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ABSTRACT 

Precision hard milling AISI H13 steel and AISI 52100 steel finds wide applications in 

mold and die industries. Surface integrity of machined surfaces is critical to component 

performance of fatigue and tribology. It has shown that micro cutting edge geometry has 

dominant effects on process efficiency and surface integrity. Therefore, a basic understanding of 

the cutting edge/workpiece interactions is critical for design of a cutting process for optimal 

product performance. 

Many experiments have been performed to understand the cutting edge/workpiece 

interactions by revealing the unique cutting mechanics and surface integrity due to the size effect 

of micro cutting edge. However, the cutting edge/workpeice contact zone is too small to study 

using cutting experiments. 

In this study the cutting edge/workpiece contact has been modeled with different cutting 

tool geometry. A 3D finite element simulation of cutting edge/workpiece was performed to study 

the material flow and frictional behaviors around the cutting edge in hard milling H13 steel. 2D 

finite element models have been developed to predict the cutting temperature penetration in the 

subsurface and the white layer thickness in hard machining AISI H13 and 52100 steel. The 

simulation results have been reasonably correlated with the experimental data. 
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CHAPTER 1 

INTRODUCTION 

Throughout the past 20 years, hard machining has captured the attention of manufacturers 

around the world. These manufacturers are typically in mold and die industry where material 

such as AISI H13 is commonly machined and bearing industry where AISI 52100 is used. New 

technologies have been developed where these materials can be, in most cases, machined directly 

in hardened state using new cutting tools in combination with high-speed machining techniques. 

These materials can range from 45 HRC to as hard as 64 HRC. But the product performance of 

these hard machined components largely depends on their surface integrity (SI) which is defined 

by micro scale phenomenon which occurs at the cutting zone.  

It has been observed that the industrial trial and error approaches, in manufacturing, have 

reduced with advances in computer simulation capabilities, which have resulted in a reduction of 

the manufacturing costs and a decrease of process development time. Currently, it is feasible to 

simulate a cutting process with the appropriate conditions optimized before an actual industrial 

process is carried out. However, caution has to be taken when introducing physically-motivated 

simplifications into the simulations. Among these simplifications, for example, is the negation of 

cutting edge/workpiece contact mechanics, material dependency parameters, dimensionally 

reduced models, or assumption of overly-simplified constitutive laws.  
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In this thesis cutting edge effect on workpiece during machining is studied. The cutting 

edge/workpiece interactions at the cutting zone affect the critical machining issues like SI of the 

machined component and the amount of power consumption. 

 In Chapter 2 a literature review about the effect of machining on (SI), heat affected zone 

and white layer (WL) formation, in different machining processes is presented. Finite element 

models to predict the WL occurrence and WL thickness are summarized. In Chapter 3, a 3D 

finite element model is created to study the material flow under the cutting edge and variations of 

temperature and stresses. Material accumulation and chip formation mechanism is shown at 

micro level. 

 To understand the effects of fresh and worn cutting edges on workpiece a 2D finite 

element orthogonal ploughing model is created and the cutting process is simulated. The effect 

of increasing ploughed depths and tool wear on WL formation and residual stress variation is 

studied in Chapter 4. Temperature penetration in the subsurface is plotted and WL thickness is 

predicted and compared with hard turned AISI 52100 samples.  In the Chapter 5, 2D orthogonal 

ploughing simulation is conducted and temperature and stress variation with cutting speed and 

tool wear is studied. Surface Integrity of machined samples is characterized, by studying 

subsurface microstructure, surface roughness, and microhardness. The capability of hard milling 

to produce components free of heat affected zones on surface or subsurface is reasoned.  
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CHAPTER 2 

EFFECT OF MACHINING PROCESSES ON SURFACE INTEGRITY AND WHITE LAYER 

FORMATION - A REVIEW 

 

Abstract 

In the current study a literature review is presented on the effect of different cutting 

processes on alloy steels. A particular problem observed in hard machining that is in hard turning 

and hard milling is heat affected zone formation called white layer (WL). A WL is hardened or 

featureless layer on the surface and subsurface observed in white color when seen through 

optical microscope. The formation mechanism of this WL differs with the manufacturing process 

and materials being machined. In this chapter, hard machining, WL formation mechanism in 

hard machining, WL property and the effect of WL on product performance is summarized. 

Finite element analysis (FEA) to model and simulate the white layer formation has been a 

prevalent area of research. Thus, literature has been summarized on WL formation in different 

manufacturing processes and FEA studies in this areas.  

 

2.1 Introduction 

Hard machining is a competitive finishing process with substantial benefits in many 

cases, such as, in manufacturing precision mechanical components widely used in automobiles, 

aircraft, machine tools, power generators, etc. The application of hard machining also shows a 

great potential in terms of improved product quality and productivity. The quality of a machined 

surface is becoming more and more important to satisfy the increasing demands of sophisticated 
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component performance, longevity, and reliability. Hard machining influences the hardness; 

wear resistance, fatigue strength and corrosion resistance of the metal. However, its applications 

have remained slow due to the existence of surface damage such as WL formation. WL is 

generally formed when the tool flank wear becomes large and due to excessive heat generation. 

WL formation mechanism is getting clear at least in particular materials (steels, superalloys etc.) 

and machining processes (such as hard turning, grinding and EDM). But WL formation in 

milling is least investigated due to the complex tool and work piece interaction and difficulty in 

measuring the machining temperatures in milling. Few authors showed the WL formation in 

milling but the WL formation mechanism in milling is still unclear.   

White layer formation has been an issue in machining and manufacturing since long time. 

There are different reasons and mechanisms for the WL formation. It has been observed in 

number of cases like in manufacturing processes; grinding [1-4], turning [5-10], milling [11-13], 

EDM [14-16], drilling, blanking,  reaming and in service environments e.g., leaf springs, turbine 

shafts, rail heads, roller bearings, piston rings, liners and gun barrels . There are cases of 

laboratory experiments like pin-on-disk wear type experiments which allow different conditions 

to be simulated as a means of understanding the mechanism of WL formations [17].  Many 

researchers experimented as to when and why the WL is formed and the experiments are carried 

out to see the WL effect on different materials, in different processes and by different tools and 

tool wear. White Layer is researched on many materials like carbon steels AISI 1045, AISI 

52100, AISI 4340 and super alloys like INCONEL 718 etc. AISI H13 tool steel is composed of 

C 0.38%, Mn 0.35%, Si 1.00%, Cr 5.25%, V 1.05%, and Mo 1.35%. H13 tool steel retains 

hardness at elevated temperatures and withstands the effects of alternate heating and cooling, it is 

used extensively in AL extrusion, AL die casting and forging die applications. H13 tool steel is 
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recommended in a wide range of hot work applications. Typically it is used in die casting, as die 

inserts, core pins, bolsters, ejector pins and mandrels.  Hardness of AISI H13 is recommended to 

be at 43-53 HRC for extrusion dies, at 44-50 HRC for die-casting dies, at 40-55 HRC for forging 

dies and so on (Yan Hong 2004). A. Armacheron. P.T Mativenga, S.S. Bosheh, D. A. Axinte et 

al., and M. A. Elbestawi investigated the WL formation in H13 steel in different machining 

processes like turning and high speed machining (HSM).   The production of moulds/dies 

generally involves conventional machining in annealed (soft) state, followed by heat treatment, 

electrode manufacture, EDM and manual polish/finish grinding. But as a result of advances in 

machine tools and cutting tools technology, high speed hard machining like milling is a cost 

effective manufacturing process to produce parts with less number of process, better precision 

and surface quality. This process is applied to the manufacture of moulds and dies and some 

processes can be eliminated by substituting a single process for two or more such as the slow 

EDM and manual polish/finish/grinding processes in many applications, giving considerable 

savings in both time and cost. Many other advantages of hard cutting in comparison to grinding 

and in addition the improved quality/ workpiece surface integrity leading to longer component 

life was also reported by D. A. Axinte et al., Tonshoff H K et al., Urbanski J P et al.[13].  

 

2.2 Surface integrity of machined components  

Surface integrity (SI) of machined components is a major area of research and 

development in many industries including, heavy machinery, automobile and aerospace 

industries. Service components require that SI aspects like surface finish, hardness, residual 

stress on the component are achieved according to requirements, as it affects service life, safety, 

reliability and life cycle costs. Engineering components are usually supposed to satisfy surface 
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texture requirements like roughness and waviness and traditionally surface roughness (mainly 

arithmetic average, Ra), has been used as one of the principal methods to asses surface quality of 

the component. Machining processes play a major role in determining the level of SI that can be 

achieved. Problems that commonly occur at extreme machining conditions are 

overheating/burning, microcracking, surface irregularities, metallurgical alterations including 

microstructural distortion, tensile residual stresses on surface and reduction in fatigue life of the 

component. Such changes occur due to thermal/mechanical cycling, microstructural 

transformations and mechanical deformation when machining is concerned. Field et al. [18] 

proposed a minimum SI data set, which involved surface finish (roughness), macrostructure, 

microstructure and microhardness study or measurement. Residual stress and minimal fatigue 

testing were later added to give a standard data set. In addition, their extended data set 

incorporated in-depth fatigue testing, stress corrosion tests and a host of mechanical tests 

(tensile, stress ruptures, creep, fracture toughness, etc.). In addition to safety critical industries 

such as aerospace, workpiece SI is important for components such as forging dies, plastic moulds 

and press tools, as high thermal and mechanical loading occurs during their use and die/moulds 

service life is critical to economics of the processes.  

  

2.3 White layer property and white layer effects on product performance  

Manufacturing processes such as hard machining including turning, milling and grinding, 

EDM, forming, blanking and surface treatments cause changes in the microstructure and, 

consequently, in the mechanical properties and quality of the surface. These changes, commonly 

referred to as white and dark layers are confined to a few tens of micrometers into the 

subsurface. In particular, WL is typically a few microns thick, and it is hard, brittle and resistant 
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to standard etchants used in metallographic studies. It is called as white layer because it appears 

white under and optical microscope or featureless in scanning electron microscope (SEM) [17].  

In standard surface integrity characterization, residual stress on the component and the surface 

roughness are measured, the micro/nano hardness variation is plotted and the micro structure of 

the top and subsurface is viewed for phase transformation traces and WL formation [19].  

Service performance of components is a target attribute in order to satisfy client 

requirements. One clearly important function that influences the service performance is surface 

integrity. Surface integrity is the topographical, mechanical, chemical and metallurgical worth of 

a manufactured surface and its relationship to functional performance (BJ Griffith, 2001). Good 

service performance appears when SI requirements are met. Thus the control of SI is of 

considerable significance in manufacturing processes. Different machining processes produce 

different SI characteristics on different materials depending on number of factors, like the cutting 

parameters, cutting conditions, tool geometry etc. The WL is known to be a function of the 

cutting conditions and cutting parameters like cutting speed, depth of cut, tool wear. Depending 

upon the service conditions WL has different effects like it decreases the fatigue strength of 

steels, since the WL is hard and brittle, cracks can easily nucleate and propagate within. White 

Layer is reported to reduce the resistance of steel to stress corrosion cracking, the high hardness 

WL is brittle and often possesses a tensile residual stress which influences engineering properties 

of the materials [20]. Electrochemical tests indicate that the surfaces with WL corrode more 

quickly in service. S. Harrison et al. performed the Electro chemical tests on the WL produced 

on 52100 steel. The machined surface with WL showed to have lower polarization resistance 

than the surface without WL implying that a machined surface with WL will corrode more 

quickly in a nonaggressive aqueous solution. WL is reported to improve the resistance of steels 
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in sliding contact. The effect of WL on tribological performance for the manufacturing industry 

producing parts/components from hard alloys is still unclear. Waiker and Guo [21] investigated 

the effect of WL by hard turning versus grinding on frictional performance at dry and lubricated 

sliding contact. The turned WL slightly decreases the coefficient of friction, while ground WL 

significantly increases the coefficient of friction. The lubricated samples show that turned WL 

only slightly increases coefficient of friction while the ground white layer slightly reduces it. 

There have been several experiments listed in this literature review to study the effect of WL on 

product performance.  

 

2.3.1 White layer formation mechanisms  

White layer is formed due to different mechanisms in different machining processes.  

While machining, tool wear which increases with cutting time, plays a decisive role in defining 

the SI of the component. The thermomechanical load in the workpiece subsurface zone increases 

with increasing tool wear. If a certain width of flank wear is exceeded, a closed martensite layer 

and an annealed zone are formed. This is the white layer zone. The passive force is strongly 

dependant on the tool wear, causing high stress in the contact area of the workpiece and the tool 

flank face resulting in a high mechanical and thermal load of the workpiece surface layer. 

Furthermore, increasing flank wear increases the residual stress at the workpiece surface. 

Traditionally there have been three main mechanisms observed for WL generation [22], they are: 
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(a) Rapid heating and quenching which results in transformation products. Due to high cutting 

temperatures the austenizing temperature of the metal is reached, Fig. 2.1 shows the phase 

transformation diagram of iron-iron carbide. The hardened steels usually have 0.4-0.8% 

carbon, thus from the figure when the temperature is reached to ~727˚C and cools down from 

there, depending upon cooling rate, different transformation products are formed. Fig. 2.2 

shows the continuous cooling transformation diagram, when the cooling rate is within 10 

seconds, martensite is formed and this phase of metal is considerably hard then austenite, 

ferrite or pearlite. Similar transformation takes place on the workpiece surface and a hard 

martensitic layer is formed termed as white layer.  

(b) The mechanism of surface reaction with the environment eg. Nitriding, carburizing and oxide 

ploughing.  

Fig.2.2 Continuous Cooling 

Transformation (CCT) diagram 

 

Fig.2.1 Fe-Fe3C equilibrium 

phase diagram 
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(c) Plastic flow mechanism which produces a homogenous structure or one with a very fine grain 

structure. 

White layer is also reported to be formed due to high strain rates, high pressures during 

machining and different cooling rates. The large strain deformation and elevated temperatures 

prevailing in the machining zone could also trigger dynamic recrystallization or cause 

decomposition and partial dissolution of the cementite present in the steels [23, 24]. Barry and 

Byrne [24] machined the steels with worn tools to find that the WL produced in the machined 

surfaces of hardened steels are composed of nanocrystalline partially transformed material which 

bears no similarity to conventional martensites (Fig.2.3). The volume fraction of retained 

austenite in the WL increases with increased flank wear, due, it is thought to a greater degree of 

completion of the reverse martensite transformation.  

 

 

This was compared to the crystallography of machined surface WL and adiabatic shear bands 

observed in martensitic steels deformed at high strain rates and it was concluded that surface WL 

generation is essentially an adiabatic shear process in which the dominant metallurgical process 

is thought of dynamic recovery. 

Fig.2.3 Reflected light micrograph of a white layer in a sectioned 

and etched surface of BS 817M40 steel of 52 HRC, machined 

with a severely worn cutting tool (VB~0.4mm) [24] 
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In practice it is conceivable that all the above mechanisms cannot be separated and WL 

formation results from a combination of mechanisms with lesser or greater degree. Majorly 

carbon content influences the allotropic changes that take place in iron. Austenite (γ) cools down 

to transform into a mixture of ferrite and cementite. Depending upon cooling rate and alloy 

composition, pearlite may form. If the rate of cooling is very fast, the alloy may experience a 

large lattice distortion known as martensitic transformation, instead of transforming into ferrite 

and cementite. In this industrially very important case, the carbon is not allowed to diffuse due to 

cooling speed, resulting in a BCC-structure, resulting in hard martensite. The relative properties 

of these materials are determined by rate of cooling and therefore mechanical properties (e.g., 

hardness, tensile strength) of the steel. Quenching (to induce martensitic transformation), 

followed by tempering will transform some of the brittle martensite into tempered martensite. If 

low-hardenability steel is quenched, a significant amount of austenite will be retained in the 

microstructure [9].  

In machining processes the temperatures reach up to austenizing temperatures and due to 

atmospheric temperature in dry machining or use of coolant, sudden cooling of workpiece 

surface takes place. Thus due to rapid cooling hard martensite layer is formed which depending 

upon the machining temperature reached is called untempered martensite (UTM). The term 

Overtempered Martensite (OTM) is used to indicate the softer region beneath or the dark layer. 

The formation of WLs on machined surfaces is facilitated by conditions of moderate to high 

cutting speeds and tool flank wear. Based on a consideration of the strain, stress and temperature 

states associated with the formation of the WLs, it is hypothesized that the deformation of the 

steels to very large strains, together with dynamic recrystallization or cementite decomposition 

and dissolution, is the principal mechanism of formation of WLs in machining. The high 



 

12 

 

hardness and the featureless appearance of the WL appear to be a consequence of its 

nanocrystalline structure [1]. Thus the thermal stresses generated by austenite to ferrite 

transformation can lead to micro and macro cracking, possibly leading to fatigue failure. 

The other WL generation mechanism of surface reaction has been referred to with respect 

to WL found on worn surfaces, where particular environments such as oxygen and nitrogen have 

been identified. A WL approximately 50µm thick was observed in the bores of machine gun 

barrels and these layers consisted of nitrides in solution rather than a martensitic structure. The 

conditions with gaseous products of combustion containing nitrogen contribute to surface 

hardening by nitriding. Nitriding is a surface-hardenining heat treatment that induces nitrogen 

into the surface of steel at a temperature range (500 to 550
o
c or 930 to 1020

o
F), while it is in the 

ferrite condition. WL has also been encountered by researchers in cast iron piston rings resulting 

from saturation of the surface by gaseous combustion products. Rogers associated the presence 

of hard white-etching layers on grey cast iron with the problem of scuffing of diesel engine 

layers [25].  

 

2.4 Surface integrity and white layer formation in different manufacturing processes 

2.4.1 Hard turning 

Hard turning is a competitive machining process in making a variety of precision 

components with substantial potential benefits. However, resistance to the use of hard turning is 

very real due to the existence of the WL, which is often presumed detrimental to component life. 

White layer is dependent on many factors such as cutting parameters and the tool wear. White 

layer thickness varies with cutting parameters, work piece hardness and microstructure. Various 
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attempts have been made to understand the WL properties in hard turning. The cutting 

parameters and the tool wear are the ones which determine the surface finish and the thickness of 

the WL. Armacharoen and Mativenga [5] investigated the effect of coatings CrTiAlN and 

CrTiAlN+MoST and high cutting speeds on WL formation in machining H13 tool steel (57 

HRC). The cutting tests were conducted at 200m/min and 800m/min and the depth of cut of 

0.1mm and feed rate of 0.3mm/rev where, depth of cut and feedrate resemble high speed 

machining or hard finishing practice.  Coated tools which produce lower workpiece and tool 

temperatures (Fig. 2.4(a)) and homogeneous hardening effects were compared to uncoated tool. 

In addition they showed (Fig. 2.4(b)) that the lower cutting speed provides higher hardness on 

machined surface than the high speed for all cutting tools.  The thermal effects caused the main 

phase transformation to form the WL. 

 

 

 

The WL induced by turning is particularly important when the tool is worn. It is the 

major cause of high tensile residual stresses, increased hardness and large amount of retained 

Fig. 2.4 (a) Temperature at cutting speed 200 & 800m/min, (b) Average micro-hardness on 

machined surface of [5] 
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austenite. Ramesh et al. [10] investigated the WL formation in AISI 52100 steel (62 HRC) at 

different cutting speeds of 91.4m/min, 182.9m/min, 274.3m/min. The TEM, XRD and Nano 

indentation were used for characterization of microstructural changes, Residual Stress 

distribution in samples and hardness effect on the surface respectively. WL formation was 

explained to be the result of different mechanisms at different speeds, i.e. at 274.3m/min 

martensitic phase transformation was the reason for WL and at 182.9m/min severe plastic 

deformation was the reason. It was observed that at high speeds, increased thermal effects which 

resulted in increased tensile residual stress at the surface. The experiments were performed with 

worn tool and the Nano-indentation hardness data revealed a general trend of increased hardness 

of WL with increase in cutting speed. A reverse trend was seen when the coated tool is relatively 

new, i.e. the hardness is more at lower speeds as in the case of Armacheron and Mativenga. 

Higher hardness at high speeds was explained by the predominance of phase transformation 

effects at high speeds (and thus higher temperatures), which causes all carbon to be retained in 

solution and thereby increases the hardness. 

A. W. Warren and Y. B. Guo [26] studied the residual stress variation in hard turned and 

ground samples both with and without white layer. Fig. 2.5 shows the obtained results. 

Machining parameters were selected to produce four unique surface types: hard turned fresh 

(HTF) samples, ground fresh (GF), hard turned with a white layer (HTWL) and ground with a 

white layer (GWL). The residual stress in feed direction for HTF sample is compressive with a 

magnitude of -400 MPa at the surface. As the depth increases, the maximum compressive 

residual stress of -638 MPa occurs at the depth of 5 µm, whereas in HTWL sample high tensile 

stress near surface (<12 µm) is observed. Surface residual stress was tensile with a value of 357 

MPa. At depths greater than 12 µm, the residual stress becomes compressive, reaching a 
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maximum value of -826 MPa at a depth of 40 µm. The compressive residual stress remains a 

large magnitude throughout a depth of nearly 100 µm at which point it becomes stable. The 

abusive conditions generate higher temperatures and more broad deformation which affect the 

workpiece to greater depths.  The maximum residual stress in the cutting direction for HTF 

sample occurred at the surface and had a measured value of -968 MPa. When compared to the 

feed direction, residual stress in the cutting direction has a larger magnitude at the surface and 

subsurface to a depth of 20 µm. The major difference between feed and cutting directions is the 

lack of the “hook” profile for the cutting direction. However, due to gentle turning conditions 

used, residual stresses were only present to a depth of 20 µm. The surface tensile residual stress 

had a value of 102 MPa, but a sharp gradient was present that quickly attained a tensile residual 

stress value of 1029 MPa at 5 µm below surface. This value is reasonable due to the presence of 

martensitic white layer with very high hardness formed in the near surface. Beyond this depth, 

the residual stress again sharply declines, becoming compressive at only 12 µm. A maximum 

compressive stress of -834 MPa was measured at a depth of 30 µm. The residual stress remains 

compressive and gradually decreases throughout the measured depth of 110 µm.  
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The hardened WL is mostly viewed as disadvantageous or unnecessary layer. But 

Mehmedovici et al. [8] attempted to put forth the positive aspects of WL or how it can be useful 

in component’s life and tried to characterize WL through surface roughness apart from various 

metallographic characterizations. It was found that surface roughness Ra increases when cutting 

speed increases while it decreases when depth of cut or feed rate increases. Different thickness 

values of achieved WL, caused by different levels of flank wear on used tools, as well as their 

direct proportionality are visible on micrographs of machined surface. Dependencies of average 

WL thickness, i.e., standard deviation of average as a function of tool flank wear width are also 

shown in Fig. 2.6.  

Fig. 2.5 Residual shear stress profiles in the subsurface [26] 
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The following tool wear trend Fig. 2.7 was created to study the effect of tool wear machining on 

the work piece.  

 

Fig. 2.6 Influence of tool flank wear size on WLF during turning of 

hardened steel [8] 

Fig. 2.7 Wear curves and tool wear shapes for 5 

combinations of machining parameters during turning 

of hardened X155CrVMo12 steel [8] 
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It was concluded that WL formation when turning hardened steel is not always 

accompanied by a change in characteristics of machining parameter’s influence on Ra. It was 

also observed that the surface roughness decreased when the tool flank wear increased and this 

was attributed to the additional plastic deformation effect.  

Sangil Han et al. [9] performed orthogonal machining on AISI 1045 annealed steel in 

order to investigate the exact mechanism of WL formation.  The temperature at the tool and 

work piece interface was measured and a thermocouple was attached at tool flank to get the 

maximum temperature during the experiment. And it was found that the maximum temperature 

reached did not cross the phase transformation temperature of the steel, clearly indicating that 

temperature is not the only factor responsible for WL formation in machining of 1045 steel. 

Table 2.1 gives the cutting conditions.  

Table 2.1 Experimental design for turning operation [9] 

Work piece 

material 

Tool material Cutting speed 

(m/min) 

Flank wear 

width, VB 

(µm) 

Feed 

(mm/rev) 

 

1045 

annealed steel 

 

Carbide KC 

730 

100 

100 

100 

200 

200 

200 

100 

420 

600 

100 

260 

310 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 
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The Fig. 2.8 shows the WL formation in all the cases with different thickness. The 

retained austenite which serves as evidence of phase transformation is observed in the WL 

formed in all machining conditions when machining AISI 1045 annealed steel. The amount of 

retained austenite varies with the thermal and mechanical loading resulting from the different 

cutting conditions.  

Barbacki et al. [7] also machined the surface of AISI 52100 steel containing 1% C and 

1.5% Cr; hardness: 60 HRC, after machining the TEM revealed that the resulting WL thickness 

is about 10µm. Electron microdiffraction showed no austenite reflections for the superficial part 

of the WL, but the presence of austenite was recorded in deeper parts of the layer. Thus the 

deeper part which is overtempered dark layer was less hard than the WL. High hardness of the 

white layer is caused by extremely small grain size and high dislocation density. Similar 

conclusion was provided by B.Zhang [27] in the experiment of impact wear in which the 

specimen was impacted with mill balls at certain angle and speed. Along with surface WL an 

Fig. 2.8 White layer depth for the conditions studied - 

error bars represents one standard deviation variation [9] 
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internal adiabatic shear band (ASB) was reported formed due to friction which also possessed 

fine subgrains. Thus they are hard and brittle which would allow cracks to easily nucleate and 

propagate in them. But the subgrain size would be different in various surface white layers or 

internal white adiabatic shear bands. Fig. 2.9 shows the internal WL and ASB formed in a low 

alloy steel.  

 

 

 

 

2.4.2 Grinding  

Grinding has been considered more sensitive to form WL due to the characteristics of high 

temperature and rapid heating and quenching. As an effective process, difficult to machine die 

steel, grinding is widely used in the finishing of die and mould components with high precision 

[3]. Many studies have been carried out in WL formation due to grinding. Hiroshi et al. in 1981 

[4] conducted a test to elucidate the WL formation in grinding. Quenched steel was used with 

size 6 mm wide, 50 mm long and 15 mm high containing 0.9%C, 0.3% Si, 0.93Mn, 0.22%P, 

0.09%S, 0.06%Cu and 0.12%Ni. It was quenched in a non-oxidizing furnace by holding it at 

Fig. 2.9 Surface white layer and 

internal white ASB (optical 

micrograph) [27] 
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900
0
C for one hour and quenching it in oil at 50

0
C to obtain hardness of HV= 850-900. The 

grinding wheel speed of 2270 mm/min, workpiece feed speed V=2-30 m/min and different depth 

of cut ranging from 10 µm-160 µm were given in steps of 10µm. The ground WL was observed 

to be formed at depth of cut= 50 µm-60 µm. The thickness of the ground WL changed with the 

work speed and depth of cut. It was observed that deeper ground WL were produced at smaller 

values of V rather than at larger values of V suggesting that the heat energy generated by 

grinding is dissipated before an increase in V gives the heat energy for phase transformation 

from ferrite to Austenite. Essentially the WL was formed when the grinding temperature reached 

750
˚
C. It was also pointed out that the ground WL appeared earlier or at lower depths in up-

milling than in down milling.  Guo and Sahni [2] performed cylindrical grinding on AISI 52100 

to produce a thick WL in order to compare it with hard turned surface. To allow reliable 

measurement certain set of cutting parameters were used which would produce thick WL (Fig. 

2.10). The ground WL was clearly visible with the transition between WL to dark layer and the 

WL was hard upto 820HV due to microstructural changes and martensite formation and the dark 

layer was seen to be softer with 430HV containing ferrite and cementite.  
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Table 2.2 Process parameters of turning and grinding for generating thick white layer [2] 

Operation Cutting 

speed (m/s) 

Feed rate 

(mm/s) 

Depth of 

cut (mm) 

MRR 

(mm
3
/s) 

Tool 

materials 

Work 

material 

Turning 2.82 1.66 0.2 28.15 CBN AISI 52100 

(62-63 

HRC) 

Grinding A 26.26 8.33 0.13 16.27 Al2O3 AISI 52100 

(62-63 

HRC) 

Grinding B 26.26 16.66 0.13 32.54 Al2O3 AISI 52100 

(62-63 

HRC) 

 

C. Mao et al. [1] investigated the WL by grinding hardened 45 steel and hardened bearing 

steel GCr1 at different grinding conditions. The thickness of WL in the hardened 45 steel was 

found to be more than the annealed 45 steel, this was explained as the hardened 45 steel usually 

have some amount of retained austenite in the bulk material, but the annealed 45 steel typically 

do not have any austenite in the bulk material. And it is known that more martensite is formed 

Fig. 2.10 Surface structure of the 

ground samples (v: 28.26m/s, f: 8.33 

mm/s, DOC: 0.13 mm, worn grinding 

wheel) [2] 
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when more austenite is present during quenching. One more reason for the different WL 

thickness between the hardened and the annealed 45 steel is that former is harder than the latter. 

Other reason for the different WL could be the hardened 45 steel is more difficult to grind and 

results in higher grinding temperature and larger grinding force, thus the microstructural 

alterations are deeper.  Other conclusions made by C. Mao were that the increased carbon 

content in steel tends to increase WL hardness. The WL thickness varies with cutting parameters 

like the cutting depth and table speed. W.W. Ming et al. [3] investigated the WL formation in 

grinding SKD-11 hardened steel. The effect of grinding parameters was observed concluding 

that with the increase of grinding depth, the thickness of WL as well as the hot-affective region 

increased sharply but the feed rate did not affect the WL much.  

 

2.4.3 Milling 

Very less work has been done in studying the WL formation in high speed milling. R. C. 

Dewes, D.K. Aspinwall in 1997, reviewed the HSM [28] work over the last decade including 

tool life, workpiece surface finish/dimensional accuracy and cost data. HSM is known for high 

metal removal rates, low cutting forces and minimal workpiece distortion, ability to machine thin 

walled sections and the use of simple fixturing. Other positive aspects of HSM were stated as 

surface finish of 0.1µm can be produced, reduction in cutting tool variety, burr free components 

and easier chip disposal. There are problems and drawbacks in HSM to be addressed  such as 

high tool wear, the need for expensive tool materials, balanced tooling, precision tool-holder 

tapers, expensive spindles with low spindle life at maximum  rotational speed and costly 

machine tools and control systems. J.Z.Pang et al. [11] performed the high speed milling 

experiment on P20 steel using solid carbide straight end mills TiAlN coated tool. The P20 steels 
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had Rockwell hardness of 41HRC and the cutting range was 301 to 754m/min. The cutter had a 

diameter of 12mm, a helix angle of 35
0
 and a rake angle of 0

0
. Table 2.3 shows the cutting 

parameters used in the experiment and figure 2.11 shows the experimental setup.  

Experiments are designed keeping in mind the aim of the study. Design of experiments 

technique is a powerful work tool, which permits us to carry out the modeling and analysis of the 

influence of determined process variables over response variables. Cutting speed V (m/min), 

feed per tooth fz (mm/tooth), and radial depth of cut Rd (mm) were taken as design factors. For 

this experiment a combination of 3
4-1 

was chosen. Table 2.4 shows the design matrix, thickness 

of the WL Δ (µm) and surface roughness value Ra (µm) obtained during the experiment.  

Table 2.3 Cutting parameters used in the experiment [11] 

 

 

 

 

 

 

 

 

Parameter Value 

Cutting speed, V (m/min) 301 ~ 754 

Spindle speed, n [r/min] 8000 ~ 20000 

Feed rate, fz [mm/tooth] 0.05 ~ 0.1 

Feed speed, Vf [mm/min] 800 ~ 4000 

axial depth, Ad [mm] 12 

Radial depth, Rd [mm] 0.1 ~ 0.3 
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The result showed that WL is formed under all the cutting conditions with slight 

difference in thickness. It was observed that WL thickness increased with the cutting speed from 

301 to 490m/min, and at a speed of 754m/min, WL thickness reduced. At 301 to 490m/min, the 

reason for the variation in WL thickness was explained to be the higher workpiece temperature 

in the high cutting speed than in the low cutting speed. It’s basically rapid heating and cooling 

process resulting in transformation products at the surface. At speeds of 490m/min and above, an 

increase in cutting speed result in a decrease in the temperature of the machined surface and 

increase in the chip temperature, and an increase in cutting speed also result in a decrease in 

plastic deformation. Thus, an increase in cutting speed results in a slight decrease in WL 

thickness. It was concluded that the feed per tooth is the most significant effect on WL thickness 

and the surface roughness followed by cutting speed and then radial depth of cut. Smaller WL 

thickness and lower surface roughness are obtained if a smaller feed rate, a smaller radial depth 

of cut and higher cutting speed are given. S. Ekinovic et al. [12] investigated the WL formation 

in high speed milling of hardened steel. The fact that WL is detrimental to surface integrity of the 

Table 2.4 Experimental design matrix and results [11] 

Fig. 2.11 Schematic of the 

experiment setup [11] 
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machined surface, especially from the tribological and service utilization point of view was 

highlighted and high-speed machining conditions which could produce minimize the WL were 

explored. High carbon steel (C>0.6%) was milled at different speeds of 50m/min, 150m/min, 

300m/min and 1500m/min. The chip morphology and the machined surface where characterized 

for microhardness and microstructure. WL was observed both on the inner side of the chip and 

also between the segments.           

 

2.4.4 Electric Discharge Machining (EDM)  

In Electric Discharge Machining (EDM) material is removed by erosion from electrically 

conductive materials using consecutive electric sparks. Work piece and electrode are placed in a 

dielectric liquid with small gap between them. Heat energy is generated by each electrical 

discharge in a narrow area that locally evaporates, melts and ionizes workpiece material. The 

dielectric liquid quenches and flushes some of the melted and all of the evaporated material and 

the remaining melt recast on the finished surface. The recast layer is called the WL; it is difficult 

to etch and appears white under optical microscope [15].  

 

Ekmekci [15] studied the residual stresses and WL generation in EDM processes. WL 

composition in EDM was observed to depend on type of dielectric liquid and the tool electrode 

Fig. 2.12 Material removal due to one pulse in EDM [16] 



 

27 

 

used. The WL mainly composed of untempered martensite and small fraction of retained 

austenite. Martensite is formed due to the presence of carbon atoms that do not have time to 

diffuse during transformation. Surface residual stresses were observed to increase on the 

machined surface as non-homogeneities within the WL increased. Such stresses exceed fracture 

strength of the material and result in randomly distributed micro cracks on the machined surface.  

Garcia Navas et al. [14] investigated the WL formation in WEDM of AISI 01 tool steel. The 

residual stresses and EDM’ed samples tended to null value at a depth of 80µm after peaking to a 

tensile stress of about 700MPa. The volume fraction of retained austenite was found to be equal 

to the bulk material at small depth of 20-30µm.  

 

 

The increment in hardness after EDM in the superficial layer of steel was observed up to 

20µm, where hardness tends to a value of non machined material.  Bleys et al. [16] studied the 

influence EDM on surface and sub-surface quality in the manufacturing of mould and tool steel. 

The thermally induced WL consists of many layers [29] depending on process conditions and 

work piece properties like chemical composition and thermal conductivity. The WL or recast 

layer is full of micro-cracks often present due to the rapid solidification and shrinkage of the 

molten material. Cracks are seen to run down the depth of the WL but seldom continue in the 

Fig. 2.13 White layer and HAZ for rough sinking EDM [16] 
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layers underneath and are mostly perpendicular to the surface.  Heat affected zone comprises 

mainly of material which is thermally affected but has not be molten. This mainly consists of 

hardened (martensitic) and an annealed layer. Moreover, the increased amount of dendritic 

cementite that results from the absorption of carbon originating from pyrolysis of the oil 

dielectric is the reason for hardness of the surface.  

 

2.5 Finite element modeling of white layer  

Finite element modeling has been used extensively to simulate various mechanisms in 

machining. A thorough review of literature shows that numerical models like finite element 

modeling (FEM) have been widely used to simulate mechanisms like temperature generation in 

machining, stress/strain and deformation, chip creation mechanisms which are difficult to predict 

of understand only by experiments. Finite element models have proven to be a very good tool to 

understand various surface integrity characteristics like residual stress formation on the 

machined surface and subsurface which is expensive and difficult to measure for various 

materials just by experimental techniques. In the later chapters finite element analysis has been 

used extensively for addressing issues of material flow under the cutting edge, WL formation, 

and residual stress variation. 

As seen, that the WL has been investigated in different processes and the WL formation 

mechanism has been found to be the thermal phase transformation process by many of the 

researchers. Clarification has been achieved in many cases, as in what conditions and materials 

the WL is formed. Despite these experimental investigations and results very less work has been 

performed in modeling white and dark layer or numerically predicting the WL formation 

processes. Empirical models could be very useful in practical situations than using physical 



 

29 

 

models as these can be easily implemented in FE codes and results close to physical models can 

be achieved by calibration [30]. S. Ranganath et. al, [31] performed the research to develop 

predictive machining models to investigate the root causes of machining-induced WL formation 

and to select machining parameters to achieve WL free superalloy finish machining. Umbrello 

and Filice created a FE model which includes empirical models to predict the microstructure 

changes. Turning experiments were carried out on AISI 52100 steel (52-57HRC) in order to 

input the data in the proposed simulation. Dry orthogonal turning tests were conducted on a CNC 

lathe with CBN 100 inserts. Thermocouples and Infrared thermo-camera were used during the 

experiments in order to detect the local temperature and the whole temperature field. The cutting 

speed ranged from 75-250m/min and the feed rate from 0.125-0.175mm/rev. Microstructure and 

microhardness characterizations were performed and the data was used for modeling. 2D plane 

strain simulation was carried out with certain assumptions, cutting tool to be rigid; isotropic 

hardening for workpiece material and law for non-isothermal viscoplastic material behavior 

governed by incremental, theory of plasticity and Von Mises yield condition. Two simple 

thermal models based on the hardness modification (ΔHRC) were considered in order to simulate 

white and dark layers. 550-650˚C was taken as the austenite-start temperature depending upon 

initial material hardness and study developed by Ramesh and other parameters were taken from 

ASM Handbook in which the variation of hardness with tempering temperature in AISI 52100 is 

reported. Also the other constant values were derived from the continuous cooling 

transformation curve for the AISI 52100.  
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Figure 2.14(a) shows the updated hardness values at the cutting speed of 250m/min and feed rate 

of 0.125mm/rev and Fig. 2.14(b) the hardness variations numerically obtained by FE model is 

compared with experimental one for the same test. There seemed to be a good agreement 

between experimental and simulated results between both white and dark layer.  In the 

simulation the temperature was checked at each step and for each element of the workpiece in 

order to update the hardness of current element and the latter is stored before the next simulative 

step. With the hardness variation, the material strength was locally updated (harder or softer) in 

order to reflect the reality of machining process. It was concluded and simulated that WL 

increases with increasing of both cutting speed and feed rate and dark layer decreases with 

increasing of cutting speed, while it remains almost constant or slightly decreases when feed rate 

is increased.  

 In research conducted by Ranganath et al.[31] emphasis was given on the ratio of edge 

radius to uncut chip thickness as it seemed to be the most important parameters in controlling the 

Fig. 2.14(a) Simulation microstructural changes (b) Experimentally measured and 

numerically predicted near-surface hardness. [31] 
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plastic strain and temperature on the machined surface and in turn the thickness of the WL. 

Orthogonal turning tests were performed on the end faces of cylinder bars of IN100 nickel 

superalloy. No coolant was employed and a new tool edge was used for each test. The edge radii 

of the inserts were measured as 10 and 25µm for carbide and CBN inserts respectively. Piece-

wise Johnson-Cook model was proposed to represent the plasticity behavior of IN100, table 2.5.  

 

Table 2.5 A piece-wise Johnson-Cook model (IN 100) [31] 

A B N m c ε 0 T (˚C) 
1150 3410 0.98 4.47 0.0132 0.001 20-870 
1150 3410 0.98 0.56 0.0532 0.001 870-1220 
 

Researchers developed a FE based model to predict critical parameters for the formation 

of WL and bent grains in finish-machining of nickel superalloy. This research was performed to 

develop predictive machining models and come up with the select machining parameters to 

achieve WL free superalloy finish machining. They concluded that the ratio of tool edge radius 

to uncut chip thickness is the most critical parameter in determining the amount of plastic strain 

in the machined surfaces, which is believed to be the cause of WL formation and bent grains for 

low-speed machining of nickel super alloys.  

Thus, in all the finite element analysis for predicting WL thickness, phase transformation 

of the material from austenite to martensite due to rapid cooling is the main prediction criterion. 

Similar criterion is used in the 2D simulation of AISI 52100 to predict the WL thickness.  
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CHAPTER 3 

A 3D FINITE ELEMENT STUDY ON MATERIAL FLOW UNDER THE CUTTING EDGE 

IN HARD MILLING AISI H13 STEEL 

 

Abstract 

A 3D finite element model of hard milling has been created to have a deeper insight into 

some key issues in machining. The model illustrates the effects of milling insert geometry on 

ploughed depth and material flow under the cutting edge, transition from ploughing to cutting, 

and transient stresses and temperatures in the surface and subsurface during machining. Different 

ploughing depths from 0.6µm-3.0µm are used to study the effects. The Johnson-Cook 

constitutive equation is used to model the plastic behavior of workpiece material AISI H13 steel 

(50±1 HRC). Surface and subsurface transient stresses and temperatures during ploughing show 

similar characteristics as cutting simulation except the magnitudes. Ploughing depth of 1.8 µm 

corresponding to stagnation angle 35° is observed to be the threshold minimum uncut chip 

thickness at which transition from ploughing to cutting takes place. The material flow pattern 

with pile-up characteristics in front of the tool rake face is presented. Friction between the 

cutting edge and workpiece surface has a significant influence on the predicted results. Different 

coefficients of friction are used to study their effects on stresses/strains and temperature during 

ploughing.  
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3.1 Introduction 

Hard milling is emerging as a key technology in mold and dies manufacturing industries. 

The benefits of hard milling are substantial in terms of reduced machining costs and lead time, in 

comparison to the traditional process chain including machining in the annealed state, heat 

treatment, grinding/electrical discharge machining (EDM), and manual finishing. Hard milling is 

characterized by high stress, high strain rate, high temperature, and very short tool/workpiece 

interaction time during chip formation process. The localized, intense and rapid 

thermal/mechanical loadings result in the changes of surface materials. However, the reliability 

of a machined component depends to a large extent on the surface integrity of the machined 

surface layers including residual stresses, microstructure and microhardness. To better 

understand the critical mechanisms of stress & strain variations, thermal variations, residual 

stress formation, chip formation, and tool/workpiece contact in material removal processes, finite 

element simulation has been widely used. J Mackerle (2003) [1] summarized the use of finite 

element models and simulations found in literature for investigating the above mentioned 

mechanisms. Finite element analysis (FEA) simulations give an insight into deformations, 

stresses, strains and temperatures in the workpiece during and after the cutting, as well as loads 

on the cutting tool at macro and micro scales. These mechanisms are difficult to visualize and 

understand just by experimental techniques. In FEA of machining, various analyses have been 

carried out simulating chip formation criterion which would explain the chip morphology, 

cutting forces, and material flow. Guo et al.  (2002) [2] simulated the sequential machining 

process to study the mechanical state of machined surface. As early as 1977, Basuray et al., [3] 

mentioned the stagnation effect and there being a stagnation point at which material flow 

separates around the cutting edge. The stagnation angle of 37.6° was reported as the transition 
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from ploughing to cutting. Guo et al. (2005) [4] studied chip morphology transition with 

stagnation effects and saw-tooth chip formation in cutting. Nasr et al. (2006) [5] tried to explain 

how stagnation angle changes at the tool tip when the cutting edge radius changes. It has long 

been noted that the stresses in the machined surface and the subsurface are mainly affected by 

tool/workpiece contact geometry and cutting parameters. Marques et al. (2006) [6] performed 

hard milling on AISI H13 ESR steel to observe the effect of tool edge geometry on residual 

stress formation. The tool geometry changes the contact length between tool/workpiece, cutting 

temperature, and cutting forces, thus different types of surface integrity. Matsumoto et al. (1999) 

[7] studied the effect of tool edge geometry on compressive residual stress in hard turning of 

AISI 52100 steel with sharp, honed and chamfered cutting edges. Chen et al. (2006) [6] studied 

the effects of edge preparation and feed on tool life and residual stress using a 2D orthogonal 

cutting finite element model. Compressive stress is also observed to be induced in hard milling 

process, D. A. Axinte et al. (2002) [8] and Zhang et al. (2009) [9] performed hard milling 

experiments on AISI H13 steel to study the surface integrity of material after hard milling. 

Hardened tool steels and other difficult to machine alloys can be machined by milling process. 

The effect of milling insert geometry on process mechanisms and surface integrity is seldom 

studied through finite element process due to the complex 3D nature of tool and workpiece 

geometry and contact.  

Bissacco et al. (2005) [10] found that top burrs are relatively large in micromilling due to 

size effect. When the ratio of the depth of cut to the cutting edge radius is small, high biaxial 

compressive stress pushes material toward the free surface and generates burrs. This 

phenomenon of material being pushed away at the entrance of cut is also illustrated in the current 

simulation. It is reported by Liu et al. (2006) [11]  and other authors that a heat source caused by 
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the significant ploughing/rubbing in the vicinity of dead metal cap due to the finite tool edge 

radius, will also strongly influence the amount of heat generated and cutting temperatures.  Kim 

et al. (2002) [12] also observed ploughing under a certain depth-of-cut, which indicates that there 

exists a minimum chip thickness for chip formation. Many finite element models have a major 

drawback of using a chip separation criterion which allows the material to separate from the 

workpiece. The chip separation criterion requires that one predetermines the part of chip-

workpiece separation and this is only suitable for a sharp cutting tool. When a rounded edge 

cutting tool is used the particular node on the rounded edge (which is the stagnation point) to 

separate is a big question. This stagnation point (node) varies with cutting conditions. The use of 

chip separation criterion also suffers another major drawback related to numerical instability 

when a small parameter value is chosen (K.C. Ee, O.W. Dillon Jr. I.S. Jawahir) [13]. Guo et al. 

(2009) [14] developed a 2D hybrid predictive finite element model to predict characteristics of 

residual stress and temperatures in hard turning. This model is based on the concept of ploughing 

effect, wherein ploughing depth (δ) is comparable to edge radius (rn). In such a case, the material 

is not removed in the form of chip but it gets ploughed below the cutting edge experiencing high 

stresses, large strains and strain rates at high temperature gradients. But there is a threshold value 

of ploughing depth which when reached a chip will form, this is the minimum uncut chip 

thickness.  

The above mentioned studies are basically limited to 2D simulations. However, a 3D 

analysis model will be useful in understanding the complex process mechanics in a practical 

machining process to account for the complex 3D nature of tool and workpiece geometry and 

contact. In this study, a 3D FEA model based on the concept of ploughing is developed to predict 

material flow under the cutting edge, transient stresses/strains, and temperatures in hard milling. 
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The material flow patterns, transient stresses/strains and temperatures are studied at different 

ploughing depths and different coefficients of friction are used to study the effect of friction on 

material flow. Surface Integrity produced and the stresses/strain experienced by the machined 

surface during and after machining are largely affected by friction characteristics. Sarkulvanich 

et al., [15] conducted a sensitivity analysis on effects of flow stress and friction models in finite 

element simulations. It was observed that friction has strong effects on cutting forces, thrust 

forces, chip geometry and cutting temperature. Large friction causes larger tool-chip contact 

area, such that more work is required to form the chip and thus higher cutting forces and also 

more heat is generated and this results in a higher contact temperature. It was also concluded that 

coefficient of friction (COF) µ=0.1 seem to give the best chip thickness.  

 

3.2 Finite element modeling 

3.2.1 Simulation procedure 

For modeling the cutting tool, actual dimensions of the milling insert were taken as 

shown in Fig. 3.1. To reduce simulation cost and complexity, only cutting edge of the insert 

involved in cutting process is modeled. Fig 3.2 shows the initial contact of tool/workpiece in a 

milling process. Depending upon the radial depth of cut given, the cutting insert will move in 

radial direction, usually the radial depth of cut is 0.5mm in hard milling, thus only 0.5mm width 

of cutting edge is modeled. 
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Fig. 3.3 shows the mesh of tool and workpiece and contact before the ploughing process. 

The cutting insert was modeled using CAD software and then imported into Abaqus as a discrete 

rigid body. The cutting insert was meshed to have fine mesh on the cutting edge and coarser in 

the other regions. Three-dimensional quadrilateral (R3D4) and triangular (R3D3) rigid elements 

are used to model the three dimensional rigid body. The workpiece dimension is approximately 

200 µm × 150 µm × 200 µm. Top layer of about 15 µm of the workpiece is finely meshed as the 

stresses and temperatures at the surface and in the subsurface have high gradients and can be 

captured with high spatial resolution. The type of element used for workpiece is C3D8RT, an 8-

node thermally coupled brick element with trilinear displacement and temperature degree of 

freedom. 

Fig. 3.3 (a) shows the cutting insert and workpiece position before simulation, Z being 

the ploughing direction. Fig. 3.3(b) shows the workpiece size and mesh. Semi-infinite elements 

are used to define the far-field regions in the workpiece. Fig. 3.3(c) shows the enlarged view of 

the cutting edge and workpiece contact and Fig. 3.3(d) shows the side view of material flow in 

cutting edge sliding.  

 

Fig. 3.1 Geometry of the milling insert 

Workpiece 

Cutting insert 

Fig. 3.2 Cutting edge/workpiece contact 
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Top layer of about 15 µm of the workpiece was provided with adaptive mesh domain. 

ALE adaptive meshing was used with proper controls to maintain a high-quality mesh under 

severe material deformation (ref. Abaqus user’s manual 6.7) [16]. Adaptive mesh controls help 

in maintaining a topologically similar mesh throughout the analysis i.e. elements are not created 

or destroyed. Thus using adaptive meshing in Lagrangian model avoids the problem of excessive 

element distortions. 

3.2.2 Coupled thermal-mechanical numerical analysis 

Armachroen & Mativenga [17], discussed about the size effect and tool geometry in 

micromilling of H13 tool steel. When the feed per tooth is smaller than the cutting edge radius, a 

chip may not be formed at each tool passage. In this case material just gets ploughed under the 

(b) 

Semi-Infinite 

elements 

150µm 

200µm 200µm 

(d) 

Edge radius 

10µm 

(a) Workpiece 

Cutting 

insert 

Nose radius 

0.8mm 

(c) 

Edge radius 

Fig. 3.3 Mesh and contact between cutting edge/workpiece  
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cutting edge radius; this mechanism is used in simulation to plough the material.  A range of 

stagnation angles between 20° - 45° were selected. The edge radius is 10µm, then the ploughing 

depths can be calculated from the formula δ= rn (1-cosα), given by Guo et al. (2009) [14], where 

rn is the edge radius, δ is the ploughed depth and α is the stagnation angle. Table 3.1 shows the 

simulation conditions. Initial temperature of 22°C was provided to the entire workpiece and 

bottom surface of the workpiece was constrained in all directions. 

 

Table 3.1 Simulation conditions 

α (°) 20 30 35 40 45 

δ (μm) 0.6 1.3 1.8 2.3 2.9 

 

The simulation was conducted in 2 steps. In step-1 the tool moves downwards to the 

specified depth δ, in this step the cutting insert is constrained in all directions except translation 

in Y. In step-2 the cutting insert moves in Z direction with the specified cutting speed and is 

constrained in all directions except translation in Z. In the present case a velocity of 300 m/min is 

given to the cutting tool, which is the usual cutting speed in milling hardened steel, D.A. Axinte 

et al. (2002), Zhang et al. (2009)[18]. Coefficient of friction of 0.1, 0.2 and 0.3 was used between 

tool and the workpiece. Fig. 3.3(d) illustrates the ploughing process. This hybrid finite element 

model has the feature of both cutting and forming at the same time. If proper spatial and 

temporal convergence is made this method avoids the sever element distortion generating similar 

results as traditional chip formation simulations. Chip separation criteria are not required as there 

is no explicit chip formation and smooth surface with sufficient deformation gradient is obtained 

via adaptive meshing technique. 
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3.2.3 Material modeling 

For modeling the plastic behavior of workpiece material the Johnson-Cook (JC) 

constitutive equation was used due to the availability of material property data. Johnson, G.R. 

and Cook, W.H., (1983) [19] described a constitutive model to evaluate the flow stress data for 

materials subjected to large strains, high strain rates, and high temperatures. Many studies have 

followed this constitutive model for describing the behavior of different materials under large 

deformations. The Johnson-Cook constitutive model is given by Eq. 1 

                                   ̅  [     ] *     (
  

 ̥ 
)+      

                                               (1) 

where   is Von Mises flow stress, ε , the equivalent plastic strain, A, the initial yield strength, 

B, the strain hardening coefficient, n, the strain hardening exponent, C, the strain rate coefficient, 

ε ,  the equivalent plastic strain rate, ε  ̥, the reference plastic strain rate, Th, the homologous 

temperature, Th=(T-T0)/(Tmelting–T0), T the workpiece temperature, and Tmelting and T0 are, 

respectively, the material temperature and the reference ambient temperature. Ng, E-G,  (2001) 

[20] performed a compression test on AISI H13 steel at elevated temperatures to determine the 

flow stress data used in the Johnson-Cook model. According to Guo, Li et al. (2009) [21] for 

FEA analysis, the material data obtained by independent tests such as Split Hopkinson Pressure 

bar test is preferred over machining tests. Shatla et al. (2001) [22] also performed orthogonal slot 

milling experiments with an analytical- based computer code to determine flow stress data as a 

function of high strains, strain rates and temperature. Yan et al. (2007) [23] determined the 

parameters for the reference flow stress curve by regression analysis on experimental data 

produced by Shatla et al. The parameters used in this simulation are given in Table 3.2. The 

reference plastic strain rate of 3500/s was used.  
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Table 3.2 Constants for JC model for AISI H13 steel (Ng, E-G, 2001) [20] 

Material A (MPa) B (MPa) C n m 

AISI H13 Steel 715 329 0.03 0.28 1.5 

 

Nasr et al. (2007) [24] summarized the mechanical and thermal data on various 

commercial steels and studied the effect of strain hardening and initial yield strength on 

machining-induced residual stresses. These mechanical and thermal properties of AISI H13 

(Table 3.3) are used in the simulation. 

Table 3.3 Mechanical & thermal properties for Nasr et al. (2007) [24] 

 

 

 

 

 

 

 

 

 

  

Young’s modulus (GPa) T (°C)                   E 

20                         207 

93                         200 

300                       186 

540                       158 

Poisson’s ratio 0.3 

Density (Kg/m
3
) 7800 

Specific heat capacity 

(J/Kg °C) 

460 

Thermal conductivity  k 

(W/m °C) 

T (°C)                       k 

27                           17.6 

204                         23.4 

427                         25.1 

649                         26.8 

Melting temperature Tm 

(°C) 

1490 

Linear coefficient of 

thermal expansion 

α (μm/m °C) 

T (°C)                       α 

93                           10.4 

204                         11.3 

316                         12.4 

427                         13.1 

    538                         13.5 
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3.2.4 Convergence analysis 

 Spatial convergence 

The initial workpiece size used for this simulation was 1500µm X 1500µm X 1000µm. To 

get right displacement and temperatures in the coupled mechanical -thermal analysis optimum 

size of element is necessary. The above mentioned mesh size did not produce the displacements 

and temperatures close to machining process for eg.,  temperature in the range of 600˚C. Thus 

the workpiece size was scaled by 10 times and it was seen that the temperature produced in the 

elements converged. But scaling by 10 times made the element size too small and just in initial 

stages of analysis the elements got distorted and simulation stopped. Then the initial size of 

elements was scaled down just by 7 times. This still produced converged displacement and 

temperatures and the simulation completed without excessive distortion of elements.  

 Temporal convergence 

The initial total time for the analysis was 2e-04 seconds and step time was 2e-06 seconds 

then the total time was reduced to 4e-05 seconds and step time to 4e-07 seconds to get the 

converged displacements in right time and produce compressive stresses and high temperatures 

in the elements comparable to cutting process. This factor of reduction in total time was made 

after trial and error process.  

 

3.3 Results & discussions 

3.3.1 Stagnation effects  

At lower ploughed depths of 0.6 µm and 1.3 µm the material was ploughed under the 

cutting edge without any chip formation. The effect of ploughed depth on temperature is shown 

in Fig. 3.4.  
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Ploughed depths of 2.3µm and 3.0µm show high temperature magnitudes. This is 

explained by the fact that at large ploughing depths more material gets ploughed under the 

cutting edge, which increases the material deformation and hence the temperature. At ploughing 

depth of 1.8µm transition from ploughing to chip formation is observed.  

The maximum surface temperature is 977°C at the largest ploughed depth. The predicted 

temperatures in the current simulation are higher when compared to temperature distribution 

predicted by Chen et al. 2006 [25], because in the current simulation the tool is considered as 

rigid and no thermal or mechanical properties are given to the tool. Thus all the heat generated 

during ploughing is conducted through the workpiece and the tool doesn’t carry away any heat. 

Fig. 3.5 shows the temperature sensitivity to friction coefficient. On an average a temperature 

difference of 95°C is observed between COF 0.1 and 0.3. The results were taken along a path 

Fig. 3.4 Temperature distribution beneath 

the surface at different ploughing depths 
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through the highest temperature zone. Fig. 3.6 shows the path and section for ploughing depth 

0.6 µm at which data is extracted. 

 

 

 

 

 

 

Fig. 3.5 Temperature sensitivity to friction coefficient 

Fig. 3.6 Path along which data is extracted 
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3.3.2 Experimental validation  

To validate the simulation procedure of predicting stresses & temperatures, the results 

from ploughing simulation and cutting process were compared. The flow stress data produced 

during simulation was compared to the flow stress data determined by Shatla et al. (2001), for 

AISI H13 steel in orthogonal milling tests. Two-dimensional orthogonal slot milling experiments 

were conducted  in conjunction with an analytical-based computer code to determine flow stress 

data as a function of high strains, strain rates and temperatures encountered in metal cutting. The 

AISI H13 tool steel was milled at cutting speed of 50m/min and feed per tooth of 0.1mm/tooth.  

The predicted parameters of the flow stress equation for AISI H13 tool steel (46 HRC) 

are A=674.8 MPa, B=239.2MPa, n=0.027, C= 0.027, D=1.16 and E=0.88. A modified JC model 

was used in this experiment for more flexibility. The range of strains, strain rates and 

temperatures used to determine the flow stress data, based on selected cutting conditions were 

0.9 ≤ ε ≤ 1.7, 6X10
3
 ≤ ε   ≤ 9X105 and temperature 300˚C ≤ T ≤ 1200˚C respectively. The 

analytical computer code was based on Oxley’s machining theory that can predict cutting forces 

and average temperatures and stresses in orthogonal cutting from thermal properties. Thus, 

predicting flow stress data of the workpiece material as a function of strain, strain rate, 

temperature, tool geometry, and cutting conditions. The simulated average flow stress data in the 

nodes at the cutting tool and workpiece interaction closely relates to the experimental flow stress 

data for temperature 800˚C and strain rate of 9X105 /s (Fig. 3.7).  This shows that the estimated 

flow stress and temperature data in the current simulation at different ploughing depths is within 

the range of cutting process. 
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3.3.3 Stress distributions 

Fig. 3.8 below, shows the predicted transient stress profiles in cutting/tangential direction 

(S33). At the small ploughed depth of 0.6 µm the stress profile shows maximum compressive 

stress at the surface and it decreases rapidly in the subsurface zone of around 25µm. These 

stresses show a trend of decreasing stress values on the surface with increasing ploughing depth.  

After cooling down the model these stresses are expected to be compressive but with decreased 

magnitudes. D. A.Axinte, Dewes, R.C., 2002 showed residual stress profiles of similar pattern in 

hard milling experiments with the stress being compressive up to 40 µm in the subsurface and 

high compressive stress at the surface of about 750 MPa. Stresses in S11 and S22 directions 

(Fig. 3.9, 3.10) show the similar trends of high compressive stress at the surface and maximum 

compressive flow stress occurs at the smallest ploughing depth of 0.6 μm. Thus by using FEA 

convergence and ploughing technique, the stresses in a particular material at certain cutting 

Fig. 3.7 Simulated and experimental flow stress data for 

AISI H13 Steel 
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conditions can be predicted without the complex chip formation process.   For small ploughed 

depths generate high surface stress, while the large ploughed depths produce less stress at the 

surface. Thus it is observed that the contribution of ploughing force increases as the undeformed 

chip thickness decreases until a certain point of depth of cut.   

 

 

 

 

Fig. 3.8 S33 stress profile at different ploughing depths 

Fig. 3.9 S11 stress profile at different ploughing depths 
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From coefficient of friction of 0.1 to 0.3 a significant difference in the surface stress is 

observed, at COF=0.1 the stresses at the surface are more compressive than COF=0.3. This is 

explained by the fact that, at high COF more cutting force is required to overcome friction and 

more heat is generated, hence the stresses are low because the material can flow plastically 

around the cutting edge. Fig. 3.11 shows the sensitivity of stress to friction coefficient.  

 

Fig. 3.10 S22 stress profile at different ploughing depths 

Fig. 3.11 Tangential stress sensitivity to friction coefficient 
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3.3.4 Ploughing to cutting transition & material flow 

The concept of transition from ploughing to cutting has been summarized in various 

machining tests and simulations, Basuray et al. (1977), Kim et al. (2002), and Aramcharoen et al. 

(2009). This 3D simulation shows the actual material flow and some important observations are 

made.  

At small ploughing depth of 0.6μm and 1.3μm (stagnation angle 20° and 30°, 

respectively), the effect of tool rake face was seen to be minimal. The material just gets smoothly 

ploughed under the cutting edge. Thus in micromachining where the depth of cuts are very low 

and comparable to edge radius the effect of rake angle to be negative or positive can be 

neglected.  

At the medium ploughing depths of 1.8 μm or stagnation angle of 35°, the material gets 

ploughed under the cutting edge, but after a certain ploughing distance material accumulation 

and pile up is observed, starting to create a chip. As for the chosen work material, the minimum 

uncut chip thickness depends on the ratio of feed per tooth to edge radius, Liu et al. (2006). In 

this case, the ratio is 0.18 at which chip starts to form. Fig. 3.12 shows the material pile up at the 

ploughing depths. 

At highest ploughing depths of 2.3μm and 3.0μm (stagnation angle 40° and 45°, 

respectively), the accumulation of smeared material in front of the tool rake face is observed. 

This usually occurs at beginning of the engagement of the cutting edge with the work material, 

Bissacco et al. (2005). This phenomenon is explained in milling of hardened steels by Bissacco 

et al. (2005). 
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Fig. 3.13 shows the material pileup in front of cutting edge for δ=2.3μm. At low COFs 

the plastic deformation is less and accumulation of material in front of tool rake face is less. This 

can be clearly observed by seeing the amount of smeared material at the edge of the work piece.  

δ=0.6µm δ=1.3µm 

δ=1.8µm δ=2.3µm 

δ=3.0µm 

Fig. 3.12   Material flows with temperature contours around the cutting 

edge 
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3.4 Conclusions 

A 3D FEA model of hard milling with coupled thermal-mechanical analysis was 

developed to predict stresses, temperatures and material flow. Some key findings are: 

 With the concept of ploughing, this model can predict transient stresses and temperatures 

profiles in the subsurface. The predicted stresses & temperatures are consistent with the 

experimental data for machining of AISI H13 steel. 

 For AISI H13 steel material property and used cutting edge geometry, a transition from 

ploughing to cutting takes place at the ploughed depth of 1.8 μm or stagnation angle of 

35°. 

μ=0.1 

μ=0.2 

μ=0.3 

Fig.  3.13 Material flow under the 

cutting edge at δ=2.3μm 
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 The material flow pattern can be predicted by the pile-up in front of the tool rake face and 

gives a realistic insight into the material accumulation and chip formation mechanism in 

a milling/micro milling process.  

 Sensitivity of temperature CoF: on an average a temperature difference of 95˚C was 

observed between CoF 0.1 to 0.3. 

 Sensitivity of transient stress in cutting direction to CoF:  on an average a stress 

difference of 2.3GPa was observed between CoF 0.1 to 0.3. 
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CHAPTER 4 

2D FEA SIMULATION OF WHITE LAYER THICKNESS IN HARD TURNING AISI 52100 

STEEL  

 

Abstract 

This Chapter presents a finite element model to predict the white layer (WL) formation in 

machining. The model is designed emphasizing on material behavior and the tool wear effect 

which are the major aspects for WL formation. Hard machining involves large strain, high strain 

rate, high temperatures, strain rate/temperature coupling and potential history effects. The 

conventional plasticity models are not adequate for characterizing dynamic mechanical behavior 

of work material at the complex loading scenarios in hard machining. In the current simulation 

internal state variable (ISV) constitutive model called BCJ model is used which takes into 

account the strain rate and temperature sensitivity, as well as damage through a yield surface 

approach. A two dimensional work piece model is made with a rigid cutting tool. The cutting 

speed and cutting tool geometry is chosen same as the hard turning experiments to have a 

reference for simulation and to compare the simulation results with the experimental results. 

Ploughing criteria is used to simulate the cutting process without chip formation. Temperature 

and stresses/strains during machining are predicted and model is cooled down to predict the 

residual stresses. The penetration depth of the phase transformation temperature is used as the 

WL prediction criterion. 
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4.1 Introduction 

White layer formation has been a prevalent area of research in machining science. After 

machining, the surface sometimes appears in white color under the optical microscope hence the 

name given, White Layer. It is the hard layer of material which because of its resistance to 

etching in comparison to the bulk material appears featureless under optical microscope. The 

formation of WLs on machined surfaces is facilitated by conditions of moderate to high cutting 

speeds and tool flank wear [1]. B. J. Griffith (1987) [2] mentioned 3 major mechanisms for the 

WL formation with reference to machining and deformation (1) Rapid heating and quenching 

which results in microstructual transformation products, (2) the mechanism of surface reaction 

with the environment eg., nitriding, carburizing and oxide ploughing & (3) Plastic deformation 

which produces a homogeneous structure of one with a very fine grain structure. Many 

experimental cases have been published showing WL formation, in different material removal 

processes like turning [3-5] , grinding [6], drilling, milling [7] and Electro discharge machining,  

the depth of WL and WL formation mechanism varies depending upon the process. It is also 

observed that a less hard layer, in dark color is visible below the WL which is usually thicker 

than WL.  

Service performance of components is the company’s target to satisfy the customer 

requirements. White layer has been reported to decrease the fatigue strength of steels, since it is 

hard and brittle, the cracks can easily nucleate and propagate within. It is reported to decrease the 

resistance of steel to stress corrosion cracking; the WL often possesses a tensile residual stress 

which influences engineering properties of the materials.  

Very few finite element models have been developed to predict and simulate the WL 

formation. Anand Ramesh & Shreyes N. Melkote [5] developed a comprehensive model to 
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predict the WL in AISI 52100 steel. Thermo-mechanical model considered the effect of stress 

and strain on phase transformation temperatures. A user-defined subroutine (VUMAT) was used 

to implement the phase-transformation model. Effect of WL on residual stress was investigated 

at different cutting speeds and feed rates. It was reported that for the given cutting conditions the 

surfaces containing WL had more compressive stress at the surface than the surfaces without 

WL. D.Umbrello & L. Filice [3] developed an empirical model based on hardness measurements 

to predict the WL formation in AISI52100 steel. Hard turning experiments were conducted and 

the samples were heat treated to obtain the hardness of around 56-57 HRC. The local 

temperature during machining was recorded using thermo couples under the inserts and using 

thermo camera. Then the FE model was created using experimental data to predict the thickness 

of WL and dark layer. The material-behavior in the simulation was modeled with a hardness-

based flow stress law [8]. For white and dark layer prediction an empirical model was created in 

the FE code by a user subroutine.  The elements undergo quenching or tempering according to 

the defined formulation depending upon the temperature. In the simulation it was found that the 

WL increases with increasing of both cutting speed and feed rate, while the dark layer decreases 

with increasing cutting speed and remains almost constant or slightly decreases when feed rate is 

increased. S. Ranganath et al., [9] created a FE model to predict WL formation in nickel based 

superalloys. Superalloys are designed to have an almost uniform flow stress until certain high 

temperatures. The resulting flow-stress behavior cannot be adequately captured with a simple JC 

model. Thus a piece wise Johnson-Cook model was proposed to describe the material behavior 

of IN100 super alloy. A lagrangian FEA model in Abaqus was developed under the adiabatic 

shear mode as saw tooth chip formation was observed in machining of IN100. The saw tooth 

chips were generated in simulation with shear banding caused by thermal softening and strain 
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hardening. The experiment indicated that the ratio of tool edge radius to uncut chip thickness is 

the most critical parameter in determining the amount of plastic strain in the machined surfaces, 

which is believed to be the cause for the creation of WL and bent grains for low-speed 

machining of nickel superalloys.  

 

4.2 Simulation procedure 

Rigid cutting tool is created with rake and clearance angle same as the tool used in the 

hard turning experiment. Two tools, one fresh (VB=0) and other worn (VB=200µm) were used 

in the simulation. The tool geometry is shown in figure 4.1 & 4.2.  

 

The edge radius of 10 µm is given to the tool which is usually considered as a sharp edge. 

2D workpiece was created with fine mesh of 0.5 µm x 0.5µm at the top of the surface and 

coarser in the depth direction. Plane strain element type CPE4RT of 4-node and reduced 

integration elements with temperature degrees of freedom was used. To reduce the computation 

time as well as ensuring a sufficient cutting distance and eliminate possible size effect and edge 

effect, the overall workpiece dimensions are 500µm x 100µm. Adaptive mesh controls are used 

to maintain a topologically similar mesh throughout the analysis. The rigid tool was constrained 

to move down in the ploughing direction in first analysis step and then move only in the cutting 

Fig. 4.1 Fresh tool with VB=0, 

θ=15°, γ=6°, r=10μm 
Fig. 4.2 Fresh tool with VB=0.2mm, 

θ=15°, γ=6°, r=10μm 
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direction in the other step. The coefficient of friction of 0.2 was given between the tool and the 

workpiece. The workpiece model was given an initial temperature of 22°C. Figure 4.3 shows the 

tool and workpiece. Five ploughing depths were chosen for both the tools and the coefficient of 

friction of 0.2 was given between the work piece and tool. Table 4.1 shows the simulation 

conditions. Figure 3 shows the 2D ploughing process with fresh and worn tool.  

Table 4.1 Simulation conditions 

VB=0 δ=1.0 µm δ=1.5 µm δ=2.0 µm δ=2.5 µm δ=3.0 µm 

VB=200µm δ=1.0 µm δ=1.5 µm δ=2.0 µm δ=2.5 µm δ=3.0 µm 

 

4.3 Material modeling 

During machining, material experiences high strains and strain rates, thus the material 

model must account for dynamic yield stress. Mechanical behavior of AISI 52100 bearing steel 

was modeled using the internal state variable (ISV) plasticity model developed by Bamman, 

Cheisa & Jhonson [10]. 

 The BCJ model is capable of predicting flow stresses at thermal softening as well as 

adiabatic conditions, while JC model can only predict thermal softening.  The BCJ model 

Fig.4.3 Ploughing with (a) fresh and (b) worn tool 

(a) (b) 
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incorporates strain rate and temperature sensitivity and damage through a yield surface approach 

in which the state variables follow a hardening minus-recovery format. The internal (or state) 

variables describe the size, shape and location of the yield surface.  The kinematics of the model 

are based on the multiplicative decomposition of the deformation gradient elastic, deviatoric 

plastic and dilatational (volume change) plastic parts. The constitutive model is formulated with 

respect to natural (stress free) configuration defined by the plastic deformation. A material user 

subroutine VUMAT was coded to incorporate it into ABAQUS. In this model the material 

constants were obtained from a series of material tests and curve fitting [11]. The constitutive 

equations are given as [4]:  

                                                      (1) 

                                                                 (2) 
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‖    ‖  {      }
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‖    ‖
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       ‖ 

 ‖          ]   
                   (5) 

The equations (4) & (5) corresponding to internal state variables α and R are motivated 

from dislocation mechanics and are in hardening-minus-recovery format. The kinematic 

hardening internal state variable α representing directional hardening is related to the 

dislocations in cell interior. The variable captures the softening effect due to unloading, also 

termed as Bauschinger’s effect. The isotropic hardening internal state variable R is related to 

dislocations in walls and it captures continued hardening at large strains. 
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Table 4.2 Thermal - mechanical constants of AISI 52100 steel [4] 

c1 (MPa               1.00E+0 C11 (s/MPa)              2.38E-3 

c2 (k)                    1.00E+0 C12 (k)                      4.00E+2 

c3 (MPa)              1.07E+3 C13 (1/MPa)             5.50E-1 

c4 (k)                    1.00E+0 C14 (k)                      3.00E+2 

c5 (1/s)                1.00E+0 C15 (MPa/k)             6.00E+5 

c6 (k)                   -1.20E+4 C16 (MPa/k)             5.36E+2 

c7 (1/MPa)            4.00E-2 C17 (s/MPa)             3.50E-4 

c8 (k)                   0.00E+0 C18 (k)                      4.00E+3 

c9  (MPa)           5.60 E+3 C19                           1.00E-1 

c10 (MPa/k)          2.00E+1 C20 (k)                       6.73E+2 

G (Pa)              7.85E+10 Initial temp. (k)        2.93E+2 

a                          1.23E+0 Heat coeff. (m
3
k/J)    2.70E-7 

K (Pa)              1.52E+11 Melting point (k)      1.64E+3 

b                       -1.85E+10  Damage exponent    3.00E+0 

 

 The model has nine temperature-dependent functions to describe the plastic deformation. They 

can be classified into yield, recovery and hardening functions. The rate-independent yield stress 

Y (T), the rate-dependant of initial yield stress f (T), and the magnitude of rate-dependence of 

yield stress V (T) are given by:  
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The three functions of rd (T), h (T), rs (T) describe the tensor or kinematic hardening and 

recovery, which can be thought of as the center of yield surface:  
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)                                      (11) 

The functions Rd (T), H (T), and Rs (T) describe the scalar or isotropic hardening and 

recovery, which can be thought of as the radius of the yield surface:  
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)                                 (14) 

The material constants (C1-C20) were determined using non linear square fit to the stress-

strain data obtained from tension tests at elevated temperatures and high strain-rates. The 

subroutine also incorporates material shear and bulk moduli K & G, melting temperature, initial 

temperature and heat coefficient parameters. In order to account for machining as an adiabatic 

process, the heat coefficient term was calculated using the plastic work/heat conversion 

coefficient of 90% and specific heat of the material. Table 4.2 gives the values of the constants 

used.  

 

4.4 Results & discussion 

Many experimental results have been reported for WL formation in hard turning. All the 

experiments examine WL formation and WL structures in different forms. Evans et al., (1999) 

performed thermal analysis to predict WL in hardened steels. AISI 52100 steel was machined at 

3m/s cutting speed, 50µm/rev feed rate and 200µm depth of cut with a tool flank wear of 210µm. 

Three work pieces were machined and WL of about 10µm thick was analyzed for phase 

transformation. Three reasons for WL formation were stated, phase transformation due to rapid 

thermal changes, fine grain formation due to plastic deformation and lastly the effect of tool 
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material on the work piece surface. To predict the WL formation, thermal phase transformation 

was considered. The thermal model based on Jaeger’s moving heat source problems was applied 

to simulate the temperature field in machined surfaces and to estimate WL thickness in terms of 

the penetration depth of a given critical temperature. In the current simulation similar criterion 

was used to predict the WL but instead of simulating thermal load, the concept of ploughing was 

used to simulate the machining. The concept of ploughing without chip formation [4] helps in 

simplifying the cutting simulation avoiding distorted elements. In cutting, a part of work material 

is pushed upward by the rake face to form the chip while another portion below this layer is 

ploughed under the cutting edge to become the machined surface. This ploughed material under 

the cutting edge experiences high transient stresses, large strains and strain-rates at high 

temperatures with severe gradients. Thus this ploughed material and the ploughing depth of 

material is the most important factor in determining surface characteristics of the machined 

surface. The determination of the ploughing depth for a corresponding stagnation angle is given 

by the formula δ=rn (1-cosα), rn being the edge radius, α being the stagnation angle. A wide 

range of published work has shown that the stagnation angle varies from 20°-50˚, thus stagnation 

angles from 25°- 45˚ have been used. The current simulation the nature of transient temperatures, 

stress/strains and residual stresses is studied by this ploughing process.  

 

4.4.1 Temperature distribution in subsurface when ploughing with fresh & worn tool                            

The Fig. 4.4 shows the temperature profile at different ploughing depths. The temperature 

range is higher than predicted by Anand Ramesh (2004), Guo & Subhash (2009); this could be 

because of the fact that the tool was considered as rigid and no mechanical/thermal properties 

were given to the tool. Thus the total heat generated is contained by the workpiece. Temperature 
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increases as the ploughing depth increases, this is explained by the fact that more plastic 

deformation occurs at high depths.  

 

 

Fig. 5 shows the temperature distribution under the worn cutting edge. As expected, more 

heat is generated when cutting with worn tool as there is more contact between the workpiece  

Fig 4.4 Temperature distribution beneath the 

workpiece surface at VB=0.0 

Node path along which data 

is extracted 
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and the cutting edge and more friction is to be overcome - increasing the heat. In the simulation 

with worn tool, the case with high ploughing depth of 3.0µm generated distorted elements due to 

large deformation and high heat generation, thus the simulation crashed before getting into stable 

state.  

An average of 12% increase in heat generation was seen when ploughing with fresh tool & worn 

tool.  

 

4.4.2  White layer prediction criterion  

The work piece material behavior is based on the BCJ model [11].  This model is 

specifically designed for large deformation and failure in processes like forming, metal cutting, 

forging & welding. The constitutive equations are based on state variable model for the finite 

Fig 4.5 Temperature distribution beneath the 

workpiece surface at VB=200µm 

Node path along which data 

is extracted 
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inelastic deformation of metals which incorporates the effects of temperature and strain-rate 

sensitivity, as well as the presence of damage. As the material model includes all the thermal and 

plastic deformation effects, only the cutting mechanism at the tool-workpiece interface is 

simulated using the same cutting speed as used in the experiment. It is assumed that during 

machining if the phase transformation temperature of the material is reached, due to rapid 

cooling down in the atmosphere, a heat affected zone is formed or martensitic transformation 

takes place which is termed as WL. 

To predict WL formation with this criterion an output state variable was defined which 

would indicate when the temperature has reached phase transformation temperature (~727°C) of 

the material during simulation. This would be the indicator of WL formation. The depth of 

penetration of this temperature into the workpiece would be the measure of thickness of WL. 

Fig. 4.4 & 4.5 show the WL thickness measurement process. 

It was seen that in the case of fresh tool, except the ploughing depths of 1.0µm and 

1.5µm the phase transformation temperature was reached in all other cases indicating the WL 

formation. A continuous layer throughout the workpiece length of 500µm was seen to have WL 

of 0.1µm, 0.5µm and 0.9µm thickness. 

With the worn tool, at δ=1.0µm to δ=1.5µm the temperature did not reach the phase 

transformation temperature. But at higher depths of 2.0 µm and above, temperatures crossed 

850°C, which is much higher than the temperature generated with the fresh tool at similar cutting 

speed and ploughing depth. Thus a WL thickness of around 1.5 µm and 1.8 µm thick were 

observed at ploughing depths of 2.5µm and 3.0µm. Figure 4.4, & 4.5 shows the WL 

measurement process and the table 4.3 shows the cases in which WL was observed.  

 



 

71 

 

4.4.3 Experimental procedure  

The simulation prediction of WL formation was compared with the hard turned sample 

[13]. Hard turning experiment was conducted on AISI 52100 Steel (61-62 HRC) with GE BZN 

8100 (VB=0.5mm) (0.015/15° chamfer & 6.35mm radius) tool. Cutting velocity was 2.82m/s, 

feed rate of 0.0254mm/rev and depth of cut of 0.254mm was used. The thickness of WL seems 

to be 3-4µm at this cutting speed, tool dimension and tool wear when seen under optical 

microscope after metallographic preparation of the sample (fig 3.7). Similar tool geometry and 

the cutting speed were used in the current finite element model to simulate the WL.  Both in 

experiments and simulation for the same cutting geometry and cutting speed WL is observed. In 

simulation, the maximum width of WL predicted was around 2µm, and is less than the thickness 

produced by the experiment because the tool wear used in the simulation is only 200µm whereas 

in experiment the tool wear was around 500µm. Thus this simulation can be used to predict WL 

on the machined samples at different cutting speed and tool wears. Similar results of WL 

formation were published by Anand et al., for AISI 52100 steel. For higher cutting speeds than 

the current cutting speeds, WL of 1.5-2 µm was observed in their simulation.  

 

Fig. 4.6 Optical images of the cross-

sections of test sample (AISI 52100): hard-

turned white layer [10] 
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4.4.4 Residual stress formation 

After ploughing simulation in Abaqus/explicit, the model was imported into 

Abaqus/standard and cooled down to predict the residual stresses. As predicted by previous 

researchers a hook shaped residual stress profile is produced in hard turning. With the given 

cutting speed and tool geometry it was observed that after machining high tensile residual stress 

is produced at the surface it gradually goes to zero 5µm deep and  from 5-20µm in the subsurface 

compressive stress exists. Then at 25µm depth the stress reduces to zero in the bulk material. 

With the increase in ploughing depth, the subsurface compressive residual stress seemed to be 

shifting deeper into the subsurface from 5µm depth to 10µm.  

 

4.5 Conclusions 

In the current simulation a FEA model is developed to predict the WL in AISI 52100 

steel. Cutting speed of 170m/min was fixed as used in the hard turning experiments and fresh 

Fig. 4.7 Residual stress profile in cutting direction (S11) beneath the surface while 

cutting with (a) fresh tool, (b) worn tool 
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and worn cutting tools were used in the simulation. The concept of ploughing was used to 

simulate the machining process and the ploughing depth was varied from 1.0µm - 3.0µm. The 

internal state variable plasticity model was used to describe the material behavior during 

machining process. The depth of penetration of the phase transformation temperature was set as 

a criterion for WL thickness measurement. It was found that 

 White Layer of 0.1µm, thick is formed when machining with a fresh tool at ploughing depth 

of 2.0µm and WL thickness increased with the ploughing depth to 0.5µm and 0.9µm.  When 

ploughing with worn tool about 1.5µm (δ=2µm) and 1.8µm (δ=2.5µm) WL thick was 

predicted. Thus to predict WL with FEA simulations tool wear and cutting depth or 

ploughing depth are important parameters. 

 One more observation was that the maximum compressive residual stress shifted deeper into 

the subsurface with the increase in ploughed depth.  

 To validate the FEA results, the WL generated in simulation was compared with the hard 

turned AISI 52100 samples under similar conditions. Both in experiments and simulation the 

WL was observed.  
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CHAPTER 5 

2D FINITE ELEMENT ANALYSIS OF TEMPERATURE FIELD AND CORRELATION 

WITH SURFACE INTEGRITY BY HARD MILLING IN AISI H13 STEEL 

 

Abstract 

In this chapter, experimental and FEA study is conducted to get an insight into critical 

mechanisms of temperature, deformation, stress generation and variation, with cutting speed and 

tool wear. In an overall scenario of metal cutting, the critical issues like energy consumption 

during machining and surface integrity of the machined component depend on cutting tool and 

workpiece interaction. In-depth analysis into tool and work piece interaction is needed in order to 

design better machining process, keeping in view the surface integrity requirements. 2D FEA of 

orthogonal cutting model was created and variation in temperature generation and residual 

stresses were plotted at different cutting speeds and tool wears. Hard milling experiments were 

conducted and the subsurface microstructure results were correlated with simulation results. The 

fact that in hard milling, the temperature does not penetrate deep into the workpiece and there is 

no clear evidence of heat affected zone such as white layer is demonstrated. With the finite 

element simulations and hard milling experiments, the capability of hard milling process to 

achieve better surface integrity on the machined surface is explored.  
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5.1 Introduction 

Hard machining has been a significant area of research in recent years with the 

development of machine tool performance and cutting tool materials. Hard machining can be 

defined as the process of machining materials in their hardened state generally 45HRC and 

above, unlike traditional practices of metal cutting in which the component is machined in soft 

state and then heat treated to get the required hardness. Thus the hard machining process 

tremendously saves the machining lead time which would over a long run prove to reduce the 

machining cost for the company.  

Hard machining can be categorized into hard turning, hard milling and high speed 

milling. Each process has its own applications depending upon the type of component being 

manufactured. But the hard machining process does not produce 99.97% of defect free 

components. In depth investigation of each machining process and the machined components 

provide insight into drawbacks of the process and scope of improvement. By better 

understanding and designing the machining process, hard machining can   prove to be a highly 

useful process which would improve the machining standards and quality of machine 

components in the industry. 

Hard turning has proved to be an efficient process in bearing and other industries as it 

produces required surface integrity and improves fatigue life which was traditionally achieved by 

turning, grinding and heat treating [1&2].  Hard milling and high speed milling were first 

successfully used in the aircraft and automotive industry for machining complex 

components/parts made of aluminum alloys. It has become a cost-effective manufacturing 

process that produces products with a high surface quality and low variations in the machined 

surface and dimensional accuracy. Careful survey of literature shows that the surface integrity 
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characteristics of hard milling are still not clear and different researchers have suggested 

different cutting parameters for hard milling and high speed milling. For eg., S.Ekinov et al., [3] 

has shown that at all cutting conditions WL is formed while hard milling,. Moreover, the 

microhardness of the WL is high at low cutting speeds and it decreases and remains constant 

after certain cutting speed. Whereas, D. A. Axinte et al., [4] showed that there is no heat affected 

zone or WL formation in hard milling on AISI H13 steel (~50 HRC) at any conventional and 

high cutting speeds of 200m/min and 300m/min respectively. M. A. Elbestawi et al., [5] 

conducted the similar milling experiment on AISI H13 tool steel, 55HRC and reported that 

damaged layer exists a few microns under the cut surface and has a thickness of approximately 

4-6µm. The damage layer was evident in all cutting conditions.  

Thus in machining, through experiments and characterization of samples one can get the 

required information about the parameters of surface integrity, such as surface roughness, 

hardness variation on surface and bulk material, microstructure variations, and residual stress on 

the surface and subsurface after machining. But it is difficult to determine the critical 

mechanisms such as temperature generation, deformation and stress variation during cutting at 

the workpiece and tool interface which define the surface integrity on the machine component. 

Even if the surface integrity characteristics are determined through experiments, it is expensive 

and time consuming to determine these characteristics for different materials and different 

manufacturing processes. In such a scenario computer simulations like finite element analysis 

prove to be a very good tool in understanding these mechanisms and even repeating the 

simulations for different materials and manufacturing processes in order to understand these 

critical mechanisms. With the existing information in the literature about the mechanical 

behavior of different materials, surface integrity achieved by different manufacturing processes 
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and quality standard requirements of industries, it is economical to develop numerical 

simulations to understand and produce desired parts. J. Marckerle [6] summarized the finite 

element simulations in literature until 2003.  

In the current study, an attempt has been made to understand the variation of temperature 

and residual stresses with cutting speed and tool wear which are the main parameters associated 

with the important machining issues of energy consumption and surface integrity of machined 

component. In machining, determination of amount of heat generation has been a difficult task, 

N. A. Abukhshim et al., [7] summarized the heat generation measurement methods in metal 

cutting. Both experimental and analytical studies were made and it was concluded that for 

temperature measurement of the high speed cutting process the most promising methods are the 

fiber-optic pyrometers and infrared thermography techniques. But methods or techniques with 

higher magnifying and resolution systems capable of predicting temperatures at the cutting zone 

on a micro scale were stated to be a major challenge. Machining of metals is still not completely 

understood because of the highly non-linear nature of the process and the complex coupling 

between deformation and temperature fields. The high temperatures in the tool-workpiece 

interface can be associated with the accuracy of machining process. The deformation process is 

concentrated in a very small zone and the temperatures generated in the deformation zones affect 

both the tool and the workpiece.  

The rate of energy consumption during machining is given by Pm = Fc v, [8] where Fc is 

the cutting component of the resultant tool force, and v is the cutting speed. Fc varies with cutting 

tool geometry and tool wear. The energy consumption can also be calculated from the heat 

generation, that is, Pm = Ps + Pf + Pt where, Ps is the rate of heat generation in the primary 

deformation zone (shear zone heat rate), and Pf is the rate of heat generation in the secondary 
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deformation zone (frictional heat rate) and Pt is the rate of heat generation in the tertiary 

deformation zone (worn tool contact with machined surface). Fig. 5.1 shows the three zones. 

 

Thus the cutting speed and tool wear are important criteria which effect the temperature 

generation and ultimately the SI of the machined workpiece.   

In this study a correlation is made between the temperature and stress variation and the 

surface integrity of the machined samples through 2D orthogonal ploughing model and hard 

milling experiments. Fig. 5.1 shows the ploughing process. As only the effect of cutting tool on 

the machined surface is being considered, there is no requirement of chip formation in the 

simulation. Thus, the ploughing process introduced by Guo et al., [9] is used for the FEA 

simulation. While cutting, a portion of work material is pushed upward by the rake face to form 

the chip while another portion below this layer is ploughed under the cutting edge to become the 

machined surface. The ploughed material below the cutting edge experiences high transient 

stresses, large strains and strain-rates at high temperatures with severe gradients. Thus the thin 

ploughed layer is the most important contributing factor to residual stress, while the chip which 

Tertiary deformation 

zone 

Secondary 

deformation zone 

Primary 

deformation zone 

= Heat 

generation 

Fig. 5.1 Sources of heat generation in orthogonal 

cutting process and schematic of ploughed depth [9]. 
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leaves the workpiece surface has much less contribution to residual stress. But in this process of 

deformation and stress determination it is important to predict the right amount of material to be 

ploughed, in order to get the right results for particular process, in this case - milling. Different 

ploughing depths 1µm, 2µm and 3µm, corresponding to stagnation angles of 25.8˚, 36.8˚ and 

45.5˚ respectively were used in this simulation.  

The experiment and simulation are carried out on AISI H13 steel. H13 tool steel is known 

for its high hardenability, excellent wear resistance and hot toughness. H13 has good thermal 

shock resistance and tolerates some water cooling in service. It is used in pressure die casting 

tools, extrusion tools, forging dies, hot shear blades, stamping dies and plastic molds. For 

simulation the thermal and mechanical properties of AISI H13 steel are taken from Nasr et al. 

[10] and to model the Johnson-Cook material behavior, constitutive equation constants are taken 

from [11] are presented in simulation procedure and material modeling section of this chapter.  

 

5.2 Simulation procedure 

5.2.1 Cutting tool and workpiece modeling 

In the current simulation a 2D plane strain model is developed to simulate the cutting tool 

and workpiece interaction. To model the cutting tool, the dimensions are taken from the milling 

insert used in the experiment. The edge radius is given as r=10µm, rake angle, θ = 15˚ and 

clearance angle, γ=14˚. To simulate the worn tool effect, an extended line of 0.1mm and 0.2mm 

was provided as VB=0.1mm and VB=0.2mm tool wear respectively. When flank wear occurs, 

the tool gets rubbed on the machined surface; the current tool geometry is designed to simulate 

this mechanism. The dimensions of the cutting tool and the workpiece are shown in the Fig. 5.2 

& 5.3. Top 10 layers of the workpiece were provided fine mesh with 1µm X 1µm element size to  
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have a better resolution of temperature and stress variation at the surface and subsurface, and the 

mesh is made coarser below 10µm depth. Adaptive mesh controls were provided at top 10µm 

Fig. 5.2 Tool wear VB=0 mm, 

VB=0.1mm, VB=0.2mm 

500µm 

1µm 

1µm 

100µm 

Node path along 

which results are 

extracted 

Fig. 5.3 Workpiece size and ploughing process for simulation 
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layer of elements to maintain a topologically similar mesh throughout the analysis. Semi-infinite 

elements were used to define the bottom layer of elements in the workpiece to simulate the far 

field regions in the workpiece. The node path along which the temperatures and stresses are 

extracted is also shown in the Fig. 5.3. The simulation conditions are shown in the table 5.1. The 

simulation conditions are designed to correlate the experimental plan used for hard milling AISI 

H13 steel, table 5.4.  

 

5.2.2 Material modeling 

Johnson-Cook (JC) constitutive equation was used to define the plastic behavior of 

workpiece material. The JC constants for AISI H13 steel were obtained from compression test 

data produced by Ng, E-G, [5], table 5.2 shows the constants for Johnson-Cook model. Nasr et 

al. [10] summarized the mechanical and thermal data on various commercial steels and studied 

the effect of strain hardening and initial yield strength on machining-induced residual stress. 

These mechanical and thermal properties of AISI H13 steel are used in the simulation. Table 5.3 

shows the constants.  

Table 5.1 Simulation conditions 

 

 

 

 

 

 

 

 

 

Tool Wear 

(VB mm) 

Velocity 

(V m/s) 

Ploughing 

depth (δ µm) 

 

VB = 0.0 

1.66 1.0 2.0 3.0 

3.33 1.0 2.0 3.0 

5 1.0 2.0 3.0 

 

VB = 0.1 

1.66 1.0 2.0 3.0 

3.33 1.0 2.0 3.0 

5 1.0 2.0 3.0 

 

VB = 0.2 

1.66 1.0 2.0 3.0 

3.33 1.0 2.0 3.0 

5 1.0 2.0 3.0 
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Table 5.2 Constants for JC model for AISI H13 steel [5] 

Material A (MPa) B (MPa) C n m 

AISI H13 715 329 0.03 0.28 1.5 

 

Table 5.3 Thermal & mechanical properties of AISI H13 steel [10] 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3 Experimental procedure 

Hard milling experiments were conducted, to study the effect of critical cutting 

parameters like cutting speed (m/min), radial depth of cut (mm) and feed per tooth (mm/tooth) 

Young’s modulus, E 

(GPa) 

T (°C)                    

 

E 

20 207 

93 200 

300 186 

540 158 

Poisson’s ratio 0.3 

Density (Kg/m
3
) 7800 

Specific heat capacity 

(J/Kg °C) 

460 

Thermal conductivity  

k (W/m °C) 

T (°C)                        

 

k 

27 17.6 

204 23.4 

427 25.1 

649 26.8 

Melting temperature 

Tm (°C) 

1490 

Linear coefficient of 

thermal expansion 

α (μm/m °C) 

T (°C)                        α 

93 10.4 

204 11.3 

316 12.4 

427 13.1 

538 13.5 
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and how these parameters change their effect with tool wear. Table 5.4 shows the experimental 

plan. 

Table 5.4 End milling test plan 

Sample# VB 

(mm) 

Cutting 

condition 

# 

Cutting 

speed 

[m/s] 

Feed per 

tooth 

[mm/tooth] 

Radial 

DOC 

[mm] 

1 0 

1 1.66 0.1 0.5 2 0.1 

3 0.2 

4 0 

2 

 

3.33 

 

0.1 0.5 5 0.1 

6 0.2 

7 0 

3 5.0 0.1 0.5 8 0.1 

9 0.2 

10 0 

4 3.33 0.05 0.5 11 0.1 

12 0.2 

13 0 

5 3.33 0.2 0.5 14 0.1 

15 0.2 

16 0 

6 3.33 0.1 0.3 17 0.1 

18 0.2 

19 0 

7 200 0.1 0.4 20 0.1 

21 0.2 

 

A Cincinnati Arrow 500 series 3-axis CNC vertical machining center was used for dry 

machining of 21 test samples. The material was uniformly hardened and tempered to obtain 50±1 

HRC of hardness. The blocks were ground on both sides to remove the heat treatment layer. 

Samples of equal size of 20mm X 21mm X 12.7mm were cut.  A 20 mm diameter SECO tool 

company end mill was used with two PVD (Ti, Al) N-TiN-coated carbide inserts for cutting the 

material. An online tool wear inspection system was used to monitor and measure the tool wear 
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(Fig. 5.4). OptixCam OCS-1.3 MP digital microscope camera [OCS-13] was used for capturing 

the pictures. The camera was attached to magnifying lens with 1X to 4.5X magnification 

capability. The images from the camera were captured by computer system which was installed 

with Summit 5.0 software used to draw scale and markings on the captured image. A fiber optic 

illuminator provided the light source for the camera. A fixture was designed to hold the camera 

in place and rotate or move freely on the grooves of the CNC table. Fig 5.5 shows the picture of 

the measured tool wear at different times.  The tool flank wear of PVD coated inserts was 

monitored by this on-line optical tool monitoring system integrated with CNC machining center.  

The effect of cutting speed and tool wear on surface roughness, surface and subsurface 

microhardness and subsurface microstructure are presented. Later, the experimental results were 

correlated with simulation results.  
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5.4 Results and discussion 

In all metal working operations, the energy dissipated in cutting operations is converted 

into heat, which, in turn, raises the temperature in the cutting zone. Knowledge of temperature 

variation is important, because excessive temperature adversely affects the strength, hardness 

and wear-resistance of the cutting tool. Increased heat causes dimensional changes in the part 

Cutting Tool

Tool Wear 

Imaging System

Fiber Optic

Illuminator

Optical Lens

Fixture

Fig. 5.5 Optical images of tool flank wear VB at different time intervals 

t=36min t=84min t=0min 

Fig. 5.4 Online tool wear measurement system setup for cutting H13 steel 

Camera 
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being machined, making it difficult to control dimensional accuracy. Heat can induce thermal 

damage to the machined surface, adversely affecting the metallurgical properties of the surface. 

The machine tool itself may be subjected to elevated and uneven temperatures, causing distortion 

of the machine and, therefore, poor dimensional control of the workpiece.  

Cutting temperatures increase with the strength of the workpiece material, with the 

cutting speed, and with the depth of cut and decreases with increasing specific heat and with 

thermal conductivity of the workpiece material. The mean temperature in turning on a lathe is 

found to be proportional to the cutting speed and feed, or mean temperature is proportional to V
a 

f
b
 , where a and b are constants that depend on the tool and workpiece materials. Clearly, V is the 

cutting speed and f is the feed of the tool – that is, how far the tool travels per revolution of the 

workpiece. Thus increase in cutting speed directly increases the temperature generated during 

machining. This same affect is captured in the current simulation [12].  

Effect of worn tool on temperature generation is also investigated. The residual stress 

variation with cutting speed and tool wear is understood and simulation is correlated with 

experimental results.  

 

5.5 Simulation results 

5.5.1 Temperature variation with cutting speed and ploughing depth 

The temperature changes in all the simulation cases are plotted and shown in the figures 

5.6, 5.7 & 5.8. It can be seen that the temperature increases with the cutting speed and tool wear 

for all the ploughing depths. From Fig. 4, with the fresh tool (VB=0) and low cutting speed of 

1.66m/s the maximum temperature reached at δ=1.0µm was ~650˚C and for the same tool wear 

and ploughing depth but increased cutting speed of 3.33m/s  the temperature increased to 
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~780˚C. When the cutting speed increased from 3.33m/s to 5m/s, cutting temperature increased 

further. Similar trend was observed in all the ploughing depths. This is based on the fact that as 

the cutting speed increases, the time for heat dissipation decreases and temperature rises.   

With the increase in ploughing depth for particular cutting speed, increase in temperature 

is observed; this is explained by the fact that at higher ploughing depths more plastic 

deformation takes place and higher heat generation.  

In all the cases of tool conditions, VB=0, VB=0.1mm, VB=0.2mm similar trend of temperature 

generation was found, with the increase in cutting speed, cutting temperatures increased. This 

trend was similar for ploughing depths of δ=1.0 µm and δ=2.0 µm but at δ=3.0 µm increase in 

temperature is not significant, showing a saturating trend in the temperature rise.  

 

Fig. 5.6 Temperature distribution beneath the 

workpiece surface for the fresh tool (VB=0.0) and 

ploughing depths of 1.0, 2.0, 3.0µm  
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Fig. 5.7 Temperature distribution beneath the workpiece 

surface for the fresh tool (VB=0.1mm) and ploughing depths 

of 1.0, 2.0, 3.0µm  

Fig. 5.8 Temperature distribution beneath the workpiece 

surface for the fresh tool (VB=0.2mm) and ploughing depths of 

1.0, 2.0, 3.0µm  
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5.5.2 Temperature variation with tool wear and ploughing depth 

Temperature generation at cutting tool and workpiece interface was plotted for δ=1.0µm, 

cutting speed of 1.66m/s, 3.33m/s, 5m/s and VB=0mm, 0.1mm, 0.2mm. It was observed that at 

low and medium cutting speeds, the temperature variation does not follow increasing trend with 

increasing tool wear, but at high cutting speed of 5m/s increased temperature generation with 

increased tool wear was clearly observed. 

 

 

Fig. 5.9 Temperature distribution beneath the 

workpiece at different tool wears for δ=1.0µm 

and cutting speed v=1.66m/s 
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5.5.3 Residual stress variation  

After the ploughing process in Abaqus Explicit, model was imported into Abaqus 

implicit and cooled down to calculate the residual stresses on the surface and subsurface. The 

Fig. 5.10 Temperature distribution beneath the 

workpiece at different tool wears for δ=1.0µm and 

cutting speed v=3.33m/s 

Fig. 5.11 Temperature distribution beneath 

the workpiece at different tool wears for 

δ=1.0µm and cutting speed v=5m/s 
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effect of cutting speed and tool wear on residual stress was studied. Tangential residual stress 

that is stress along the cutting direction was plotted at different cutting speeds and tool wears.  

 

5.5.4 Effect of cutting speed on residual stress 

As cutting speed increased from 1.66m/s to 3.33m/s and 5m/s, the overall magnitude of 

residual stress on surface increased. It can be observed by comparing figures 12, 13 and 14. At 

low ploughing depth of 1.0 µm and low cutting speed of 1.66m/s, compressive residual stress 

was observed but with increase in cutting speed the residual stress turned tensile on the surface. 

For ploughing depths of δ=2.0µm and δ=3.0µm, tensile residual stresses was observed. Thus it 

can be concluded that at particular cutting speed and ploughing depth or depth of cut in actual 

cutting, compressive residual stress on the surface can be obtained for this particular material and 

cutting tool geometry.  

 

Fig. 5.12 Tangential residual stress 

distribution beneath the workpiece surface for 

δ=1.0µm, V= 1.66m/s and different tool wears 
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Fig. 5.13 Tangential residual stress distribution 

beneath the workpiece surface for δ=1.0 µm, 

V= 3.33m/s and different tool wears 

Fig. 5.14 Tangential residual stress 

distribution beneath the workpiece surface 

for δ=1.0 µm, V= 5m/s and different tool 

wears 
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5.5.5 Effect of tool wear on residual stress 

From the figures 12,13 & 14 it can be observed that, for same cutting speeds the residual 

stress turned compressive to tensile for V=1.66m/s with increasing tool wear and moreover, a 

shift in maximum compressive stress was observed from 5-10µm depth below the surface to 10-

15µm depth in the subsurface. At higher cutting speed of 3.33m/s, little change in magnitude and 

shift in maximum compressive stress were observed and at 5m/s tensile residual stress was 

observed on the surface for all tool wear conditions. From this it can be observed that cutting 

speed has more effect on the change in residual stress in terms of magnitude than the tool wear 

and that the right cutting speed for a particular material and cutting tool decides the surface 

integrity on the workpiece surface. 

 

5.6 Experimental results 

After machining, to analyze the subsurface microstructure, surface and subsurface 

microhardness 21 samples were cut into small specimens and arranged in an epoxy. Systematic 

polishing procedure was used to polish the samples with rough and fine polishing papers to get a 

mirror like finish. Surface finish was also measured along feed and step over direction to get the 

prediction of surface topography variation with cutting speed and tool wear.  

 

5.6.1 Microhardness variation 

Microhardness measurements were made at different locations on the machined surface 

and subsurface. The microhardness was estimated by the Knoop indenter at a load of 50gf 

(0.05kgf) with a dwell time of 10s on a Knoop/Vickers Tester (Buehler 1600-16100). 

Microhardness values and variation from machined surface to subsurface for samples 5, 10 & 17 
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are shown in figure 14. It was observed that for all the 21 samples, machined surface has high 

hardness than the subsurface indicating work hardening. The average hardness (for the 21 

samples) on the machined surface was observed to be 922HK, whereas in the bulk material it 

was 654HK. This variation can be attributed to the fact that large deformation at high 

temperature generation in the cutting zone resulting in microstructural changes and refined grain 

structure.  

 

5.6.2 Subsurface microstructure 

Optical microscope was used to observe the subsurface microstructures at 40X 

magnification. Fig. 5.16 shows the subsurface microstructure of samples 5, 10 & 17, with 50µm 

scale. In samples 5, 10 and 17 a refined structure at the subsurface was observed but there was no 

clear indication or trend of white layer or dark layer formation on the surface or subsurface on 

any of the 21 samples.  

Fig. 5.15 Microhardness measurements for 21 hard 

milled samples 5, 10 and 17 
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5.6.3 Surface roughness 

Surface roughness in the feed and step-over directions of all the milled samples was 

measured. Figure 5 shows cutting orientation configuration for all the cutting tests. The surface 

roughness data along feed direction and step-over direction for all the milled surfaces was shown 

in figure 5.17. In order to avoid errors in measuring surface roughness three measurements along 

each direction were made and measuring locations were different when tracing the machined 

surfaces. Figure 5.18 show that the surface roughness Ra along step-over direction is much 

higher than along feed direction under all the milling conditions in Table 5.4 of all the 21 milled 

surface are having a feed direction surface roughness value of Ra < 0.2mm  and the other 4 are 

between 0.2µm to 0.4µm. The surface roughness along step-over direction increases with 

increased cutting speed at VB = 0 and VB = 0.1mm, while the Ra ~ 0.4 µm at VB=0.2mm under 

all cutting speeds. When increasing the feed per tooth, the surface roughness value along step-

over direction was also found to be higher under all three levels of tool flank wear. However, 

increased VB values did not indicate a rougher surface for both step-over direction and feed 

direction.  

Sample 5 Sample 7 Sample 10 

Fig. 5.16 Optical microscope images of subsurface microstructure for samples 5, 10 and 17 
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5.7 Correlation between experiment and simulation 

From the simulations it can be observed that the phase transformation temperature of the 

material ~727˚C is reached in all the cutting conditions. Thus it is expected that the white layer is 

formed in the workpiece material, but in milling this temperature does not penetrate into the 

workpiece surface unlike turning or grinding in which the cutting tool or grinding wheel are in 

Fig. 5.17 Cutting orientation 

Fig. 5.18 Average, maximum and minimum surface roughness 

(Ra) in the feed and step-over directions 
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continuous contact with the workpiece. Thus no heat affected zone like white or dark layer is 

observed in the workpiece surface or subsurface. The subsurface microstructures of all the 

samples were observed through optical microscope and no sample visually showed white layer 

formation.  

 

5.8 Desired ploughing depth for milling process 

From the temperature fields and residual profiles it can be seen that at low ploughing 

depth of 1.0µm, reasonable magnitude of temperature and residual stress is generated in the 

simulation. When the ploughing depth increases to 2.0 µm and 3µm, magnitudes of temperature 

and residual stresses show a sudden increase. Thus in order to simulate milling process with 2D 

orthogonal ploughing model, the ploughing depths must be chosen around 1µm or less. This 

ploughing depth may vary with cutting tool geometry and workpiece material properties. Thus it 

can be concluded that for AISI H13 steel of 50±1 HRC and given cutting insert angles of rake 

face and clearance angle, 1µm of ploughing depth would produce results close to actual cutting 

process.  

 

5.9 Conclusions 

In this study a 2D orthogonal ploughing model is created and correlated with the hard 

milling process. Following conclusions are drawn  

 The 2D simulation predicts temperature and residual stress variation with the cutting speed 

and tool wear. Cutting speed effect on temperature variation was plotted and at v=1.66m/s to 

v=3.33m/s temperature increase of ~83˚C was observed and v=3.33m/s to v=5m/s 

temperature increase of about ~100˚C was observed.  
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 Cutting speed effect on residual stress variation was plotted and at v=1.66m/s to v=3.33m/s 

residual stress varied by ~566MPa and v=3.33m/s to v=5m/s residual stress varied by 

~284MPa. Thus increase in cutting speed significantly increases the temperature generation 

and residual stresses by above magnitudes.  

 Tool wear effect on temperature variation was plotted and at VB=0.0mm to VB=0.1mm 

temperature increase of ~140˚C was observed and VB=0.1mm to VB=0.2mm temperature 

increase of about ~25˚C was observed.  

 Tool wear effect on residual stress variation was plotted and at VB=0.0mm to VB=0.1mm 

residual stress varied about ~800MPa and VB=0.1mm to VB=0.2mm residual stress variation 

of only about ~35MPa was observed. Thus it can be noted that increase in tool wear from 

VB=0mm to VB=0.1mm significantly increases the temperature generation and residual 

stress variation but VB=0.1mm to VB=0.2mm the change is not significant.  

 From the experiments microhardness variation from surface to subsurface was plotted and 

work hardening at the surface was observed.  

 From the simulation and experiment the reason for less or no white or dark layer formation in 

subsurface of milled samples can be explained to be the interrupted cutting nature of the 

milling process. 
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CHAPTER 6 

SUMMARY 

This thesis focuses on the understanding of cutting tool/workpiece interactions in hard 

milling using 2D and 3D finite element simulation models. An initial study on milling of 

hardened H13 steels is carried out. Particularly, the white layer formation on the surface of the 

machined sample is studied. A 3D finite element model is created to simulate the milling 

process. 2D orthogonal ploughing simulations with AISI 52100 and AISI H13 steel were 

performed to study the effect of worn tool and cutting speed on  temperature generation, and 

stress/strain variation. The major conclusions may be summarized as follows: 

The white layer formation on the machined surface is basically a thermal dynamic 

process in turning, grinding, milling, and electro discharge machining. To predict the WL 

formation and WL thickness using the finite element analysis, proper cutting tool/workpiece 

interactions must be simulated with right material models reflect actual material deformation in a 

cutting process.  

To understand the milling process and material flow around the cutting edge a 3D finite 

element model is required. A 3D FEA is conducted with the concept of ploughing, transient 

stresses/strains, and temperatures during machining are predicted. The predicted flow stress is 

validated with the flow stress data in literature. The model also predicted the minimum 

ploughing depth at which chip formation starts, which is useful in micromachining. Effect of 

friction between cutting tool/workpiece on material flow is also studied using this model.  
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A 2D orthogonal ploughing model is created to simulate the tool wear effect on 

workpiece. The Internal state variable plasticity model is used to model the dynamic mechanical 

behavior of work material. The conditions in which cutting temperature reached the phase 

transformation temperature of the material are used to predict the WL thickness. When 

simulating with fresh tool (VB=0) a WL of 0.9 µm thickness is predicted. With a worn tool 

(VB=0.2 µm) about 1.8 µm thick WL is predicted. These results are specific to the used material 

model AISI 52100, cutting tool geometry and cutting speed. For different materials and cutting 

conditions the predicted WL thickness value would vary.  

2D orthogonal ploughing simulations and hard milling experiments on AISI H13 steel 

were conducted to study the tool wear and cutting speed effect on the machined samples. From 

the simulations the temperature and residual stress variations were plotted. The increase in 

temperature was significant with the cutting speed but with increase in tool wear from 100 µm to 

200 µm the temperature rise was less. Residual stresses at the surface changed from compressive 

to tensile when in cutting speed changes from low to high. The shift in depth of maximum 

compressive stress was observed. The subsurface microstructure did not show the WL formation 

on the machined surface. However, the simulations predicted that the phase transformation 

temperature of the metal is reached in cutting. This could be explain that in milling the cutting 

tool is not in continuous contact with the workpiece and thus the temperature does not 

accumulate and penetrate into the subsurface to produce a heat affected zone like a white or dark 

layer.   

 

  


