite foil. The ISO-T anvil is fitted to the anvil and 
is fixed to the anvil base using the locking nut. The specimen is resistance heated 
and thermocouples attached to the specimen are used to measure the surface  

Figure 13 (a) Schematic of the GleebleR hot compression testing setup with 
thermocouples welded to the specimen; (b) heating and compression 
cycle used in the study 
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temperature. The heating rate can be controlled to attain the specified 
temperature.  

The moving actuator is part of a closed-loop control system and can be operated 
in two different modes, constant strain rate mode and constant velocity mode.  
Load cells positioned on the opposite side of the actuator are used to record the 
deformation force. Based on the need, different specimen shapes can be used 
with the appropriate anvils. 

4.1.1 Compression testing of C45E steel 

Compression tests for C45E steel were conducted in this study. Specimens were 
machined from round bar with an initial diameter of 20 mm and an initial 
hardness of 202 HB. The rods were machined within GleebleR specified 
geometrical tolerances into compression specimens with an l/d ratio of 1.2. Two 
different specimen sizes of diameter 4 mm and 10 mm. The tests were conducted 
at room temperature and elevated temperatures from 200 °C to 700 °C. 4 mm 
diameter specimens were used for the low-temperature range, 200 °C - 400 °C 
and 10 mm diameter specimens were used for the high-temperature range, 500 
°C - 700 °C. At the lower temperatures, the force requirements exceed the 
machine’s capacity if 10 mm diameter specimens are used and therefore 4 mm 
specimens were used. Figure 13b shows the heating cycle used in the study.  The 
maximum temperature at which the tests were conducted was restricted to 700 
°C which is 0.5Tm and no microstructural changes are expected [43]. The tests 
were conducted in constant strain rate mode at strain rates of 1 s−1 and 5 s−1 and 
in constant velocity mode at strain rate of 60 s−1. At the lower strain rates of 1 s−1 
and 5 s−1, the GleebleR machine’s controller can adjust the varying displacement 
requirement to maintain a constant strain rate, constant strain rate mode. At the 
higher strain rate of 60 s−1, the deformation time is too short for the machine’s 
closed-loop control system to vary the displacement and hence, a constant 
velocity is set, constant velocity mode. In addition to the compression tests at 
elevated temperatures, one compression test was carried out at room temperature 
and a strain rate of 1 s−1. All testing was carried out under a vacuum. The 
machine’s output in the form of strain, stress, load, and displacement with a 
timestamp was obtained. 

GleebleR post-processing software was used to calculate the true stress and true 
strain. This post-processing includes both elastic and plastic deformation. To 
remove the elastic strain component and obtain the true stress versus plastic strain 
curve, the elastic portion of the load-displacement curve was deducted. The 
resulting load-displacement curve was used for further processing. The true 
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stress, σ was calculated from the resulting load-displacement curve using the 
formula as shown in(Eqn. 8. 

 

(Eqn. 8) 

where P is the machine applied load, A is the instantaneous cross-sectional area, 
h is the specimen height measured continuously by the machine’s axis position 
and using a linear variable differential transformer, LVDT type hot zone 
transducer, h0 is the initial specimen height, D is the instantaneous specimen 
diameter and D0 is the initial specimen diameter. True plastic strain, ε is calculated, 
as shown in(Eqn. 9. 

 
(Eqn. 9) 

The true stress versus true plastic strain for varying temperature and strain rate 
was used to model the flow stress behavior of C45E steel. 

4.1.2 Flow stress curves obtained from Gleeble tests 

The true stress versus plastic strain obtained using the compression tests were 
used to study the flow stress behavior as a function of strain, strain rate and 
temperature. The true stress – plastic strain curve at a strain rate of 1s-1 and room 
temperature is presented in Figure 14. The test is limited to a maximum strain of 
0.08 due to the machine’s load capacity limitation. The flow stress shows 
continuous strain hardening at room temperature. 
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Figure 14 True stress versus true plastic strain for C45E at a strain rate of 1 s 1 
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Figure 15 Flow stress at constant strain rate 1 s 1, 5 s 1, and 60 s 1 with the 

temperature between 200 °C and 700 °C 
 
Figure 15 shows the flow stress obtained at temperatures between 200 °C and 
700 °C and strain rates of 1s-1, 5 s−1, and 60 s−1. The flow stresses show that the 
temperature influence can be separated into two different zones. Zone 1 is 
between 200 °C and 400 °C, where the flow stresses show anomalous behavior 
in terms of variation based on temperature and strain rate. Zone 2 is between 500 
°C and 700 °C, where there is a reduction in flow stress with temperature increase, 
thermal softening. Strain hardening also varies between zone 1 and zone 2. In 
zone 1, the flow stress increases continuously with strain, whereas between 500 
°C - 700 °C, recovery mechanisms are operative and there is negligible change in 
flow stress. 

To understand this anomalous behavior, the flow stress at a true plastic strain of 
0.1 was studied. This flow stress was chosen to provide the time to reach the 
programmed strain rate. 

The anomalous behavior has been studied based on strain rate sensitivity and 
thermal softening and is summarized as follows and is shown in Figure 16. 
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400 °C) and the flow stress decreased with temperature in the temperature 
zone (500 °C – 700 °C). 

b. The flow stress decreased with an increase in strain rate in the temperature 
range from 200 °C to 400 °C. 

c. Serrated flow was observed in the temperature range of 200 °C to 300°C. 

4.2 High strain rate material characterization 
(Split Hopkinson pressure bar test) 

 
Figure 17 Split Hopkinson pressure bar set up for characterization of material 

deformation behavior at high strain rate 
 
The Split Hopkinson pressure bar test [44] uses the principle of one-dimensional 
elastic wave propagation in long slender bars to apply high strains at high strain 

 
Figure 16 Flow stress at a true plastic strain of 0.1 versus temperature 
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rates. The basic construction of the Split Hopkinson pressure bar consists of two 
long cylindrical bars and the specimen in between them. Two long cylindrical bars 
are precision centerless ground to obtain the best circularity to maintain one-
dimensional wave propagation and are termed the input bar and output bar, as 
shown in Figure 17. The input bar is injected with an incident or pressure wave 
using a striker bar. The pressure wave is transmitted and reflected through each 
bar as it passes. This leads to transmitted and reflected waves in the input and 
output bars and the specimen from which the forces, strain and strain rates can 
be calculated. 
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5 Workpiece material modeling 

The modeling of workpiece material behavior during chip formation depends on 
the type of modeling approach in which it is to be used. For empirical modeling 
such as the Kienzle model, the workpiece material behavior is defined by a single 
constant, Kc1.1 [45]. With the increasing availability of more computational power 
and the use of the FE method, the complexity with which workpiece material can 
be modeled has only been increasing. For modeling of chip formation process, 
the modeling of thermo – elastoplastic material behavior is vital. The thermal 
behavior of the material is defined by thermal conductivity, coefficient of thermal 
expansion and specific heat capacity. The elastoplastic behavior is modeled as a 
function of strain, strain rate and temperature. For simplicity, the elastic behavior 
is defined using the elastic modulus.  

The two most common approaches in the constitutive modeling of workpiece 
materials are phenomenological constitutive modeling and physics-based 
constitutive modeling. Phenomenological constitutive models are based on fitting 
equations to flow stresses obtained from material testing. The phenomenological 
models are not based on the mechanics of deformation and have limitations in 
terms of their extension beyond the material testing limits. Physics-based 
constitutive modeling is based on deformation mechanics, which in the case of 
metallic materials, is based on the mechanics of dislocations. The challenge with 
physics-based dislocation mechanics is in the complexity of the deformation 
mechanics at high strain rates, stress states and temperatures observed during 
machining. An additional challenge is the large number of parameters involved in 
physics-based modeling. For e.g., the Bammann-Chiesa-Johnson model requires 
20 parameters to be fitted whereas the well-known JC model requires five 
parameters. This shows the choice of the modeling approach is not purely 
scientific but has engineering and practicality influences. If the need is to develop 
the understanding of a material combined with the ability to control the material’s 
manufacturing process history, the cost of developing a physics-based model is 
justified. On the other hand, if the need is to understand the material behavior 
under certain operating conditions, with limited ability to control the material’s 
manufacturing process history, the more economical phenomenological 
constitutive modeling approach is both cost-efficient and sufficient. 
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5.1 Phenomenological modeling using the 
Johnson-Cook model 

As previously stated, one of the most commonly used phenomenological models 
used in the modeling of the chip formation process is the Johnson-Cook, JC 
model. This JC model was developed by G.R. Johnson & W.H. Cook for 
ARMCO iron, 4340 steel and OFHC copper and is expressed in(Eqn. 10. 

The flow stress is modeled as a multiplicative function of strain hardening, strain 
rate hardening and thermal softening. The strain hardening function consists of 
the initial yield stress, A, strain hardening coefficient, B, and strain hardening 
exponent n with ε representing plastic strain. The strain rate hardening function 
models the influence of strain rate increase using the natural logarithmic function 
fitted with the strain rate hardening coefficient C. The thermal softening behavior 
is modeled using the homologous temperature. Homologous temperature,  is 
defined as  with Tr and Tm representing the room temperature and melting 
temperature, respectively.  

Figure 18 Johnson-Cook model components shown schematically (a) Strain 
hardening (b) Strain rate hardening (c) Thermal softening 

 
Figure 18 shows the JC model’s components and their behavior. The strain 
hardening component, Figure 18a assumes a strain hardening behavior, which is 
independent of the strain rate and temperature at which the material deformation 
occurs. Similarly, the model does not include deformation mechanisms such as 
dynamic recovery and dynamic recrystallization. The strain rate hardening 
behavior Figure 18b assumes that the flow stress increases logarithmically with 

 

 

(Eqn. 10) 
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strain rate. The model assumes that the material continues to deform similarly at 
both low and high strain rates. The thermal softening component Figure 18c 
shows that the material flow stress decreases with increasing temperature. The 
thermal softening coefficient, m, determines the shape of the curve and is 
dependent on the material under study. 

Figure 19 shows how the variation of the JC parameters influence the initial yield 
stress and the flow stress. 

Figure 19 Influence of JC parameters on the initial yield stress and flow stress 
 
Figure 19a shows the influence of the parameter B/A with the strain hardening 
exponent, n, being a constant 0.1. Figure 19b shows the influence of the strain 
hardening exponent, n, on the flow stress curves. The combined influence of B/A 
and n shows how varying strain hardening behavior combinations, such as work 
hardening and dynamic recovery can be modeled. Figure 19c shows the influence 
of the strain rate hardening component, C on the yield stress. One single strain 
rate hardening component, C, limits the ability to partition different strain rate 
hardening regimes that have been observed for conventional engineering steels 
like C45E. Figure 19d shows the influence of the thermal softening on yield stress. 

The JC model has been modified in various ways to accommodate the material 
behavior and has been used in the modeling for specific temperature ranges and 
strain rate ranges. In this work, to accommodate the flow stress behavior 
observed in the GleebleR tests, the JC model has been modified as is presented in 
the following sections. 
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5.2 Modified JC Model I 
The modified JC model I has been developed based on the concept from 
Qingdong et al. [46], where the strain hardening parameters are fitted using 
regression equations. The methodology has been developed in Paper F where the 
strain hardening component of the modified JC model is expressed as shown in 
Eqn. 11. 

 (Eqn. 11) 
 

The parameters  and  are expressed as in(Eqn. 12 and(Eqn. 13 

 

 
(Eqn. 12) 

 

 
(Eqn. 13) 

With the above expression, the initial yield stress curves presented in the previous 
section are captured by the modified JC Model I as follows in Figure 20. 

Figure 20a show the JC model predicted flow stress at a strain of 0.1. It is clear 
that the JC model is unable to predict the flow stress increase due to dynamic 
strain aging, DSA but the modified JC I model in Figure 20b can predict the flow 
stress behavior and the influence of dynamic strain aging. With the initial yield 
stress parameter and strain hardening coefficient modeled as a function of strain 
rate and temperature, the model can predict the flow stress increase in the DSA 
regime. The modified JC I model development is provided in Paper F. 

Figure 20 Prediction of initial yield stress predicted by (a) the JC model and (b) the 
modified JC I model 
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5.2.1 Flow stress prediction using modified JC model I 

Figure 21 Modified Johnson-Cook I model predicted true stress versus true plastic 
strain curves (a) at different temperatures at a constant strain rate of 60 
s 1 and (b) at different strain rates at a constant temperature of 200 °C 

 
In the previous section, it was shown that the modified JC I model could predict 
the flow stress at a strain of 0.1 with reasonable accuracy for the tested strain rate 
and temperature range. In this section, Figure 21 shows the flow stress curves 
predicted by the modified JC I model. Figure 21a shows the flow stress curves 
predicted for varying temperatures, 200 °C – 700 °C at the maximum strain rate 
of 60 s-1. The modified model accurately predicts the flow stresses in the DSA 
regime as predicted with good accuracy compared to the original JC model. 
Similarly, the strain hardening behavior in the different temperature ranges is 
better predicted. Figure 21b shows the flow stresses at strain rates of 1 s-1, 5 s-1 
and 60 s-1. 

5.3 Modified JC Model II 
With the modified JC model, I able to predict DSA within the tested range, it is 
necessary to understand its role in the modeling of the machining process. Several 
previous pieces of research have shown the presence of DSA at higher strain 
rates. The challenge has been in the incorporation into the material models that 
does not require significant effort. 

Jaspers and Dautzenberg [47] have shown the DSA presence at a strain rate of 
7500 s-1 where the flow stress increases in the temperature range between 500 °C 
and 700 °C. Similar observations are also reported by El-Magd et al. [48], Hor et 
al. [49] and Hokka et al. [50]. Hokka et al. have shown the influence of the heat 
treatment before the machining process on the temperature range in which DSA 
is observed in addition to the strain rate. These observations have led to the need 
to incorporate DSA in material modeling of the machining process. El-Magd et 
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al. presented a material model with nine parameters to incorporate dynamic strain 
aging in C45E steel. Voyiadjis et al. [51] developed a more recent and 
comprehensive material model for metals exhibiting dynamic strain aging termed 
as Voyiadjis-Abed-Rusinek model, VAR. The model by Voyiadjis et al. is physics-
based and is calibrated for low strain rates with additional formulations to 
suppress DSA’s influence at high strain rates.  

In this work, using the approach by Voyiadjis et al., [51] the well-known JC model 
has been modified to incorporate DSA and is presented in Paper G. The model 
is able to accomodate the shift of the DSA regime as a function of strain rate. 
The strain hardening component of the JC model has been modified where the 
initial yield stress parameter has been modeled using the VAR approach. The 
strain hardening coefficient, B and strain hardening exponent n values have been 
chosen based on the temperature range. The JC model’s strain hardening 
component is modeled, as shown in Eqn. 14 and the initial yield stress parameter 
A is fitted using the equations, as shown. Using the modifications as shown in the 

  
(Eqn. 14a) 

 
(Eqn. 14b) 

 
(Eqn. 14c) 

 
(Eqn. 14d) 

 
(Eqn. 14e) 

Figure 22 Schematic of VAR model-based modification of the JC model's initial 
yield stress parameter with corresponding mathematical equations 
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equations, the modified JC II model can model the initial yield stress as a function 
of temperature, as shown in Figure 22.  

5.3.1 Flow stress prediction using modified JC model II 

The flow stresses at a strain of 0.1 predicted by the modified JC II model are 
shown in Figure 23, in addition to the flow stresses at different strain rates and 
temperatures in Figure 24. Figure 23 shows the ability of the MJC II model to 
show the shift in the DSA regime with increasing strain rate. The model assumes 
the DSA regime to exist at very high strain rates where experimental validation is 
available. Figure 24 shows the ability of the MJC II model in predicting the flow 
stress curves obtained from the GleebleR tests presented in the previous section. 
Figure 24 shows the ability of the choice of strain hardening coefficient and strain 
hardening exponent to predict the differing flow stress behavior in different 
temperature ranges. In the latter sections, MJC II model’s influence in chip 
formation simulations is studied.  

Figure 23 Initial yield stress, 0.1 for varying temperature and strain rate with the 
modified Johnson-Cook model extrapolated to high strain rates to 
accommodate machining conditions 
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5.4 Damage modeling approach and flow stress 
modification 

With the flow stress curves presented in the previous section, the presented 
material models assumes that the material continues to yield for increasing strain. 
As the material strains, damage accumulates in the material and finally leads to 
fracture. Incorporation of fracture is therefore necessary to simulate the chip 
segmentation in machining. This can be done by applying phenomenological 
models using strain-softening functions or by applying damage models. The 
strain-softening functions have been built using hyperbolic tangent, TANH 
functions and have been shown to predict chip segmentation for varying feed 
rates. The TANH function models are built using the concept of adiabatic shear. 

The damage model approach to incorporate fracture is based on the stress state, 
temperature and strain rate on fracture strain. Damage models in general contain 
two components, the first of which is the fracture initiation strain and the second 
is the damage evolution law. The fracture initiation strain is a function of the 
stress state, strain rate and temperature. The stress state in the fracture initiation 
strain is defined by the stress triaxiality factor, which defines the loading 
conditions changing between compression, shear and tensile loading and is shown 
in Figure 25. Recently, the works of Bai & Wierzbicki [52] have shown that the 

 
Figure 24 Flow stress curves predicted by the MJC II model (marked green) 

compared with the flow stress curves obtained using compression tests 
using GleebleR thermo-mechanical simulator (marked red) at strain rates 1 
s-1, 5 s-1 and 60 s-1 
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stress triaxiality factor is not enough and the Lode angle parameter,  is 
additionally needed.  Lode angle is defined as  where  is 
the normalized third stress invariant. The influence of strain rate and temperature 
is modeled in the JC fracture model [53] in a similar method as in the JC material 
model. Two different fracture initiation strain models are available for C45E steel 
and their influence on the chip segmentation prediction is evaluated in Paper G. 

 

Figure 25 Schematic of fracture initiation strain,  as a function of stress triaxiality, 
 with the corresponding loading conditions of tension, shear and 

compression 
 

When the material is plastically deformed, damage accumulates. Therefore, the 
strain accumulates and can be evaluated as a ratio of the fracture initiation strain 
under given conditions of stress state, temperature and strain rate as shown 
in(Eqn. 15. When the ratio reaches one, a crack is assumed to be initiated. With 
the increase of the ratio beyond one, the flow stress reduces drastically. 

 (Eqn. 15) 
 

To accommodate the damage modeling approach for chip formation simulations 
in machining, Childs et al. [19] developed the approach where the flow stress after 
the damage has reached a predetermined value greater than one , ~1.25 is defined 
to be a non-zero value. The non-zero value is defined as a function of the stress 
state and temperature and is given by . During the transition between D=1 
and D=1.25, a transition function is used, as shown in(Eqn. 16a-c. 

 
 

(Eqn. 16a) 

 
 

((Eqn. 16b) 

 

 

((Eqn. 16c) 
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The function  has been defined by Childs et al. as shown in(Eqn. 17a-c. 

 
 

(Eqn. 17a) 

 
 

(Eqn. 17b) 

 
 

(Eqn. 17c)  

 
Figure 26 Flow stress with the incorporation of damage criteria and flow stress after 

damage as modeled by Childs et al [19] 

Where Ts defines the temperature below which the flow stress is a function of 
the stress state and TE defines the temperature above which the thermal softening 
overtakes the influence of damage and the workpiece material continues to yield 
as it did before the damage. Childs damage model also provides a transition zone. 
The influence of the Childs damage model on the flow stress modification is 
shown in Figure 26. With the Childs damage model providing an ability to model 
the chip segmentation with the influence of strain rate and temperature, the 
influence of the fracture initiation strain on the prediction of chip segmentation 
is studied in Paper G.
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6 Modeling the chip formation process 

Machining can be considered as a chip formation process from the viewpoint of 
cutting tool design. The process inserts the tool into the workpiece at high 
velocity leading to plastic deformation and consecutively fracture of the 
workpiece forming the chip. The plastic deformation falls within the category of 
high strain and high strain rate deformation. The process also converts 
mechanical deformation energy into heat, which leads to change in material 
microstructure and strain in the material. 

This chip segmentation frequency characterizes the chip formation process and 
its variation in time. Depending on the cutting conditions and workpiece material 
behavior, the chip segmentation frequency varies and in turn, influences the 
dynamics of the machining process. Astakhov shows the events in sequence 
within a chip segmentation and is illustrated in Figure 27. The chip formation 
process significantly differs between a brittle material such as cast iron Figure 27A 
and ductile-brittle material such as low carbon steel Figure 27B-C. In a ductile 
material, chip formation starts with the initiation of a crack at the point of contact 
between tool and workpiece [54] and is followed by elastoplastic deformation of 

 
Figure 27 Material deformation at the primary shear zone according to Astakhov 

[54] 

A

B

C
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the workpiece material in case of ‘B’ and the conversion of energy into heat in 
the deformation zone. In ‘B’, according to Astakhov, material deformation takes 
place both along the line where the chip and workpiece separate and along the 
primary deformation. This is the main difference between chip formation in the 
case of ‘B’ and ‘C’. In the case of ‘C’, the material is largely plastically deformed 
and the elastic deformation does not influence chip formation, which is explained 
by Merchant’s cutting force model [7]. 

At higher cutting speeds, the zone where heat is generated can be very localized 
leading to a drastic reduction of the material’s strength and the primary 
deformation zone is termed as an adiabatic shear zone. The adiabatic shear zone 
leads to segmented chip formation. At lower cutting speeds, the heat diffuses 
across the primary deformation zone leading to a continuous chip formation. The 
flow of the workpiece material on the tool’s rake face leads to friction and 
additional heat generation. Restriction to chip flow near the tool-workpiece 
contact leads to additional deformation of the workpiece material and is termed 
the secondary deformation zone. 

6.1 Methodologies for modeling chip formation 
Fundamental work in chip formation started in the late 19th century and important 
milestones are presented chronologically in Table 2. Tresca reported one of the 
first works where he attributed compression of workpiece material ahead of the 
tool as the reason for material flow in machining. Timme [55] proved this 
hypothesis and proved that shearing of the workpiece is the underlying reason for 
material flow in machining. Later, Cocquilhat calculated the work required per 
unit volume of material removed for different workpiece materials by studying 
the torque required in drilling [56]. Piispanen’s card model [57] developed in 1937 
describes the material removal mechanism by shearing in the primary 
deformation zone. Significant works in the 20th century include the relationship 
between tool life and cutting speed by Taylor [58] and modeling of cutting forces 
by Merchant using the Merchant’s circle [7]. The earlier studies in machining 
during the early stages of industrial engineering by Taylor were concerned with 
how each worker was to be graded based on the output that he produced, which 
warranted a base machining time and eventually machining cost and was 
propelled by the industrial revolution. This led to the question of the selection of 
optimum cutting speed at which the cutting tool has to be run above which 
increasing the cutting speed leads to rapid tool wear. Lowering the cutting speed 
below the optimum cutting speed will lead to unproductive machine output. 
Merchant’s work and similar works from Russia and Europe can be termed the 
fundamental work regarding the chip formation process in machining. In the 
second half of the 20th century, scientific studies in machining accelerated due to 
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advancements in mathematics, plasticity theory and computing. The different 
scientific approaches or tools that have been introduced in chronological order 
to study the machining process are experimental, empirical, analytical and 
computational. Each method has its advantages and disadvantages and is used in 
at least some parts of machining studies even now. The history of machining 
studies spans over one and a half centuries and is better chronicled in books 
devoted to the study of the machining process [59]. 

Table 2 Early works in the machining process 

Year  Work and significance 
1851 Cocquilhat: Work required to remove a given material volume by 

drilling 
1877 Timme: Machining studies 
1881 Mallock: shearing mechanism in chip formation 
1941 Ernst & Merchant: shear plane model 

 
Each modeling approach is advantageous in predicting specific aspects of the 
machining process. Feeding the output of one modeling approach as an input to 
another modeling approach enables us to predict industrially relevant process 
parameters like cutting forces. This methodology of linking different modeling 
approaches is termed hybrid modeling [60]. This hybrid methodology is gaining 
significance in the study of the machining process in the 21st century. 

6.1.1 Experimental and Empirical modeling 

One of the most important empirical models in machining studies was carried out 
by Taylor in 1907 [61] and published under the title, “On the art of cutting 
metals.”. Taylor’s work aimed at setting the standard to quantify the productivity 
of a workforce involved in machining operations. Taylor performed an extensive 
experimental investigation into all the aspects of cutting tool life and derived the 
famous tool life equation, 

Merchant’s force diagram calculated the cutting forces and feed forces 
considering a single shear plane and neglecting the influence of the tool edge 
radius [7]. The flow of chip on the rake face is modeled using Coulomb friction. 
The workpiece material strength is obtained from shear strength. In Merchant’s 
model, shearing of the material is considered to happen instantaneously and in 
one single plane leading to an infinite shear strain rate, which is not possible and 
is considered a drawback of the model. The concept of work hardening is 
neglected and the different chip shapes from continuous to segmented chip form 

  (Eqn. 18) 
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are not predicted. Also, the influence of cutting-edge radius, which is proved to 
have a significant influence on the cutting forces generated by experimental 
investigation, is neglected. 

6.1.2 Slip line field modeling 

During the first half of the 20th century, the slip line field method was employed 
in plasticity. The slip line field method was used to construct a series of lines 
oriented parallel to the maximum shear stress. This modeling methodology was 
used to explain chip formation in metal cutting, assuming quasi-static conditions. 
Various researchers developed different slip line field models to explain chip 
formation for specific cutting conditions. 

Six important slip line field models developed for machining in 2D are 
Dewhurst’s model [62] for machining with a flat rake face which is able to predict 
chip curl, Shi & Ramalingam’s model [63] for 2D machining with a restricted 
contact groove tool providing a unique solution, Kudo’s model [64] for 
machining with flat rake face tool with the ability to predict chip up-curl, 
Johnson’s and Usui & Hoshi’s models [65] for machining with restricted contact 
tool predicting the chip back-flow angle, Lee & Shafer’s model [66] predicting a 
straight chip for all cutting conditions and Merchant’s model having a fixed shear 
plane angle. Fang et al. [67] studied all six models and developed a universal slip 
line field model and showed that the six previously developed models were special 
cases of the universal slip line model, Figure 28. The slip line field models place 
the hydrostatic pressure at the free end of the shear zone, and the ratio of 
frictional shear stress to the material shear yield stress, ratio of the un-deformed 
chip thickness to the length of the tool land and tool primary rake angle as input 
parameters. The output parameters predicted by the slip line model were slip line 
field angles, non-dimensionalized cutting forces, chip thickness, chip up-curl 
radius and chip back flow angle. To obtain reduced cutting forces, the slip line 
field models predicted that the pressure at the free end to be larger, the frictional 
shear stress to yield stress ratio to be smaller, larger chip thickness to length of 
the tool land ratio and larger rake angles. Similarly to cause a smaller chip curl 
radius, a lower pressure at the free end of the shear zone, lower frictional shear 
stress to yield stress to material yield stress ratio, larger chip thickness to 
undeformed chip thickness ratio and a smaller rake angle are desired. This shows 
that the smaller chip curl is related to increase in cutting forces. The drawback of 
slip line field modeling is its inability to accommodate different machining 
processes, incorporating the physics of saw tooth chip formation, influence of 
cutting edge rounding and more importantly, the enormous effort needed to 
develop for different cutting tool geometries. 
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6.1.3 Numerical modeling 

With the development of modern computers from a technology viewpoint and 
the finite element method from a mathematical viewpoint, modeling of chip 
formation in machining process made a giant leap forward from a purely scientific 
pursuit to industrial applications.  

A finite element model contains the geometry of interest, the material response 
under applied load and the boundary conditions, which in machining will be the 
workpiece geometry and cutting tool geometry. Both workpiece and cutting tool 
geometries are discretized into several smaller simple finite elements and a mesh 

 
Figure 28 Universal slip line field model with the ability to predict chip thickness, 

cutting according to Fang et al. [67] 
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is generated. 2D and 3D mesh generation tools are available, which can discretize 
complex geometries with relative ease. 2D meshes are generally created using 
triangular elements or rectangular elements. 3D meshes are generated using 
hexahedral or tetrahedral mesh. Based on the physical problem at hand, mesh on 
the surface is constrained and load is applied in some regions of the mesh. The 
application of load is carried out incrementally and the deformation response of 
the geometry is studied. 

In modeling of chip formation in the machining process, the workpiece is 
modeled as a deformable body and the tool is generally modeled as a rigid body 
to reduce the computational need. Eulerian formulation and Lagrangian 
formulation are two different finite element formulations, as shown in Figure 29 
[68]. In Eulerian formulation, the mesh is fixed in space, whereas, in the 
Lagrangian formulation, the mesh is fixed with the material leading to the 
deformation of the mesh as the load is applied. Unlike Eulerian formulation, with 
Lagrangian formulation, it is not necessary to assume the initial chip shape. As 
machining is a large deformation problem, the mesh has to be modified due to 
increased mesh deformation. This calls for a specific capability of the finite 
element program employed to model a machining process called adaptive 
remeshing capability. 

The tool is modeled as a rigid body with the heat transfer between the tool and 
the workpiece being modeled using contact elements. The heat transfer in the 
tool can be used to predict wear. The geometry of the tool with the edge geometry 
is found to influence the material deformation and heat generated during the 
process. An essential aspect of modeling chip formation in machining is the 
incorporation of the influence of the workpiece material’s response for various 
strains, strain rates and different temperatures. Another important aspect is the 
modeling of the flow of the chip on the tool rake face using friction models. 

Figure 29 Modeling of chip formation employing (a) Eulerian formulation and (b) 
Lagrangian formulation according to Arrazola et al.  [68] 

(a) (b) 
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6.1.4 Finite element modeling of chip formation in 2D & 3D  

The primary aim for the development of chip curl characterization methodologies 
is to provide a platform to use numerical models developed to predict chip 
formation in metal cutting for designing of cutting tools. In this regard, finite 
element simulations were carried out as part of this work. Both the orthogonal 
turning process and nose turning process were simulated for the cutting 
conditions employed in the experimental investigations. The orthogonal turning 
process was simulated in 2D and 3D. The 2D orthogonal turning process 
simulations were used to evaluate the chip curl measurement methodology using 
the mathematical function’s ability to compare chip curl between experiment and 
simulation, Paper B. The chip up-curl can be predicted in 2D and the 
deformations in the other directions are assumed zero. The 3D orthogonal 
turning simulations were carried out to predict in addition to chip up-curl, chip 
side-curl by the twist angle parameter in Paper A. Nose turning simulations were 
carried out to evaluate the ability of the numerical model to predict chip side-flow 
angle, chip up-curl radius, chip side-curl radius and tilt angle in Paper C. The 
prediction of the chip curl parameters accurately provides the ability to design the 
specific chip breaker geometry required for the machining process desired by the 
end customer. 

In addition to chip curl characterization methodology development, the ability of 
the numerical models to predict the chip shape and specifically the transition 
between continuous chip to segmented chip is highly desired. Due to the need 
for higher mesh resolution in the primary and secondary deformation zones, 2D 
FE simulations were chosen. 2D FE simulations were run with the power-law 
model and fracture initiation strain obtained from the Autenrieth model [69] with 
the damage modeling from Thirdwave Advantedge, commercial software to 
evaluate chip segmentation for varying rake angle and feed rate in Paper E. 
Similarly, 2D FE simulations using the modified JC II model were combined with 
Childs’ damage model to predict the transition from continuous chip to the 
segmented chip is discussed in Paper G. 

6.1.5 2D FE modeling of orthogonal turning 

The 2D finite element model consists of workpiece and cutting tool geometry 
modeling, workpiece material behavior and friction modeling. The geometry of 
the workpiece and cutting tool was created within the FE software’s environment 
owing to its simplicity. The workpiece in the shape of a rectangle has a length of 
25 mm and breadth varying according to chip thickness (breadth = 5 × chip 
thickness). The workpiece material’s deformation was modeled using the JC 
model and the parameters of the JC model from the literature [50]. Additionally, 
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the temperature-dependent thermal conductivity and specific heat capacity were 
provided as input. The cutting tool material behavior was obtained from the built-
in library. The interaction between the tool rake face and the chip was modeled 
using Coulomb friction constant and a default value of 0.5. The mesh distortion 
due to material deformation is overcome by adaptive remeshing, whose 
parameters were optimized to maintain the mesh refinement in chip. 

2D FE simulations were conducted for the prediction of chip curl in the 
orthogonal turning process in Paper A & Paper B using the JC model and the 
parameters from Jaspers & Dautzenberg [47]. With the further investigation in 
workpiece material modeling, 2D FE simulations were run to predict the 
transition from continuous chip to segmented chip. 2D FE simulations were run 
using the power-law model for workpiece material flow stress modeling and 
AdvantEdge’s default damage model. The fracture initiation strain in the default 
damage model is modeled as a function of temperature and is obtained using the 
Autenrieth damage model [69]. A detailed description of the workpiece material 
model, damage model and its results are presented in Paper E. The results are 
presented in the results section as Generation I chip segmentation prediction. 
With the flow stress curves obtained from the GleebleR tests in Paper F in 
combination with damage models, 2D FE simulations were run with MJC II 
model and Childs’ damage model [19] with different fracture initiation strain 
models and is presented in Paper G. These results are presented in the results 
section as Generation II chip segmentation prediction. 

6.1.6 3D FE modeling of nose turning 

The nose turning process was simulated, Figure 30 for the cutting conditions used 
in the experimental investigation. The workpiece diameter used in the 
experimental investigation was larger than 50 mm. Okoshi et al. [51] have shown 
in their studies that when the workpiece diameter is larger than 50 mm, the 
curvature of the workpiece need not be considered. Therefore, the workpiece 
geometry can be modeled as a straight workpiece. The tool-workpiece contact 
was modeled using an automated subtractive process and this provides a full chip 
thickness from the start of the cutting zone. The chip breaker geometry was 
modeled using a CAD program due to its complexity. The chip breaker geometry 
was modeled with a cutting edge rounding of 30 μm and is imported into the FE 
program via STL file format. The meshing of the rake face is refined to have a 
smooth surface on the chip contact area and the cutting-edge rounding zone. This 
leads to accurate simulation of the effect of the cutting edge rounding on the chip 
thickness and the heat transfer between the tool and chip. 
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Figure 30 FE modeling of the chip formation process to predict chip curl 

6.1.7 Friction modeling 

 With the material being deformed in the primary deformation zone and with the 
advance of the tool into the workpiece material, the chip is formed and flows on 
the rake face. The workpiece material flow on the tool rake face increases the 
strain in the material in contact with the cutting tool. This, in turn, alters the 
material deformation in the primary deformation zone. This interaction between 
the cutting tool rake face and the chip is modeled using friction contact modeling. 
The earlier analytical models used the Coulomb friction model as in Merchant’s 
circle [7]. Zorev [70] modeled the friction in the tool-chip interface as described 
in Figure 31. Zorev proposed that the normal stress due to deformation in the 
primary deformation zone decreases exponentially from the cutting edge and 
reaches zero at the end of the tool-workpiece contact length. The frictional shear 
stress is modeled to have a constant value up to a certain length defined by the 
sticking contact length. The constant value is given by the maximum shear stress 
of the chip material at the cutting conditions in which machining takes place. For 

 

Figure 31 Variation of normal stress (red) and friction stress (blue) on the tool rake 
face according to Zorev [70] 
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the remaining tool-chip contact length, the frictional shear stress decreases 
exponentially, reaching zero at the end of the tool – chip contact length. 

Within the FE modeling approach, several models with increasing complexity can 
be used. The simplest model and the most widely used is the Coulomb friction 
model and is used in this work. Other models available in general finite element 
models to simulate machining processes include constant shear friction models, 
constant shear friction models in the sticking region and Coulomb friction in the 
sliding region, the sticking-sliding model and the variable shear friction model. 

The Coulomb friction model predicts the frictional force between surfaces of two 
bodies as a fraction of the normal force applied by one surface on the other. The 
coefficient of friction is given as follows 

  (Eqn. 19) 

Where  

- The frictional force applied by one body on another body 

 μ - Coefficient of friction 

- The normal force applied by one body on another body 

Within finite element modeling of contact between tool rake face and chip, the 
models that are usually employed are Coulomb friction model, limited shear stress 
coulomb friction law, extended Coulomb friction law and experimentally devised 
friction models.
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7 Experimental investigation 

The chip curl characterization methodologies for the orthogonal turning and nose 
turning processes were evaluated for varying cutting parameters. Orthogonal 
turning experiments were available from earlier work by one of the co-authors of 
Paper A [71]. Nose turning experiments were carried out as part of this work. 
High-speed videography was used to observe chip flow on the tool rake face in 
the nose turning process. The chips collected from the orthogonal turning 
process and the nose-turning process were characterized using the methodologies 
presented in the chapter titled, Chip morphology characterization. 

7.1 Orthogonal turning experiments 

The orthogonal turning process is shown schematically in Figure 32. 

 

Figure 32 Orthogonal turning experiment for evaluation of chip up-curl 
characterization methodology 

 
The workpiece was machined to provide a constant depth of cut for all cutting 
conditions. The cutting tool length was larger than the depth of cut to establish 
orthogonal cutting conditions. Table 3 provides the tool and workpiece geometry 
and the cutting process parameters varied to study their influence on chip curl. 
The cutting speed was kept constant with feed rate and rake angle varying over a 
broad range. This causes the material to deform at wide ranges of strain and strain 
rate. Variation of cutting velocity has a significant influence on the rate of heat 
generated and the friction between cutting tool and chip. At the chosen cutting 
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speed, no appreciable tool wear was observed. Therefore, the cutting tool 
geometry remains constant throughout the cutting process. 

Cutting force and feed forces for varying cutting conditions along with the chips 
were obtained. Chip geometry parameters such as average chip thickness and 
initial chip curl radius were also measured. Chips collected from the experimental 
investigations are characterized using CT methodology as described in an earlier 
section and the results in paper A are presented. 

7.2 Nose turning experiments 
The nose turning experiments were carried out to study the ability of the 
characterization methodology chosen to measure chip curl. The experimental 
investigation was carried out employing an industrial chip breaker geometry. To 

Table 3 Cutting tool geometry parameters and process parameters employed in 
the orthogonal turning experiment 

Parameter Values 
Tool geometry  
Rake angle -5°; 0°;5°;10°;20° 
Relief angle 7° 
Edge radius 30μm 
Tool material H13A grade 
Tool coating Ti-CN (no coating) 
Workpiece geometry  
Workpiece diameter 146 mm 
Chip uncut length 74.9 mm 
Chip uncut thickness 3 mm 
Process parameters  
Cutting speed 150 m/min 
Feed rate 0.05;0.10;0.15;0.25;0.4;0.6 mm/rev 

Table 4 Cutting tool geometry parameters and process parameters employed in 
the nose turning experiment 

Cutting speed 180 m/min 
Feed rate (mm/rev) 0.05; 0.15; 0.3; 0.5 
Depth of cut (mm) 0.5,1,2 
Insert geometry CNMG120408 – MM 
Insert material H13A with Ti-CN PVD coating 
Edge radius 30 μm 
Tool holder geometry PCLNR 2525M12 
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study the chip side-flow angle, high-speed videography was used. Dynamometers 
attached to the tool holder measure the average forces. 

Table 4 provides the cutting parameters and tool geometry used in the study. The 
chips collected in the study were measured to obtain the chip in hand chip curl 
parameters for all cutting conditions employed in the study. The High-speed 
videography was used to measure the flow of chips on the rake face. High-speed 
videography was also used to measure the chip in the process tilt angle parameter. 
The chips were also characterized using computed tomography and their digital 
models utilized to measure chip in process chip curl parameters for heavily 
deformed chips obtained at large depth of cut – large feed rates. 

Figure 33 
 

 
Kharkevich’s model calculates the tilt angle, θ parameter for all cutting conditions. 
On the other hand, measurement of the tilt angle is challenging in experimental 
investigations, as it is inaccessible and is shown in Figure 33. Therefore, the tilt 
angle measurement was carried out only under certain machining conditions and 
was employed to evaluate the efficacy of the Kharkevich model in the 
measurement of the chip in process chip in curl parameters: These results are 
presented in paper C.
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8 Results 

The main aim of this work is to use numerical models in the design of chip 
breaker geometry for turning processes. One main step towards this aim is to 
characterize the chip curl quantitatively in the orthogonal turning and nose 
turning processes. The second step is using numerical modeling of chip formation 
in cutting processes and predict chip curl under varying cutting conditions. 
Methodologies have been developed to characterize chip curl in the orthogonal 
turning process and in the nose turning process. 

In addition, finite element simulations have been carried out for varying cutting 
conditions and chip curl geometry is predicted. The methodologies developed 
have been employed to compare chip curl obtained from experimental 
investigations with finite element simulations. The results show chip curl 
measured by experiment can be quantitatively evaluated against chip curl 
predicted by finite element simulation. 

8.1 Influence of workpiece material modeling on 
chip curl 

To evaluate the influence of workpiece material modeling on chip curl, finite 
element simulations of the orthogonal turning process were carried out varying 
the different factors of the workpiece material model. The workpiece material 
model is a product of three factors, strain hardening, strain rate hardening and 
thermal softening. The dependence of equivalent plastic stress on strain 
hardening and strain rate hardening is switched off individually. This leads to the 
plastic stress dependence on thermal softening. Due to the construction of the 
Johnson & Cook material model, the thermal softening parameter cannot be 
switched off separately. Therefore, to study the influence of thermal modeling, 
the simulation was run with a temperature independent thermal conductivity. 
This study shows the influence of each workpiece material modeling parameters 
on chip curl and chip thickness. Predicted chip thickness and chip curl were 
evaluated against experimentally obtained initial chip curl radius. Figure 34a 
shows the strain hardening and strain rate hardening parameters switched off and 
thermal conductivity being temperature-dependent. The black circle represents 
the experimentally obtained initial chip curl radius and the chip thickness is 
represented as a rectangle. The predicted chip curl is identical with the 
experimental result, but the chip thickness is overestimated by 33 %. Figure 34b 
shows strain rate hardening parameter alone switched off. This leads to the chip 
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being curled less accompanied by 67% overestimation of chip thickness. Figure 
34c shows the chip curl predicted when all the workpiece material modeling 
parameters are switched on. The results show the chip curl being uncurled with 
the influence of strain hardening parameter and strain rate hardening parameter. 
Figure 34d shows chip curl predicted when thermal softening is temperature 
independent. This leads to reduced chip curl or larger chip up-curl radius when 
compared to Figure 34a. In addition to the initial chip curl radius and chip 
thickness, the chip shape variation has to be taken into account for a complete 
evaluation of the workpiece material model’s influence. This also shows the 
importance of temperature calibration for workpiece material modeling in the 
prediction of chip morphology and chip breakage. 

 
Figure 34 Influence of workpiece material modeling parameters on chip curl geometry 

and chip thickness in orthogonal turning (a) no strain hardening, no strain 
rate hardening with thermal softening (b) Strain hardening, no strain rate 
hardening with thermal softening (c) strain hardening, strain rate hardening 
with thermal softening (d) strain hardening, strain rate hardening without 
thermal softening  

(a)

(c)

(b)

(d)

Initial chip curl radius (Experimental) Chip thickness (Experimental)
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8.2 Chip curl characterization in orthogonal 
turning 

The output of chip curl characterization in the orthogonal turning process 
employing CT is obtained in the form of a 3D digital model. Figure 35 shows 
digital models of chips obtained from the experimental investigation. The model’s 
resolution provides the ability to characterize the chip morphology, which 
includes chip shape variation, and chip curl. The initial chip curl radius  is 
measured as a parameter for chip up-curl. The initial chip curl twist angle , is a 
measure of the combined influence of chip up curl and chip side-curl.  

To evaluate the accuracy of the CT methodology, the chip shape variation and 
chip curl measured by CT was compared with the chip shape obtained using 
standard metallographic analysis. The chip was placed in a thermoplastic resin, 
taking care that the chip edge was positioned in a single plane. The specimen was 
then polished and an image obtained. The specimen was then scanned using CT 
and a digital model of the chip obtained. Figure 36 shows the comparison of chip 
shape variation and chip curl between the two methodologies. This shows that 
the CT method captures chip shape variation with the accuracy of the standard 
metallographic methodology. 

 

Figure 36 Chip shape comparison measured by CT and metallographic analysis 

 
Figure 35 Measurement of chip curl parameters, chip initial curl radius (ric / mm) and 

ic / degree) 
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With the ability to obtain the chip geometry as a digital model, the finite element 
simulations’ prediction of chip curl parameters, initial chip curl radius  and 
initial chip curl twist angle , are compared with the experimental results. Figure 
37a shows the increase in initial chip radius with increase in feed rate from 0.7 
mm for the lowest feed rate of 0.05 mm/rev to a maximum of 5 mm for a feed 
rate of 0.6 mm /rev. This increase in chip curl is accompanied by the chip shape 
change from continuous at feed rate of 0.05 mm/rev to segmented chip at feed 
rate of 0.60 mm/rev. The finite element simulation predicts an increase of initial 
chip curl radius from 0.7 mm at 0.0.05 mm/rev to 9 mm at 0.60 mm/rev. Figure 
37b shows that the initial chip curl radius is less influenced by rake angle at a 
constant feed rate of 0.05 mm/rev. The initial chip curl radius increases from 0.7 
mm at a rake angle of -5° to 1 mm at a rake angle of 20°. The finite element 
simulation is not able to predict this increase of initial chip curl radius for increase 
in rake angle. Figure 37c shows the decrease in initial chip curl twist angle with 
increase in feed rate. The figure also shows the ability of the finite element 
simulation to predict this trend. However, the finite element simulation predicts 
lower twist angle values for all feed rates other than 0.05 mm/rev. Figure 37d 
shows that the twist angle increases for an increase in rake angle. It is seen that 
the increase in twist angle is lower for rake angle variation compared to feed rate 
variation. The figure also shows that the finite element simulations are not able 
to predict the increase in twist angle for the rake angle increase. 

 
Figure 37 Variation of initial chip curl radius  (mm) and initial chip curl twist angle 

 (°) for varying feed rate and depth of cut 
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8.2.1 Prediction of chip curl employing galaxy describing 
function in 2D orthogonal turning 

The galaxy describing function is used in this work to evaluate its ability to 
characterize the chip curl curve within a shorter time frame. The chip curl factor 

 reduces with the increase in chip curling and vice versa. Figure 38 shows the 
variation of cutting forces for rake angle and feed rate variation. Figure 39 shows 
the chip curl factor variation for varying rake angle and feed rate variation. 

Figure 38 shows that the cutting force reduces with the rake angle increase, which 
is well established in metal cutting literature. The figure also shows the trend in 
cutting force reduction for rake angle increase is predicted qualitatively by the 
finite element simulation. However, the error in the quantitative prediction of 
cutting force ranges between 37% at a rake angle of -5° to 47% at a rake angle of 
20° for a constant feed rate of 0.15 mm/rev. The quantitative prediction by the 
finite element model of cutting forces increase for a feed rate increase has an error 
ranging from 42% at the lowest feed rate to 33% at the highest feed rate.  

Figure 39 shows the variation of chip curl factor for cutting force variation and 
feed rate variation. Figure 39 shows the chip curl variation with the corresponding 
chip curl factor  and that varying the rake angle from -5° to 20° leads to an 
increase in chip curling in the experimental investigation. The figure shows that 
the finite element simulation can predict the influence of the rake angle 
qualitatively. The chip curl increases with feed rate increase during the 
experimental investigation from 2.78 to 2.84. The finite element simulation does 
not predict this variation. 

Figure 38 Variation of cutting force for varying rake angle at a constant feed rate of 
0.15 mm/rev and for varying feed rate at a constant rake angle 5° 
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8.3 Chip curl characterization in nose turning 

The chip curl characterization methodology developed in this work employs high-
speed videography, the Kharkevich model and computed tomography, to 
measure the chip curl parameters in 3D. The chip curl parameters, chip up-curl, 
chip side-curl and chip side-flow angle, are compared between experimental 

Figure 39 Variation of chip curl factor  for varying rake angle at a constant feed 
rate of 0.15 mm/rev and for varying feed rate at a constant rake angle 5° 

 
Figure 40 Chip side-flow angle measurement employing high speed videography in 

nose turning process 
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investigation and finite element simulation. The results are provided in the form 
of a chip breaking chart. The chip flow on the rake face obtained from high-speed 
videography is presented in Figure 40. The finite element simulation’s predictions 
shown in Figure 41 are also presented in the same chip breaking chart format. 
The finite element simulations result also provide the chip curl’s helical axis. 

The chip chart in this work is divided into two zones based on the dominating 
chip curl as zone 1 and zone 2. Zone 1 is mainly up curled and less influenced by 
side curl. Zone 2 has the combined effect of chip up curl and chip side curl and 
helical chips are formed. The zone 1 cutting conditions are a constant feed rate 
of 0.05 mm/rev and depth of cut ranging from 0.5 mm to 2 mm and a constant 
depth of cut of 2 mm and feed rate ranging from 0.05 mm/rev to 0.5 mm/rev. 
The chip is up-curled to a large extent and the chip side-curl is less pronounced. 
Zone 2 cutting conditions are a feed rate of 0.15 mm/rev, 0.3 mm/rev and 0.5 
mm/rev and depth of cut 0.5 mm/rev and 1 mm/rev. 

Figure 41 Variation of chip curl predicted by the FE model for varying feed rate and 
depth of cut 
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The finite element simulation of chip curl and chip curl obtained from the 
experimental investigation were also evaluated using the Kharkevich model. 
Kharkevich’s model is used to measure the ‘chip in process’ chip curl parameters 
from ‘chip in hand’ chip curl parameters both in experimental investigation. To 
establish the reliability of the chip curl parameters measured, ten chips are 
measured for each cutting condition. The dimensions were measured using a 
vernier caliper and microscope. The ‘chip in hand’ chip curl parameters measured 
are chip outer diameter, chip inner diameter, pitch, and chip width and chip slant 
height. The ‘chip in process’ chip curl parameters, chip up-curl, chip side-curl and 
chip side-flow angle are measured and used to calculate the mean and standard 
deviation of each chip parameter. As an example, Figure 42 shows the chip outer 
diameter mean value and standard deviation. The results show that the chip curl 
parameter can be assumed as statistically robust for the cutting conditions used 

 
Figure 42 Mean Chip outer diameter with standard deviation for variation of feed and 

depth of cut 

 
Figure 43 Relative error between chip side-flow angle predicted by the FE model 

and experimental investigation 
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in this study. The mean and standard deviation of other chip in hand chip curl 
parameters are also statistically robust. With the statistically robust, ‘chip in hand’ 
chip curl parameters, the ‘chip in process’ chip curl parameters are used. The chip 
side flow angle chip up curl radius and chip side curl radius are compared between 
experimental investigation and finite element simulation. The relative error 
between the finite element simulation and experimental investigation was used to 
evaluate the accuracy of the finite element model. The relative error of a chip curl 
parameter shows the error of the chip curl parameter prediction at a particular 
cutting condition in relation to the best prediction of the chip curl parameter for 
all cutting conditions. A positive relative error means an over prediction of the 
chip curl parameter by the finite element model and vice versa. 

Figure 41 show that the chip side flow angle is predicted qualitatively when 
compared to the experimental results of Figure 40. The measured chip side-flow 
angle shows that the chip side-flow angle prediction is qualitatively in agreement 
with the experimental investigation. Figure 43 shows the relative error between 
the chip side-flow angle predicted by finite element simulation and experimental 
investigation. The results show that the error in the prediction of the chip side 
flow angle is very low at the lowest feed rate of 0.05 mm/rev. The average relative 
error at higher feed rates is -44% with a maximum relative error of -100% at a 
feed rate of 0.5 mm/rev and depth of cut of 0.5 mm. The prediction error in zone 
2, Figure 41 is higher where chip flow is influenced by the chip breaker geometry 
employed. 

Figure 44 shows the relative error of the chip up-curl prediction measured by the 
chip up-curl radius. The average relative error of 62% is obtained for the feed rate 
of 0.15 mm/rev. The figure shows that the relative error decreases with increasing 

 
Figure 44 Relative error between chip up-curl radius predicted by the FE model 

and experimental investigation 
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the feed rate. The error in zone 1 is lower, as was in the case of the chip flow 
angle. 

Figure 45 shows the relative error in the prediction of the chip side-curl radius is 
higher at a lower feed rate of 0.05 mm/rev, where the chip is mostly up curled. 
The predictions are better at higher feed rates and larger depth of cut where the 
chip flows into the chip breaker. The error percentage has an average of 67% at 
a feed rate of 0.05 mm/rev and it is reduced to an average of 20% for a feed rate 
of 0.5 mm/rev. 

8.4 Chip segmentation prediction  Generation I 
The 2D FE simulation using the power-law model and the default damage model 
with the Autenrieth fracture initiation strain [69] is presented in this section. 
Figure 46 shows the results of the 2D experimental investigations for varying feed 
rate from 0.05 mm/rev to 0.60 mm/rev and for varying rake angles -5°,5°,10° 
and 20°. The results in Figure 46a shows that the experimental results were with 
a negative α; and the chips produced by all feed rates are segmented. When α is 
negative, i.e., -5° and feed rate is a minimum at 0.05 mm/rev, chips with a low 
segmentation ratio are produced. At the same cutting conditions at a maximum f 
of 0.60 mm/rev, chips with high segmentation ratios are produced. When the α 
is +5°, the chips produced at a low feed rate of of 0.05 mm/ rev and 0.010 
mm/rev were continuous, and for feed rates from 0.015 mm/rev to 0.60 mm/rev, 
the chips are segmented. When α was highly positive, i.e., 10° and 20°, the chips 
produced were continuous for all feed rates. 

Figure 46b shows the simulation results for varying cutting conditions used in the 
experimental investigation. The simulations predict the chips to be segmented for 

 
Figure 45 Relative error between chip side-curl radius predicted by the FE model 

and experimental investigation 
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feed rates from 0.01 mm/rev to 0.60 mm/rev for an α of -5°. When the α is 5°, 
continuous chips are produced at lower feed rates up to 0.010 mm/rev and 
segmented chips for higher feed rates. The results also show that for a constant f 
of 0.15 mm/rev, when the α is changed from -5° to 20°, the chip produced is 
transformed from a segmented chip form to a continuous chip. 

8.5 Chip segmentation prediction  Generation II 
With the modified Johnson & Cook II model developed to describe the 
workpiece material flow stress behavior and Childs’ damage model [19], 2D FE 
simulations were carried out and the results are present in this section. Within 
Childs’ damage model, two different fracture initiation strain models are 
implemented and their ability to predict chip segmentation is shown in Figure 47. 

 
Figure 46 Transition of chip segmentation in the machining of C45E steel for varying 

feed rates and rake angles (a) Experimental (b) FE simulation with 
Generation I model 

 
Figure 47 Generation II chip segmentation prediction with modified Johnson & Cook II 

model using (a) Fracture initiation strain using shear compression specimen 
and (b) Autenrieth damage model 
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Figure 47a shows the chip segmentation predicted with the fracture initiation 
strain obtained using the shear compression specimen. 

The model predicts segmented chips for all feed rates from 0.1 mm/rev to 0.6 
mm/rev at all rake angles. At a feed rate of 0.05 mm/rev, continuous chips are 
produced for all rake angles. Chip segmentation is predicted only with a varying 
feed rate and rake angle influence is not captured. Qualitative evaluation of chip 
segmentation intensity shows that the chip segmentation intensity is far less 
compared to the experiment and quantitative evaluation is unnecessary. Figure 
47b shows the chip segmentation predicted using the fracture initiation strain 
obtained using the Autenrieth damage model [69]. Using this model to describe 
the fracture initiation strain, segmented chip formation is predicted for varying 
feed rates from 0.1 mm/rev to 0.6 mm/rev at the negative rake angle of -5° and 
for a positive rake angle of 5°, continuous chips are predicted for feed rates from 
0.05 mm/rev to 0.25 mm/rev and segmented chip for the higher feed rates of 0.4 
mm/rev and 0.6 mm/rev. For the positive rake angles of 10° and 20°, continuous 
chips are predicted for all feed rates from 0.05 mm/rev to 0.6 mm/rev. The 
model can predict the influence of both feed rate and rake angle with reasonable 
accuracy. The model is unable to predict chip segmentation at the feed rates of 
0.15 mm/rev and 0.25 mm/rev at a rake angle of 5°. The qualitative evaluation 
of the chip segmentation intensity shows that the model predicts lower chip 
segmentation intensity compared to the experiment and also compared to both 
the Generation I chip segmentation model and the Generation II chip 
segmentation model using the shear compression specimen obtained fracture 
initiation strain model. 

 
Figure 48 Cutting force variation for varying feed rate at a constant rake angle 10° 

In addition to chip segmentation prediction, the cutting forces predicted by the 
modified Johnson Cook II model, Figure 48 shows that the incorporation of DSA 
into the Johnson Cook model improves the cutting force prediction capability 
and is presented in detail in Paper G. 
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9 Conclusion 

The main aim of this work was to develop a methodology to evaluate chip curl 
and chip flow and to compare experimental investigation and numerical modeling 
in orthogonal turning & nose turning and to predict the continuous chip – 
segmented chip transition for varying rake angle and feed rate. 

Chip flow measured by chip side-flow angle and chip curl measured by the chip 
up-curl radius and chip side-curl radius has been studied for both orthogonal 
turning and nose turning. The development of methodologies to measure these 
parameters for both these cutting processes has been a focus of this study.  

For prediction of the transition from continuous chip to segmented chip 
formation during the orthogonal turning, the workpiece material behavior 
modeling has been improved. Material testing has been conducted and improved 
phenomenological flow stress models have been developed and implemented in 
finite element models. The damage modeling approach has been used to modify 
the flow stress curves. Damage models implementing different fracture initiation 
strain models and Childs damage modeling approach to model flow stress after 
damage have been used. The accuracy of the flow stress models’ ability to predict 
the continuous chip to segmented chip has been evaluated. 

The conclusions derived from the study are as follows 

• Chip curl as described by the chip curl curve or the initial chip up-curl radius 
can be characterized using computed tomography for chips produced in the 
orthogonal turning process. 

• Characterization of chip morphology using digital chip models obtained from 
CT allows for direct comparison of chip morphology between experimental 
investigation and numerical model predictions for the investigated machining 
processes. 

• Chip curl characterization in nose turning as defined by chip up-curl radius, 
chip side-curl radius and chip side-flow angle can be quantitatively 
characterized by employing the computed tomography measurement 
technique combined with high-speed videography and Kharkevich’s model. 

• FE model simulating chip formation can predict the variation in chip curl 
qualitatively. However, using the material models and friction models 
examined so far the relative quantitative error ranges from -80% to +20%. 
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• The error in chip side-flow angle prediction when the chip up-curl 
phenomenon dominates lower than the prediction error when chip up-curl 
and chip side-curl have equal dominance. 

• The chip up-curl radius and chip side-curl radius predicted by the FE model 
have an error of up to 67% at lower feed rates where the interaction between 
heat generated during the cutting process, the material strain and the cutting 
geometry is complex. 

• The flow stresses of C45E steel are influenced by dynamic strain aging 
leading to flow stress increase with temperature increase and decrease in 
strain rate in certain temperature strain rate range. 

• Modified Johnson & Cook models, modified models I and II which are able 
to incorporate the influence of dynamic strain aging have been developed. 

• Experimental investigations show the transition from continuous chip to 
segmented chip to be a function of feed rate and rake angle. Segmented chips 
are obtained for all feed rates with a rake angle of -5° and continuous chips 
are obtained for all feed rates with a rake angle of 10°. With a rake angle of 
5°, continuous chips are produced at lower feed rates and segmented chips 
are produced at higher feed rates. 

• Chip segmentation predicted using the power law model and fracture 
initiation strain as a function of temperature and a constant stress triaxiality 
for a rake angle can predict the continuous chip to segmented chip transition 
only for cutting with a highly positive rake angle of 20°. 

• Chip segmentation predicted using the modified Johnson & Cook II model 
with Childs damage model and fracture initiation strain obtained from 
Autenrieth et al. have been able to predict the continuous chip – segmented 
chip transition with good accuracy for rake angles of -5°, 5°, 10° and 20°. 

To summarize, this study shows that the chip characterization methodology 
developed in this work can be successfully used to characterize chip morphology 
in the orthogonal turning and nose turning process. The improvements made to 
flow stress models combined with the improved damage models presented are 
able to predict the transition from continuous chip to segmented chip and can be 
deployed in cutting tool macro geometry design. 
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10 Discussion 

With the aim to understand the influence of workpiece material deformation 
behavior, cutting tool macro geometry and process parameters on chip 
morphology in general, chip segmentation in particular and develop 
methodologies for chip flow angle & chip curl characterization, three important 
challenges are identified and solutions are proposed in this work. The three 
challenges and solutions are  

(i) Chip morphology characterization methodology 

For the design of complex three-dimensional chip breaker geometries in 
nose turning operations using numerical models, reliable chip 
morphology characterization methodologies were developed in this 
work. 

(ii) FE simulation of chip curl 

FE simulations of chip formation in orthogonal turning and nose turning 
processes were carried out to predict chip morphology. 

(iii) FE simulation of the transition f continuous chip to segmented chip 
 
Improved workpiece material models have been developed and FE 
simulations of chip formation in orthogonal turning have been carried 
out to evaluate it’s predictive capability of these when used to predict the 
transition. 

The results of the chip curl characterization methodologies, FE simulations’ chip 
curl predictive capability and predictive capability of the improved material 
models are discussed here. 

10.1  Chip characterization methodology 
The chip morphology, which consists of chip shape and chip curl, was 
characterized using the CT technique and mathematical functions for varying feed 
rate and rake angle in 2D orthogonal turning. Initial chip curl radius and twist 
angle were used to characterize the chip curl geometry. The mathematical 
function is able to characterize the chip curl curve. 
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In the nose turning process, feed rate and depth of cut were varied and chip 
morphology variation studied. A combination of CT, high-speed videography and 
Kharkevich’s mathematical model was used to characterize chip curl. Kharkevich 
model is used to calculate ‘chip in process’ chip curl parameters from ‘chip in 
hand’ chip curl parameters. 

10.1.1  Computed tomography for characterization of chip  
 curl in 2D and 3D turning 

Computed tomography, CT was used as a dimensional metrology tool in this 
work to measure chip curl in the orthogonal turning and nose turning processes. 
The CT technique is highly advantageous as the currently employed in chip 
studies, metallographic analysis, destroys the chip and is limited to the 2D 
orthogonal turning process. The results show that 3D chip curl geometry 
characterized using CT is accurate as the traditional metallographic analysis but is 
non-destructive and much quicker. The chip shape transition from continuous to 
segmented was characterized quantitatively using the CT technique. The CT 
technique’s resolution is one μm, which allows the chip shape parameters to be 
measured in 3D with sufficient accuracy. The methodology is able to characterize 
chip shape and chip curl in one single step. The output is provided in a standard 
STL format, which aids in evaluating chip shape and chip curl geometry predicted 
by numerical models. A drawback of this system is the scanning time for each 
chip measurement. When the chip size is small, 2 or 3 chips can be measured in 
a single measurement. However, as the chip size increases, the measurement has 
to be conducted for each chip separately. With a dedicated fixturing, the speed of 
scanning can be improved. The results clearly show that the CT measurement 
methodology can be used for any complicated chip shape and chip curl geometry 
encountered in the industrial machining process and no limitations are foreseen. 

10.1.2  Chip curl characterization using spiral galaxy  
 function in orthogonal turning process 

With the CT technique’s long scanning time, only 2 -3 chips can be characterized 
for economic reasons. Therefore, to ensure that the chip morphology observation 
for a given cutting condition is statistically reliable, a mathematical function for 
the orthogonal turning process was developed in this work. This is faster than the 
CT technique alone. The results show that the spiral galaxy function can 
accurately measure the chip curl in orthogonal turning process. The methodology 
can characterize the chip curl variation for the varying cutting conditions used in 
this work. The employed methodology is fast and requires only an image of the 
chip since the chip curl in 2D is the parameter under investigation. The chip curl 
varies from comma-shaped to spiral-shaped as feed rate and rake angle are varied. 
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Automating the measurement of the chips curl variation will enable it to be used 
as a parameter for orthogonal turning process studies.  

10.1.3  The Kharkevich model, CT and high speed  
 videography in nose turning operations 

To characterize the chip curl geometry for varying feed rate and depth of cut, the 
chip curl parameters, chip up-curl and chip side-curl are used. The results 
obtained show that the Kharkevich model can characterize the chip curl 
parameters in nose turning when the chips are not deformed heavily after they 
cross the tool chip contact zone. Chips, which are heavily deformed, can be 
characterized successfully using CT and ‘chip in process’ chip curl parameters 
which are measured directly. Ten measurements using high speed videography 
were conducted for each cutting condition and the results show that the chip curl 
is a statistically robust parameter for cutting process evaluation. The results show 
that using high-speed videography can measure the chip side-flow angle 
parameter for all cutting conditions. 

The drawback of this methodology is the inability to characterize the chip curl 
variation due deformation caused by contact with the tool or workpiece after the 
chip exits the cutting zone. In order to obtain this data, the chip curl must be 
measured in 3D during the cutting process. This calls for advanced image 
acquisition techniques and digital image processing algorithms, which was not 
within the scope of this study. 

10.2  FE Simulation of chip curl in 2D and 3D 
Finite element simulation carried out in this work shows that chip curl can be 
qualitatively predicted for variation of chip breaker geometry and cutting 
conditions in the orthogonal turning and nose turning processes. 

Figure 37a-b shows that in orthogonal turning experiments, the initial chip radius 
increases ten times for feed rate increase, whereas the increase is two times for 
rake angle variation. The feed rate influence, figure 24a, is attributed to the chip 
tool contact area and is captured by the FE model qualitatively. Quantitatively, 
the finite element simulations predict only an increase of five times compared to 
the ten times actually observed. This is attributed to the simple Coulomb friction 
model employed irrespective of the cutting conditions. 

The initial chip up-curl radius increase for a rake angle increase is only two times 
and is attributed to the lower feed rate of 50 μm/rev and is shown in Figure 37b. 
Due to the lower feed rate, the influence of rake angle is less pronounced, as the 
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effective rake angle is not altered. The FE model’s prediction is qualitatively not 
good enough which can be attributed to shortcomings of the phenomenological 
material model when simulating high strain conditions. 

The twist angle parameter combines both the chip side-curl and chip up-curl. 
Chip side-curl is influenced by variation in the chip side-flow angle and nose 
geometry in the 3D turning process. In orthogonal turning, the absence of the 
nose geometry leads to reduced chip side-curl and is evident by 1.5 ° variation in 
twist angle in Figure 37d. On the other hand, Figure 37c shows that the influence 
of feed rate on the twist angle is only 4°. The finite element model qualitatively 
predicted these variations, but the quantitative evaluation is not accurate enough 
when the workpiece is modeled as a straight workpiece. The influence of the 
workpiece curvature and the variation in cutting speed between the two different 
ends of the cutting tool is also not incorporated into the FE model and can be a 
source of error. 

Figure 38 shows that the chip up-curl described by a spiral galaxy function can be 
used successfully to evaluate 2D FE model-based chip curl prediction. The results 
show that the chip up-curl variation for rake angle variation, Figure 38, has a 
similar trend to the cutting force variation, Figure 39 and is qualitatively predicted. 
It is also noted that the quantitative prediction of the chip up-curl radius and 
cutting forces require better models to describe material deformation and friction. 
The reduction of chip up-curl and increase of cutting forces for increasing feed 
rate is predicted qualitatively by FE simulations, Figure 38 and Figure 39. The 
increase in cutting force for an increase in feed rate is well known. The 
quantitative prediction of chip curl for variation in tool rake angle is better 
predicted by the FE simulations compared to the prediction of chip curl variation 
for variation in feed rate. This is attributed to the change in the chip shape from 
continuous to segmented for variation in feed rate. The FE model employed is 
not able to predict this transformation due to the absence of damage models or 
physics-based material models that can simulate chip segmentation. 

The nose turning results show two zones within the chip chart denoted zone 1 
and zone 2 in Figure 41. This variation is also observed in experimentally as 
shown in Figure 40. Zone 1 occurs under low feed rate conditions and high depth 
of cut cutting conditions and is up-curl dominated. In zone 2, the chip curl is 
dominated by both chip up-curl and chip side-curl. Finite element simulation 
correctly predicts the domination of chip up-curl in zone 1. Up-curl domination 
at lower feed rate is attributed to the cutting edge acting as a plane rake face 
cutting tool, as reported in [72]. Lower friction at lower feed rates reduces the 
influence of friction models which aids in the better prediction of chip side-flow 
angle, Figure 43, and chip up-curl radius, Figure 44. For the larger depth of cut, 
2 mm in zone 1, Figure 41, the chip cross-section is rigid and is less influenced 
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by the chip breaker geometry after it leaves the tool chip contact zone. This is 
predicted qualitatively by the FE model. 

In zone 2, Figure 41, where the chip is less rigid, the quantitative prediction of 
the finite element model is poor which is shown by the large errors. Chip up-curl 
and chip side-curl are equally pronounced and are qualitatively predicted by the 
finite element model. The quantitative prediction error of chip side-flow angle, 
chip up-curl radius and chip side-curl radius is shown in Figure 43, Figure 44 and 
Figure 45, respectively. These results clearly show that the finite element model 
needs to be further improved to be useful for predictive modeling of chip 
morphology. The chip side-flow angle and chip up-curl are more accurately 
predicted at lower chip load conditions, as shown in Figure 43 and Figure 44 and 
a larger error in prediction is observed at high chip load conditions. This can be 
attributed to the constant Coulomb friction factor used in the FE model. 
Advanced models such as the shear friction model could be evaluated to assess 
their ability to improve chip side-flow angle predictions. The assumption of a 
constant Coulomb friction across the chip width at constant cutting velocity is 
thought to contribute to the large error in predicting chip side-curl, Figure 45.  
The absence of damage modeling in the simulations can also influence the chip 
curl prediction capability in an FE model. 

10.3 FE Simulation of chip segmentation and 
transition from continuous chip to segmented 
chip 

The FE simulations carried out with the improved workpiece material model has 
shown the ability to predict the transition from continuous chip to segmented 
chip for varying feed rate and rake angle at constant cutting velocity. 

To study the flow stress behavior of C45E steel, compression tests have been 
conducted at various temperatures and strain rates between 1s-1 and 60s-1.Figure 
14 shows the flow stress behavior at room temperature and at the reference strain 
rate of 1s-1 where the material strain hardens to the strain level in the test. Since 
the Johnson & Cook model calibration uses the strain hardening behavior at room 
temperature, the flow stress behavior at room temperature is important. Figure 
15 shows the flow stress curves at temperatures from 200°C- 700°C and strain 
rates of 1 s-1, 5 s-1 and 60 s-1. The flow stress curves show the strain hardening 
behavior is dependent on the temperature and strain rate. 

Two zones are identified in Figure 15 where the flow stress at a true plastic strain 
of 0.1 versus temperature is plotted. One zone is between 200 °C and 400 °C 
where an anomalous behavior is seen concerning the variation of flow stress with 
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temperature and strain rate. The other zone is between 500 °C and 700 °C where 
the flow behavior varies as expected with temperature, thermal softening. The 
strain hardening behavior also varies in the two temperature zones 200 °C – 400 
°C and 500 °C – 700 °C. In the first zone, the material strain hardens continuously 
leading to a continuous increase of flow stress. However, in the second 
temperature zone, 500 °C – 700 °C, the flow stress shows saturation indicating 
that recovery mechanisms are operative. This means that in the zone of 500 °C – 
700 °C, strain hardening competes with softening by dynamic recovery leading to 
a constant flow stress with increasing strain. With the strain rate increase from 1 
s−1 to 5 s−1 and 60 s−1 in the 200 °C to 400 °C zone, the reduced flow stress 
indicates negative strain rate sensitivity. 

Figure 16 shows the anomalous flow stress behavior at a strain of 0.1 which is 
identified as the result of dynamic strain ageing. The presence of dynamic strain 
ageing in C45E steel has been reported previously [47]–[50]. When different slip 
systems interact, they form dislocation junctions. These junctions are prime 
regions for diffusion and accumulation of interstitial solute atoms such as carbon 
and nitrogen which leads to trapping of mobile dislocations making them 
immobile. Dislocation motion resistance is partly responsible for dynamic strain 
aging in steels resulting in macroscopic behavior such as increased flow stress 
with an increase in temperature, negative strain rate hardening and serrations in 
the stress-strain curve. As dynamic strain aging has been shown to influence 
fracture behavior [73], it is important to incorporate this in the workpiece material 
model. 

Figure 20 shows the initial yield stress predicted by Johnson & Cook model and 
the modified Johnson & Cook I model. The ability of the regression modeling-
based approach to capture the influence of dynamic strain aging on flow stress 
can be seen. The modified Johnson & Cook I model is able to capture with 
reasonable accuracy the flow stresses obtained from the compression testing as 
shown in Figure 21. For the FE modeling, the flow stress curves must be 
extrapolated to very large strains, high strain rates and temperatures, and the 
regression modeling approach is not robust enough. This led to development of 
the modified Johnson & Cook II model. Figure 23 shows the predicted flow stress 
at a strain of 0.1 and the model performs well even when the flow stresses are 
extrapolated to very high strain rates and temperatures. This robustness is 
explained by the choice of mathematical functions, especially the tanh function. 
The choice of strain hardening coefficient and strain hardening exponents instead 
of equations is to reduce the complexity further at this stage of the work. Figure 
24 shows that flow stress curves can be predicted with reasonable accuracy at 
strain rates of 1 s−1, 5 s−1 and 60 s−1. Figure 46a shows the rake angle influence 
on chip segmentation. With a negative rake angle, deformation in the primary 
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deformation zone is higher leading to a larger plastic strain in the workpiece 
material for all feed rates. SEM analysis of the chips showed that the plastic strain 
is large at the shear bands, minimum chip thickness zone and small in the bulk 
material, maximum chip thickness zone. Figure 46b shows that using the fracture 
initiation strain as a function of temperature and a constant stress triaxiality factor 
for simulation leads to prediction of the transition from continuous chip to 
segmented chip. When compared to the experimental investigation shown in 
Figure 46a, the FE results of Figure 46b show that the transition is not captured 
accurately. This is attributed to the limitation of the flow stress model and in part 
the black box model of the Advantedge software used. To improve the model, 
the modified Johnson & Cook II model was implemented. Incorporation of the 
Childs damage model and the ability to model fracture initiation strain as a 
function of temperature and stress state, Figure 47 show that the transition from 
continuous chip to segmented chip is influenced by the fracture initiation strain 
to a large extent. With Autenrieth’s fracture initiation strain, Figure 47b is able to 
predict the transition with much improved accuracy with the loss in accuracy in 
chip segmentation intensity. Figure 47a with the fracture initiation strain obtained 
using shear compression specimens qualitatively predicts a higher chip 
segmentation intensity when compared to Autenrieth’s fracture initiation strain. 
It is observed the fracture initiation strain is significantly influenced by the 
material’s processing history and stress state. The testing carried out for the 
different fracture initiation strains was done using material with different 
processing histories and which had initial yield stresses with a difference of 600 
MPa. In addition, the influence of strain rate on the fracture initiation strain is not 
clear. The fracture initiation models were calibrated using low strain rate testing 
methods and then extrapolated to conditions that exist in the machining 
operations. Similarly, Childs damage model should also be calibrated specifically 
for C45E steel. It is necessary to conduct experiments to obtain fracture initiation 
at the stress states and temperatures present in the primary deformation zones in 
machining. 
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11 Future work 

With the predictive capability of the advanced physics-based numerical models 
developed in this work now available to understand the chip morphology and 
chip side-flow angle variations for industrially relevant nose turning operations, 
the next step is to evaluate and improve our understanding of the different 
components of an advanced physics-based numerical model.  

The workpiece material models used in this work are modified Johnson-Cook 
models which are based on the phenomenological approach. Development of a 
dislocation density-based material model for ferritic pearlitic steel is important to 
improve the reliability of the workpiece material models used in numerical models 
and evaluation of their ability to predict chip thickness and the heat generated in 
the cutting zone. 

The influence of strain rate and temperature on the fracture initiation strain 
relevant to machining process conditions need to be studied. In this regard, 
existing models should be evaluated and inverse modeling techniques can be used 
to obtain fracture initiation models from cutting tests. 

Within this work, the transfer of heat due to convection and radiation to the 
surrounding is not incorporated in the numerical model. The incorporation of 
different modes of heat transfer in numerical modeling of chip formation and its 
influence on the removal of heat from the cutting zone and machining process 
outputs will improve our understanding of the machining process. 

The friction model used in this work is the Coulomb friction model. A constant 
value of 0.5 for all cutting conditions was used due to limitation of the FE 
software used in this study. Evaluation and incorporation of advanced friction 
models in physics-based numerical models and their influence on chip 
morphology are needed to model the variation of friction behavior in different 
parts of the cutting tool macro geometry. This can be done using other available 
FE softwares. 
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Summary of appended papers 

Paper A –Quantitative characterization of chip morphology using computed 
tomography in orthogonal turning process 

Abstract: The simulation of machining process has been an area of active research 
for over two decades. To fully incorporate finite element, FE simulations as a 
state of art tool design aid, there is a need for higher accuracy methodology. An 
area of improvement is the prediction of chip shape in FE simulations. 
Characterization of chip shape is therefore a necessity to validate the FE 
simulations with experimental investigations. The aim of this paper is to present 
an investigation where computed tomography, CT is used for the characterization 
of the chip shape obtained from 2D orthogonal turning experiments. In this 
work, the CT method has been used for obtaining the full 3D representation of 
a machined chip. The CT method is highly advantageous for the complex curled 
chip shapes besides its ability to capture microscopic features on the chip like 
lamellae structure and surface roughness. This new methodology aids in the 
validation of several key parameters representing chip shape. The chip 
morphology’s 3D representation is obtained with the necessary accuracy which 
provides the ability to use chip curl as a practical validation tool for FE simulation 
of chip formation in practical machining operations. The study clearly states the 
ability of the new CT methodology to be used as a tool for the characterization 
of chip morphology in chip formation studies and industrial applications. 

DOI: 10.1016/j.procir.2015.06.053 

Paper B - Modeling of Chip Curl in Orthogonal Turning using Spiral Galaxy 

Abstract: With advances in modeling of machining process, a methodology for 
quantitative evaluation of the chip curl shape in orthogonal turning process is 
highly desired. To achieve this, a function to fit the varying chip curl was required. 
A mathematical function which is used to describe spiral galaxies is employed in 
this work which is able to accurately model wide variety of chip curl shapes. The 
function is employed to compare the chip curl predicted by numerical models 
with experimental investigations and it should be able to capture the variation of 
chip curl for varying cutting conditions ranging from tightly wound springs to 
comma shapes and the transition between them. This provides insights into the 
evaluation of cutting models from a practical view point. Finite element 
simulations were performed to predict the chip shape for varying tool rake angles 
and feed rates in orthogonal cutting process. The results show that the 
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mathematical function was capable to model the wide variety of chip curl shapes 
encountered in orthogonal turning process. The chip curl predicted by the 
simulations show that numerical simulations need advanced models to depict 
work piece material behaviour, heat transfer behaviour and friction behaviour to 
predict the variation in chip curl shapes accurately for an orthogonal turning 
process. 

ISBN 978-0-7972-1602-0 

Paper C-Characterization of Chip Morphology in Oblique Nose Turning 
employing High Speed Videography and Computed Tomography Technique 

Abstract: Simulation of industrial cutting processes employing physics based 
numerical models provide valuable insights into its deformation mechanics. 
Evaluating such models through chip studies require characterizing complex 
geometric features like chip shape, and chip curl. In this study, a characterization 
methodology is developed employing tools like computed tomography, CT and 
high speed imaging. The methodology is used to characterize chip curl parameters 
such as chip side flow angle, chip up curl and chip side curl in oblique nose turning 
process. To evaluate the methodology, AISI 1045 steel is machined over a range 
of machining parameters and the chips obtained are characterized. The study 
shows that the employed methodology can be used to characterize varying chip 
curl geometries in nose turning process. CT technique is additionally employed 
when the chips are significantly deformed. The study also shows that the 
developed characterization methodology could be used to evaluate physics based 
numerical models. 

ISBN 978-0-7972-1602-0 

Paper D- Finite element modelling and characterisation of chip curl in nose 
turning process 

Abstract: Finite element, FE modelling of machining provide valuable insights 
into its deformation mechanics. Evaluating an FE model predicted chip 
morphology requires characterisation of chip shape, chip curl and chip flow 
angles. In this study, a chip morphology characterisation methodology is 
developed using computed tomography, CT, high-speed imaging and Kharkevich 
model equations enabling evaluation of FE model’s chip morphology prediction 
accuracy. Chip formation process in nose turning of AISI 1045 steel is simulated 
using a 3D FE model for varying feed rate and depth of cut and evaluated against 
experimental investigations using the employed methodology. The study shows 
that the methodology is able to characterise chip morphology in nose turning 
process accurately and enables evaluation of FE model’s chip morphology 
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prediction accuracy. This can enable the finite element model to be deployed in 
cutting tool design for chip breaker geometry design. 

DOI: 10.1504/IJMMM.2017.084009 

Paper E- Finite element modeling and validation of chip segmentation in 
machining of AISI 1045 steel 

Abstract: The finite element, FE method based modeling of chip formation in 
machining provides the ability to predict output parameters like cutting forces 
and chip geometry. One of the important characteristics of chip morphology is 
chip segmentation. Majority of the literature within chip segmentation show 
cutting speed, vc and feed rate, f as the most influencing input parameters. The 
role of tool rake angle, α on chip segmentation is limited and hence, the present 
study is aimed at understanding it. In addition, stress triaxiality’s importance in 
damage model employed in FE method in capturing the influence of α on chip 
morphology transformation is also studied. Furthermore, microstructure 
characterization of chips was carried out using a scanning electron microscope, 
SEM to understand the chip formation process for certain cutting conditions. 
The results show that the tool α influences chip segmentation phenomena and 
that the incorporation of a stress triaxiality factor in damage models is required 
to be able to predict the influence of the α. The variation of chip segmentation 
frequency with f is predicted qualitatively but the accuracy of prediction needs 
improvement. 

DOI: 10.1016/j.procir.2017.03.259 

Paper F-A Modified Johnson-Cook Model for Ferritic-Pearlitic Steel in Dynamic 
Strain Aging Regime 

Abstract: In this study, the flow stress behavior of ferritic-pearlitic steel, C45E 
steel is investigated through isothermal compression testing at different strain 
rates, 1 s-1, 5 s-1, and 60 s-1 and temperatures ranging from 200 °C to 700 °C. The 
stress-strain curves obtained from experimental testing were post-processed to 
obtain true stress-true plastic strain curves. To fit the experimental data to well-
known material models, Johnson-Cook, JC model was investigated and found to 
have a poor fit. Analysis of the flow stress as a function of temperature and strain 
rate showed that among other deformation mechanisms dynamic strain aging 
mechanism was active between the temperature range 200 °C and 400 °C for 
varying strain rates and JC model is unable to capture this phenomenon. This lead 
to the need to modify the JC model for the material under investigation. 
Therefore, the original JC model parameters A, B and n are modified using the 
polynomial equation to capture its dependence on temperature and strain rate. 
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The results show the ability of the modified JC model to describe the flow 
behavior satisfactorily while dynamic strain aging was operative. 

DOI:10.3390/met9050528 

Paper G: Predicting continuous chip to segmented chip transition in orthogonal 
cutting of C45E steel through damage modeling 

Abstract: Machining process modeling has been an active endeavor for more than 
a century and has been reported to be able to predict industrially relevant process 
outcomes. Recent advances in the fundamental understanding of material 
behavior and material modeling aids in improving the sustainability of industrial 
machining process. In this work, the flow stress behavior of C45E steel is 
modeled by modifying the well-known Johnson-Cook model incorporating the 
dynamic strain aging influence. The modification is based on the Voyiadjis-Abed-
Rusinek, VAR material model approach. The modified JC model is used to 
describe the workpiece material’s deformation behavior in machining. The 
damage modeling approach with two different fracture initiation strain models, 
Autenrieth fracture initiation strain model and Karp fracture initiation strain 
model is used to predict the transition from continuous to segmented chip for 
varying rake angle and feed rate at constant cutting velocity. The result shows that 
chip segmentation intensity and frequency is sensitive to fracture initiation strain 
models. The Autenrieth fracture initiation strain model can predict the transition 
from continuous to segmented chip qualitatively. The study highlights the need 
for material testing at strain, strain rate and temperature for flow stress and 
fracture mechanics prevalent in the machining process. 

Submitted to Journal 
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Improved finite element modeling for chip 
morphology prediction in machining of  
C45E steel
Within the manufacturing of metallic components, machining plays an important role and is of vital significance to ensure 
process reliability. From a cutting tool design perspective, physics-based numerical modeling that can predict chip morpholo-

gy is highly needed to design tool macro geometry. The chip morphology describes the chip shape geometry and the chip curl 
geometry. Improved chip morphology prediction increases process reliability by improved chip breakability and e�ective chip 
evacuation.

Toward this goal, in this work, a platform is developed to compare a numerical model’s chip morphology prediction with exper-
imental results. Numerical models that simulate the chip formation process are used to predict the chip morphology accom-
panied by machining experiments. The platform consists of tools such as computed tomography, high speed videography and 
geometrical modeling as part and are capable of characterizing chip curl in orthogonal and oblique cutting process.

With regards to chip shape predictability, the numerical models that simulate the chip formation process are improved by 
improving the flow stress models and evaluating advanced damage models. The workpiece material, C45E steel is character-
ized using Gleeble thermo-mechanical simulator and the obtained flow stress is modeled using phenomenological flow stress 
models. Existing phenomenological flow stress models are modified to improve their accuracy. The damage models’ influence 
on the continuous chip to segmented chip transition prediction is studied. The flow stress models and the damage models 
are implemented in the numerical models through FORTRAN subroutines. The continuous to segmented chip transition is 
evaluated for varying rake angles and feed rate at a constant cutting velocity.

The results show that the numerical model evaluation platform enables reliable quantitative evaluation of chip morphology 
prediction capability’ viewpoint for the nose turning process. The numerical modeling results show that the chip curl variation 
for varying cutting conditions is predicted qualitatively. The flow stress curves obtained through Gleeble thermo-mechanical 
simulator show dynamic strain aging presence in specific temperature -strain rate ranges. The results of the phenomenolog-
ical model modification show their ability to incorporate the dynamic strain aging influence. The modified phenomenological 
model improves the accuracy of the numerical models’ prediction accuracy. The flow stress models combined with advanced 
damage model can predict the transition from continuous to segmented chip. Within damage model, the fracture initiation 
strain component is observed to influence the continuous chip to segmented chip transition and chip segmentation intensity 
for varying rake angle and feed rate and at a constant cutting velocity.
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