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ABSTRACT

Prediction of Hardness and Residual Stress in Orthogonal Cutting of Inconel 718

Yisi Liu

Due toits high strength in high temperatures, Inconel 718 is widely used in the
aerospace industry. However, Inconel 718 is a difficult-to-cut alloy with poor
machinability. For instance, the cutting force is high in cutting Inconel 718, resulting
in work-hardening of the machined surface and high residual stress in the machined
surface. When residual stress releases, the part deforms and scrapes with error
beyond tolerance. Therefore, it is necessary to predict the residual stress in the
machined surface under a set of machining conditions. By modifying the machining
conditions, the residual stress in the machined surface is under control, and the part
deformation is limited. In this research, an analytical approach to the hardness and
the residual stress in the machined surface in orthogonal cutting is proposed. This
research has advantages over the experiment, the conventional approach and the FEA
methods. With this approach, the cutting parameters can be optimized to minimize

the residual stress in the machined surface and improve the surface integrity.
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CHAPTER1 INTRODUCTION

1.1 Background

Aero-engine is vital to aircraft. When an engine is running, the air is ingested
by a large and spinning fan and is squeezed by a compressor in gradually reduced
space [1]. The air pressure and its energy potential are increased. The compressed
air is mixed with the fuel and is ignited in the combustor, and then the temperature
inside the combustor could reach 1500°C or more. The hot air with high pressure
flows into the turbine blades and rotates the blades to empower the compressor,
when the air exits the nozzle, it generates the thrust for the aircraft to fly. Figure 1.1
shows the structure of a turbine engine [2]. Some aero-engine parts, such as the
turbine blades, serve more than 10000 hours of flying (or 8 million km of flight) at a
temperature of over 1000 °C, thus, they must be able to withstand high temperatures
and pressure [3]. Furthermore, the turbine spins at a speed of several thousand to
tens of thousands of revolutions per minute, which means that the speed of the blade
tip can reach 1200 km/h and stress at the blade root can reach 180 MPa (or 20 tsi).
Figure 1.2 shows an engine structure and its temperature and pressure profiles [4]. It
can be found that the pressure could reach 40 standard atmospheres, and the

temperature could be more than 1400°C.
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Nickel-based superalloy, e.g., Inconel 718, is widely employed in the aerospace
industry. Figure 1.3 shows the materials applied for the Rolls-Royce Trent 800 [5].
Nickel-based superalloy is used in the combustion chamber, turbine and turbine
casing. Not only has nickel-based superalloy a high melting point, but also has
considerable resistance to mechanical degradation for a long time. Most other
materials rapidly creep at the temperature of about 35% of their melting
temperatures [3]. For example, titanium alloy creeps at 350 °C, and aluminum alloy
at 150 °C. The creep resistance of nickel-based alloy exceeds those of other metals,
and the rapid creep temperature of nickel-based alloy exceeds its melting point by
50%. The final stage of creep failure is stress rupture. Compared to other metals, the
nickel-based alloy has outstanding stress rupture resistance, which is shown in Figure
1.4. The above comparison means that nickel-based superalloy is less likely to distort
and crack under high temperature and pressure than other materials. Besides that,
many properties of nickel-based superalloys, such as high strength, long fatigue life,
corrosion and oxidation resistance at high temperatures, are suitable for the aero-

engine material.

Engine Materials

Titanium
Nickel

@ Steel

@ Aluminium

Rl Rolls-Royce Composites

Figure 1.3 Materials used for Rolls-Royce Trent 800
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Figure 1.4 Stress rupture resistance of different alloys

However, nickel-based superalloy has been recognized as one of the most

difficult to cut alloys. Table 1.1 shows the main features in machining Inconel 718.

Table 1.1 The main features of Inconel 718 machining

The atomic structure of nickel-based alloy is very stable. A lot of
Cutting force energy is required to destroy the atomic balance resulting in greater
cutting force [6].

The lower thermal conductivity is only about 30% of general steel,

Cutting which will cause a large amount of heat to be unable to diffuse and

temperature accumulate in the cutting area and the cutting tool (Figure 1.5). The
cutting temperature can even reach 1,300°C [7].

Hard abrasive carbides in the alloy lead to high abrasive wear, and
the increase in temperature during the cutting process will also
cause a chemical reaction between the tool and the metal resulting
in an increased wear rate.[8]

Tool wear



The chips produced during the machining process are more difficult
Chip control to break (Figure 1.5 [9]) especially when the cutting speed is low,
which results in the performance decrease of the cutting tool.[10]

Figure 1.5 Continuous chips and high temperature in the milling of Inconel 718

Due to the high-quality requirements for aero-engine components, the aero-
engine industry has focused on machining Inconel 718. Inconel 718 has high strength
at high temperatures and low thermal conductivity; thus, work hardening could occur
in machining [11][12]. Work hardening of Inconel 718 has a significant negative
influence on the integrity of the machined surface and causes severe tool wear
[13][14]. Therefore, work hardening is a non-negligible factor affecting the engine part

cutting efficiency and fatigue life.

Another problem in machining Inconel 718 is the residual stress generated on
the machined surface. When residual stress is released, the machined surface
deformed and its dimension is changed. For example, residual stress on thin-walled
parts can result in part distortion and part out-of-tolerance. Figure 1.6 in [15] shows
a distorted airframe component. Residual stress also negatively affects part

performance [16]. Some properties of the machined surface, especially fatigue life,



are greatly affected by residual stress [17]. Usually, residual tensile stress is
unconducive to the fatigue life of mechanical parts. Engine turbines work under high
cyclic loads, the residual tensile stress is fatal to the engine turbines [18]. Besides,

residual tensile stress aggravates micro-crack propagation, and excessive surface

cracks fail parts.

Figure 1.6 Flat machined airframe component distorted due to residual stress

1.2 Work hardening and residual stress in Inconel 718 machining

Surface integrity mainly includes two aspects: (1) topography, texture, and
surface finish, and (2) metallurgy, hardness, and residual stress. Figure 1.7 in [19]
shows the six groups of key factors in surface integrity definition. Excellent
characteristics of Inconel 718 make it widely used in the aero-engine. However,
Inconel 718 has a high strain hardening rate and a high possibility of residual stress. In
machining, the material undergoes plastic deformation and becomes chips. The top
layer of the machined surface is then work-hardened, and the yield strength and
hardness of the work-hardened material are changed. The inhomogeneous plastic
deformation of Inconel 718 causes large residual stress. In the following, the

properties of Inconel 718 and the basics of residual stress and work hardening are
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Figure 1.7 Six components of surface Integrity

1.2.1 Inconel 718 properties

Inconel 718 is a Ni-Fe-Cr superalloy, also known as a high-temperature alloy.
Since Special Metal Co. invented Inconel 718 in the last century [20], Inconel 718 has
become the most extensively used nickel-based superalloy in the history of aero-
engine manufacturing. Table 1.2 and Table 1.3 [21] show the main chemical
composition and main properties of Inconel 718, respectively. This material is often
used for age-hardenable alloys and complex parts. It has excellent weldability and
post-weld cracking resistance. It has superior strength at high temperatures, and the
creep resistance of nickel alloys exceeds that of most metals [3]. Figure 1.8 [21] shows

the high-temperature tensile properties of Inconel 718.



Table 1.2 Chemical Composition of Inconel 718, %

Nickel (plus Cobalt) 50.00-55.00
Chromium 17.00-21.00
Iron 17
Niobium (plus Tantalum) 4.75-5.50
Molybdenum 2.80-3.30
Titanium 0.65-1.15
Aluminum 0.20-0.80
Cobalt 1.00 max.
Carbon 0.08 max.
Manganese 0.35 max.
Silicon 0.35 max.
Phosphorus 0.015 max.
Sulfur 0.015 max.
Boron 0.006 max.
Copper 0.30 max.
Table 1.3 Properties of Inconel 718
Density 8.19 g/cc
Tensile Strength, Ultimate (20°C) 1375 MPa
Tensile Strength, Ultimate (650°C) 1100 MPa
Tensile Strength, Yield (20°C) 1100 MPa
Tensile Strength, Yield (650°C) 980 MPa
Elongation (20°C) 25%
Elongation (650°C) 18%
Coefficient of Linear Thermal Expansion (20°C) 13 um/m-°C



Specific Heat Capacity 0.435J/g-°C
Thermal Conductivity 11.4 W/m-K
Melting Point 1260- 1336 °C
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Figure 1.8 High-temperature tensile properties of Inconel 718 bar with a diameter

of 13 mm after hot rolling, annealing and ageing

1.2.2 Work-hardening in Inconel 718 machining

The increase in strength and hardness when the material undergoes plastic
deformation is called work hardening. For example, in the metal uniaxial tensile test,
the specimen experiences work hardening. Figure 1.9 shows the stress-strain curve
of a simple uniaxial tensile test [22]. The material first undergoes elastic deformation

and then plastic deformation. The yield point B is the critical point from the elastic



deformation state to the plastic deformation state. In the stage of elastic deformation,
and the relationship between stress and strain is linear. In the stage of plastic
deformation, if the stress decreases, the material unloads in an elastic mode along the
path CD, which is parallel to AB. When the material is loaded again, the material loads
along DC and its yield point and corresponding yield strength changes. If the yield

strength becomes larger, the material is work-hardened.

o C Rupture
Rupture

A D A D
Figure 1.9 Stress-strain curve of a simple uniaxial tensile test

A large cutting force is required to cut Inconel 718 for its high strength. The
pressure between the tool and the workpiece is high, and the material in the cutting
area is in severe plastic deformation. The dislocation and the grain refinement in the
deformed material generate work hardening. Besides, due to the high temperature
in cutting and low thermal conductivity of Inconel 718, a large amount of heat in
cutting accumulates in the cutting area, causing the austenite matrix of the nickel-
based alloy to precipitate and work hardening [23]. Figure 1.10 [24] shows the
micrograph of a work-hardening layer. Work hardening strengthens the material and
retards further machining. The hardness of the machined surface increases, which

causes severe tool wear.

10
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Figure 1.10 Micrograph of the surface in the feed direction

1.2.3 Residual stress in Inconel 718 machining

Residual stresses are stresses that remain on the part surface after machining.
Cutting Inconel 718 generates residual stresses on the surface and the subsurface of
the machined components. Residual stress exists inside the part without external
force or moment. The deformation is different at different depths of the machined
surface. Inhomogeneous deformation throughout the workpiece section is the reason

for residual stress.

m) Mechanical Load
=) Thermal Load

Cutting Edge

__________ \
- Qshear‘\l\ =~
5 L Qplough
Mechanical and Thermal Effects

Mechanical Effects

No Effects

Figure 1.11 Mechanical-thermal contact in 2D orthogonal machining [25]

In the cutting process, stressed material in the plastic zone is generated shown

in Figure 1.11. When the tool is fed forward, the material moves into the stress area

11



and undergoes compressive plastic deformation, which is tensioned in the direction
perpendicular to the cutting direction. The friction and ploughing of the tool flank
wear also cause plastic deformation on the machined surface. On the other hand, a
lot of heat is generated during the cutting process. Due to the poor thermal
conductivity of Inconel 718, this heat accumulates in the cutting area, resulting in
material deformation. In the stable orthogonal cutting process, materials in different
depths experience different degrees of mechanical and thermal effects and different
yields and plastic deformation. The microstructure of Inconel 718 is permanently
displaced in plastic deformation, and the thermal gradient changes the volume of the
material. This inhomogeneous elastoplastic deformation generates residual stresses

in the workpiece.

1.3 Literature review

Since Inconel 718 is highly sensitive to work hardening, and work-hardened
materials have significant effects on machining, many studies about the work
hardening in Inconel machining have been presented. Coelho et al. [26] reported that
the hardness of the machined surface is higher than that of the bulk material, and the
compressed layer is caused by hardening during the machining process. Zhuang et al.
[27] analyzed the impact of notch wear on the work hardening layer in Inconel 718
turning and built a model to predict the notch wear. Sharman et al. [28] presented
that the microhardness and the depth of the plastic deformation layer under the
machined surface are closely related to the cutting force, and the strain hardening
level and the depth of deformation are positively related to the resultant cutting force.
Pawade et al. [29] found that the yield strength of the subsurface is greater than that
of the base material, and its change trend is similar to that of the microhardness.
Ezugwu and Tang [30] posted that the round insert would lead to a lower
microhardness than the rhomboid insert, and they also reported that prolonged

machining with a ceramic tool would give a higher microhardness to the machined

12



surface. Thakur et al. [31] studied the relationship between cutting parameters and
work hardening in high-speed machining of Inconel 718 through experiments, and
controlled work hardening by changing cutting parameters to increase tool life. Rinaldi
et al. [32] built a physics-based model to analyze plastic deformation and

microhardness during Inconel 718 machining.

Since the middle of the last century, residual stress has received increased
attention. Some studies try to determine the machining-induced residual stress based
on experiment efforts. M'Saoubi et al. [33] evaluated residual stress in metal
machining and proposed that the main cause of residual stress is mechanical influence,
and the second factor is thermal influence. Lavella and Berruti [34] studied the
residual stress of Inconel 718 at different cutting speeds and feed rates and found that

there is tensile residual stress near the machined surface between 10 and 50 pm,

which become compressive residual stress as the depth increases. Madariaga et al.
[35] observed that the tensile residual stress decreases as the tool wear increases,
while the compressive residual stress layer increases. Coelho et al. [26] proposed the
relationship between tool geometry and residual stress. It was found that when
ceramic cutting tools with a 20° chamfer were used, the residual stress was
compressed. Arunachalam et al. [36] found that the tensile residual stress in the
surface processed by the mixed ceramic cutting tool is much greater than that of CBN
cutting tools. When using CBN cutting tools, the depth of cut affects residual stress
more easily than the cutting speed. Dry cutting will cause tensile residual stress, and
coolant will reduce residual stress or bring compressive residual stress. Pusavec et al.
[37] reported that lower temperatures would introduce greater compressive residual
stress below the machined surface. Hua and Liu [38] studied the magnitude and
direction of principal residual stress and tested tension-tension fatigue. It has been
shown that the magnitude of the maximum principal residual stress is much larger
than the magnitude of the surface residual stress along with the axial and
circumferential directions, and its direction is close to the cutting axial direction and

has a great influence on the fatigue life.

13



Some studies have also tried to give an analysis model to predict residual stress
in 2D machining of Inconel 718. In 2000, Jacobus et al. [39] proposed an analytical
model for residual stress. They gave a theory of how mechanical and thermal loads
affect the generation of residual stress, and both mechanical and thermal loads are
considered in the model. Ulutan et al. [40] published another method of predicting
residual stress in orthogonal cutting. They utilized the plastic deformation model
presented by Jiang and Sehitoglu [41] for elastoplastic materials under plane strain
and the stress release procedure. Liang and Su [42] applied Oxley’s slip field theory
and considered the contribution of the ploughing force of the tool to the mechanical
load. They assumed that the material is dynamically work-hardened and gave the
distribution of residual stress with a hybrid algorithm which is presented by McDowell
[43]. Based on the proposed analysis model, Wan et al. [44] presented residual stress
in three-dimensional oblique milling. Huang, et al. [45] published an article about
residual stress in orthogonal flank milling with a 0° helix angle. Ji et al. [46] offer a
model for the residual stress prediction under minimum quantity lubrication (MQL)

machining conditions.

On the other hand, it is becoming more and more common for residual stress
prediction to use the finite element modeling (FEM) method and commercial software.
Lin et al. [47] analyzed the stress field on the surface of the part during the machining
process and utilized a thermal-mechanical coupling model in the finite element model.
Lo [48] reported that an increase in the rake angle of the tool will result in an increase
in the residual tensile stress in the cutting direction. Lin et al. [49] found that the
increase in the flank wear length leads to an increase in the residual compressive
stress on the machined surface. In the study presented by Sasahara et al. [50], the
relationship between residual stress and the tool corner radius is analyzed with the
FEM method. Artificial neural networks are incorporated into the model established
by Umbrello et al. [51]. Li et al. [52] analyzed the relationship between cutting depth
and residual stress in the milling of thin-walled parts in a software Advantage and

found that the residual stress of the machined surface will decrease as the cutting

14



depth decreases. To shorten the simulation time of residual stress prediction, Yang et

al. [53] introduced a statistical model in their hybrid FEM model.

1.4 Research problems and objectives

To cut Inconel 718 with high surface quality and efficient machining, it is very
important to reduce residual stress and strain hardening in machining Inconel 718.

However, the related research problem remains.

Work-hardening in machining Inconel 718 negatively affects surface integrity,
such as vyield strength, micro-hardness, tool wear, and machining efficiency. At
present, the prediction methods of work hardening in Inconel 718 cutting are mainly
based on experiments and empirical models. A research object is to establish a new
model to obtain the work hardening behaviour of the material and predict the
thickness and hardness of the work-hardened layer by analyzing the stress experience

in the known cutting force and other cutting parameters.

The current analysis models of residual stress have some limitations. There is
a gap between the current approaches and actual machining. The hardening of the
workpiece material during machining can have an impact on its material properties
and machinability. The effect of hardening of the surface layer in the prior machining
is ignored when calculates residual stresses in the subsequent machining, which
reduces the accuracy of the prediction of stresses and residual stresses. Therefore, a
more accurate model is required to describe the residual stress in the machining

process.
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1.5 Thesis outline

In this thesis, Chapter 2 introduces a well-established stress modeling. In
Chapter 3, the relationship between hardness and work hardening is discussed and a
method to predict the hardness is introduced. Then present an improved method to
residual stress. In Chapter 4 the prediction method is verified, and the application

cases are studied.
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CHAPTER 2 STRESS MODELING IN ORTHOGONAL

CUTTING

2.1 Cutting force in orthogonal cutting

The cutting forces acting on the workpiece play an important part in metal
cutting. The forces cause the workpiece material to deform and to be cut from the
workpiece. Cutting forces are also the main resource of mechanical effects that result
in residual stress and work hardening in the machined surface. A diagram of the
orthogonal turning process is shown on the left side in Figure 2.1, and the detail after

zoom-in is on the right side.

Rotate

Rotate

Figure 2.1 Cutting forces in orthogonal turning

Metal cutting is the machining operation that removes the material layer from
the workpiece with the cutting tool. In the actual metal cutting, the external forces

acting on the workpiece by the tool make some of the material of the workpiece
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deform and separated from the workpiece by shearing to become the chip [54]. The
boundary (AB in Figure 2.2) between the deformed and undeformed material is
assumed to be straight and is called the shear plane. As shown in Figure 2.2, the chip
above the shear plane is the deformed material that has undergone the shearing

process, and the shear angle describes the angle ¢ between the shear plane and the

direction of the cut.
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Figure 2.2 Micrograph of the partially formed chip of metal cutting

Orthogonal cutting has been ideally expressed in terms of a two-forces system.
In Figure 2.1, F, is the axial force which is parallel to the feed direction and F., is the
tangential force. The model of the ideal orthogonal cutting process is based on some

assumptions includes:

® The cutting edge is a straight line and perpendicular to the direction of motion (Y-
axis) which indicates the cutting speed.

® The shear and normal stresses are distributed on the shear plane and the tool-
chip interface uniformly.

® The material does not spread to either side and the chip flow is parallel to the

direction of cutting edge movement.
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In summary, the ideal orthogonal cutting process could be treated as a plane

train problem, which means plastic deformation only exists in the YZ plane.

A cutting force modeling for the steady orthogonal cutting process is shown in
Figure 2.3. The movement of chips from A to C is considered to be frictional sliding
with a constant coefficient, and the force F, and F  are the normal force and the
tangential force respectively there. If the chip is considered as an isolated free body,
as the forces on the chip are balanced, the resultant force R of F, and F,, should
be equal to the force R' which is between the chip and the workpiece along the shear
plane AB. Another part of the mechanical effect that causes residual stress is the wear
of the rear tool face. In the actual metal cutting, the tool wears and makes frictional

contact on the machined surface.

Workpiece

Figure 2.3 Cutting force modeling of orthogonal cutting

211 Cutting force prediction theory

Currently, a lot of research into the cutting force model has been published,
and one of the widely used in residual stress prediction is based on the model

presented by Su [55]. The cutting conditions are used as input for the model to predict
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the cutting forces, and a modified algorithm is presented to determine the coefficients
such as shear angle, etc. The theory is based on the chip formation model which is

shown in detail in Figure 2.4.

Workpiece

Figure 2.4 Chip formation model used in the analysis [42]

The cutting forces can be estimated by the following equations after the shear

angle ¢ is defined, where « is the rake angle of the tool.

L cos(¢p—a)
sin ¢

F.=Rcos(1-a)

F, =Rsin(A-«a)

(2.1)
F=RsinA
N=FcosA
F;' _ kABtIW

cos@ singcosl

The velocity of the material flow of the chip and the shear plane is given by
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- V sin ¢

- cos(¢—a) 22)
Vcosa '
y = L8
Y cos(gp-a)

where 7. and ¥ are the velocities of the material flow of the chip and the shear

plane, respectively. Then the strain and the strain rate along the shear plane are given

by

P Vcosa
a» \/gAsl cos(p—a)
cosa

B 2x/§sin¢cos(¢—a)

(2.3)

gAB

As the machining process of Inconel 718 is accompanied by high stress, high
strain and strain rate, and high temperature, the Johnson-Cook constitutive model is
applied to approximate the flow stress in the cutting process. The model is a function
of strain, strain rate and temperature. The general form of the J-C constitutive model

is expressed as

o= (A+ng")(1+cmg_—’”j 1—(HJ (2.4)
&, T -T

&=

where ¢ is the stress, €, is the plastic strain, ép is the plastic strain rate, &, is the
reference plastic strain rate, T is the temperature of the material, T, is the reference
temperature (293 K), and T, is the melting temperature of the workpiece material.
The model also involves five material constants 4, B, C, n, and m . Therefore, the

flow stress along the shear plane is given by

k oy =L(A+BgAB”)(1+Clng.ﬁj 1{@] (2.5)

V3 2]
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The average temperature along the shear plane AB can be determined from

TAB = Tw +77A7—;‘Z

(2.6)

in which 7 is a factor about the ratio of the chip formation and 7 is 0.9, AT is the

temperature rise at the shear plane area and can be obtained by

_(1-p)FY,

AT =
pwk thwcp

Sz

(2.7)

where C, is the specific heat of the material, and (0< B<1) is the proportion of

heat conducted into the work which is given by

_[0.5-0.35log,, (R, tan ¢) 0.004 <R, tan¢ <10
|0.3-0.15log,, (R, tan f) R tan f >10

in which R, is a non-dimensional number determined by

lowk Cp th
TR

wk

where K, is the thermal conductivity of the material.

(2.8)

(2.9)

The angle @ between the shear plane and the resultant force is defined by

and=1+2Z-g|-C,, n—Db_
4 " A+ Bée',

and the friction angle A is expressed in terms of other angles by

A=a+0-¢

(2.10)

(2.11)

During the cutting process, the shear stress along the shear plane AB is
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considered to be equal to the flow stress of the material there, so the cutting forces

can be obtained from Equation (2.5). And the normal stress at point B is given by

Vs Be',
oy =k, |1+=-2a-2C,, n—2 2.12
N AB( 2 Oxley A+B€ZBJ ( )

For the tool-ship interface, the effective strain rate is given by

g =—Ye (2.13)

J3ét,

and the tool-chip contact length is found from

. C n
po im0 [y Cou”  Béy, (2.14)
cosAsin g 3tan@ A+ Bg'y,
Thus, the average shear stress at the tool-chip interface is
F
T, = (2.15)
" hw

To solve for the cutting force equilibrium condition at the tool-chip interface,

the normal stress at point B is also given by

Oy = (2.16)

The average temperature at the tool-chip interface is calculated by

T, =T,+AT. + VAT, (2.17)

where ¥ (0 <1) is a factor about the average temperature at the tool-chip interface

and AT,, is the maximum temperature rise in the chip which can be obtained by
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AT, Rt Rt
lo —M 1=0.06-0.1956 [—2+0.510 2
glO(AT ] gm( h j

C tl

with AT, the average temperature rises of the chip given by

AT, = Ve
Iowk thwcp

Therefore, the average flow stress of the material of the chip is found from

1 n (c}in T;n _T; "
e e =)
0

where the effective strain rate of the chip is given by

1 &
Eim = 2ep+—=—

V3 ot

(2.18)

(2.19)

(2.20)

(2.21)

In this method, as the chip formation is in equilibrium, the shear angle ¢

should satisfy that the flow stress along the tool chip interface calculated from the J-

C equation, is equal to the shear stress obtained from the resultant cutting force r.

Then the factor C,,,, is obtained when o, =o', and the shear angle ¢ could be

determined from the condition that the cutting force F, takes the minimum value. A

flow chart for the prediction model is shown in Figure 2.5.
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Given:
Cutting conditions V,w,t,,a,C

{

I 6 is from 0.005 to 0.2 |

!

I Coxley is from 2 to 10 |

!

I ¢ is from 5° to 45°

!

Shear plane AB:
Length Lpg = t;/ sin ¢; Velocity V; from Equation (2.2);
Strain g4 and strain rate €45 from Equation (2.3)
!
I Assume Tpag = Tyy |

!

Calculate Typ:
kap from Equation (2.5); NewT,g from Equation (2.6)

Bos(New Ty — Tag) > 1

lNo

K and material properties

P’

Tool chip interface:
Contact length h from Equation (2.14); Shear stress t;,; from Equation (2.15);
Strain &;,; from Equation (2.21) and strain rate &;,, from Equation (2.13)

!

*vl Assume T, = Ty, + AT,

|

Calculate T¢:
AT, from Equation (2.19); NewT, = T,, + ATy, + AT,

| kchip from Equation (2.20) |

]
R e R

No

Compare Tiy; and kepip versus ¢
and select solution ¢ for minimum Abs(rmt - kchip)

!

| oy from Equation (2.16); oy from Equation (2.12) |

Yes
4{ COxley = COxley +0.1

No

Compare gy and gy versus Coxiey
and select Coyey for minimum Abs(ay — oy)

Yes
| s=s5+005 @

No

F. from Equation(2.1) and Select § for minimum F;

Figure 2.5 Flow chart of cutting force prediction model
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2.1.2 Cutting force measurement

Although a lot of research about cutting force prediction has been published,
these theories still have some limitations. To obtain the cutting force experimental
means are also a common approach. Compared with the analytical prediction method,
the cutting force test is more accurate and reliable. Some empirical models for
predicting cutting forces are also based on cutting force measurement experiments.
The cutting force is measured by the force-measuring equipment which can be
installed in the cutting machine. At present, the widely used cutting force
measurement devices are mainly resistance strain gauge dynamometer and

piezoelectric dynamometer.

Figure 2.6 Cutting force dynamometer in a turning machine

The measurement technology of piezoelectric dynamometers (Figure 2.6) is
based on the piezoelectric measurement principle [56]. The piezoelectric element in
the sensor which is sensitive in the desired measurement direction is cut out of crystal

or quartz material. The shear effect and longitudinal effect are both contribute to the
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measurement. Crystals with cross-sections in the vertical direction are sensitive to the
normal loads. When a normal force is applied to the longitudinal crystal disk, it will
lead to a small shift in the center of gravity of the charge and generate a charge
difference proportional to the load. Similarly, a charge difference will also arise in
shear cross-sectional crystals if a shear load is employed. The charge amplifier will

capture these measurable charge differences and output voltage signals.

Unloaded longitudinal Crystal under load Unloaded tangential Crystal under load

crystal crystal E.

++++T++++
F

X
F
Crystal disk %
Fx ry. - l F

T 1 + + 4+ + + + 4+
L+ +44 —
r -
F
1 2 .
+ @, -

Figure 2.7 The measuring principle of the piezoelectric sensor

During the measuring process, the charge amplifiers will amplify the charge
differences to a proportional voltage signal transmitted through connecting cables.
Then the signal could be acquired and analyzed to show the cutting force in terms of

graphics. The captured data can also be exported for further study. The whole

measuring chain is presented in Figure 2.8.
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differences
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turning machine
Voltage
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& Analysis software

Data acquisition system

Figure 2.8 Measurement system for cutting force in turning

2.2 Stress modeling in orthogonal cutting

Although the cutting force may be relatively stable during the steady
orthogonal cutting, the stress at a certain point in the workpiece material will change
during the cutting process. For example, point M in Figure 2.9 (a) is getting close to
the cutting edge and the profile of its changing stress may be like Figure 2.9 (b). Every
point at the same depth in the material will have the same stress history. If the stress
history at all depths can be obtained, then theoretically the stress history in the entire

workpiece can be obtained. Therefore, the stress state can be found.
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Figure 2.9 Contact stress history

The approach to the stress state is provided in the research of Su [55]. The

basis of the approach to elastic stress is the contact theory. Under the plane strain

condition, elastic stress components at any point throughout the solid are calculated

by integrating the Boussinesq solution for both normal loads p(s) and tangential

loads g(s)that act on the surface over the contact region from a to 5 (Figure 2.10).

Then the elastic stresses are given by

_ 2z t p(s)x—s) _2]1‘ q(s)(x—s)’ ds
B [ ) S A [ e e |
o, = —223 p(s) >ds— 227 f_ge)x=s) ~ds (2.22)
T 7h[(x—s)2+zz} T —bI:(X—S)2+Z2]
eSS BIUTEE M) JG/CEL
p.v4 72_

5 [(x—s)2 +7° ]2
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Figure 2.10 Contact model of boundary loads

As the orthogonal cutting process is assumed to be a plane strain, the

tangential loads and the normal loads at the shear plane are given by

_F,sing+F, cos¢g
- L,zw
_ F,cos¢p—F sing
- L,zw

(2.23)

where F, and F are chip formation forces obtained by Equation (2.1) or
experimental means, ¢ is the shear angle, L, is the length of the shear plane, w is
the cutting width. Then the stress resulted from the force acting on the shear plane

(Figure 2.11) can be computed by

2z T’ P =9 2 LTB 7,(5)(x, —s)’

T 9 [(x,—s)2+zlz:|2 5% [(xl—s)2+22]2
2 I ps) g2 j QS5 =5) 4o
T 9% [(xl—s)erle]2 Ty [(xl—s)2+212]2
2z ¥ Pi(8)(x, — ) d _%LAB 4, (s)(x, =)’ d

.[ 2 45 T J.[ §

T % [(x1 —5)° +212] (x,—s) +2z° ]2

04

(2.24)
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Figure 2.11 Stress components in the coordinate frame of the shear plane

Another part of mechanical stress is from the cutting edge contact area (Figure
2.12). The plowing force due to the chamfer of the cutting edge and the frictional force
caused by the wear of the cutting tool are also contributed to the mechanical stress.
The mechanical stress is calculated by Equation (2.25) below where p,(s) and g,(s)

are the loads depends on the specific force distribution over the contact region.

L i NOTCS) PPty JIPACTCS M

O-xzxz
T % [(xz—s)2+zzz]2 7% [()cz—s)2+zzz]2
3 Lag 2 Lap _
o.. =_222 J‘ ngs) : 2ds_zzz J’ %(S)()zfz Sz) _ds (2.25)
T % [(xz—s) +2z, ] T 9 [(xz—s) +2z, ]
T :_2222 Lj'B Py (8)(x—s) ds_ﬁLj‘B %(S)(xz_s)z ds
2 T 2 272 T 2 272
0 [(xz—s) +z, ] 0 [(xz—s) +z, ]
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Figure 2.12 Stress components in the coordinate frame of the cutting edge contact

area

A coordinate transformation is required to combine the stresses respectively
calculated from the different coordinate frames above ({x,y,z,} and {x,y,z,}) into
the coordinate frame {xyz} . Figure 2.13 shows the relationship between the two

coordinate frames.

z(z,) <

Figure 2.13 Geometric relationship of the coordinate frames

Equation (2.26) denotes the stress predicted from the shear plane zone and

the cutting edge contact area. The transformation matrix presented in Equation (2.27)
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is used to transform the stress in the coordinate frames {lelzl} to the coordinate
frame{xyz} . Then the combination of the stress in the coordinate frame{xyz} is

given by Equation (2.28).

[0]= Trn - Fas , [0,]= Ton Py (2.26)
Txlzl lezl szzz O-zzzz

:{ co's¢ singq (2.27)
—sing cos¢
Gxx sz _ _ T
L}z GZJ-[O‘]-Q[GI]Q +[c72] (2.28)

As mentioned before, the strainin y directioni.e., &,,1s0to satisfy the plane
strain condition. Therefore, Hooke’s law is employed here to find the corresponding

stress component

o,=v(o.+0.) (2.29)

M)

When the interested point getting closer to the cutting edge, the stress value
of the point increases and exceeds the elastic limit. Here von Mises yield criterion is

applied to decide if the material yields
f(o-g/):‘]z _k()2 (230)

where £, is the initial shear yield stress and J, is the second invariant of the stress

deviator tensor

/]

(2.31)

N | =
9%}
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When the material yields, elastic-plastic loading occurs and the incremental
plastic theory is utilized to obtain the plastic strain increment as shown in Equation
(2.32). A is the plastic modulus, £ is the subsequent yield stress in pure shear. S, is
the component of deviatoric stress which is given in Equation (2.33). The isotropic
hardening rule is employed here to describe the work hardening behaviour of the

material. More details about work hardening and hardening rules are introduced in

Chapter 3.
» 1
dgl.j = BYTE S,.jSkldSk, (2.32)
1
S, =0, —EQ,Skk (2.33)

As the plane strain condition is imposed, the strain component increment

transverse to the direction of the cutting speed of the elastic-plastic state is given by

— e P
dgyy = dgyy + deyy

= %[dayy —V(dO'xx‘f‘dUzz):I (2.34)

S,
+ 2};{ -(S.do, +8,do,, +S_ do. +25 dr, )=0

where dgj, and dg/, represent the elastic strain increment and plastic strain

increment, respectively. Consequently, the stress increment is expressed in

Hu - 2:;2 Sxxjdaxx +(U — 25(2 Szzjdazz —%E];szdrxz}Sw
4% = (2.35)

y 2
: 1+ ESW
2hk*

in which the stress increments in the other directions are assumed to be equal to the
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elastic stress components, which means

do, =do; ,do_ =do.,dr_=dz; (2.36)

zz? Xz

where do'; is calculated from the elastic contact model.

In the stress algorithm for the material in the region of interest, a strategy like
“layer-by-layer scanning” is used. For a layer of material at a certain depth z (Figure
2.14), the arbitrary point in that layer moves from a far location toward the tool. This
movement is assumed to be uniformly divided into many steps and the length of each
step is Ax. The calculation starts when x takes the initial value. For each cycle of the
calculation, the value x is increased by one step and substituted into the equations
to calculate the stress. The value x is continuously increased and the corresponding

stress value is updated until x = x;,, then the stress state history of the point is found.

Figure 2.14 Stress state for the arbitrary point in the material layer at a certain

depth

Since the material layer at the same depth will sequentially and successively

experience the same stress state, the stress state history of the point obtained in the
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above calculation can also be used to describe the stress state of the layer at that
depth at a certain moment. Then the above process is repeated to calculate the stress
state history for the next layer until the stress state history is found for all depths.
Then the stress state history of the material in the entire region of interest during the
cutting process can be obtained. The flow chart of the algorithm is presented in Figure

2.15.

Given:
Loads distribution and material properties

e e
GrZZ ’ TXZ

Elastic stress: agy, a7y,

Check the yield criterion
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Not Yield
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Elasto-plastic stress increments: do,,. , doy,,, do,, ,

Subsequent yield surface

|

e

Yes

P
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Stress state history for current depth z
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e
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Figure 2.15 Simplified flow chart for the algorithm of the stress
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CHAPTER 3 HARDNESS AND RESIDUAL STRESS

MODELING

3.1 Material yield and work-hardening

3.1.1 Material yield criterion

In uniaxial tensile testing, the determination of whether a material has yielded
is made by direct comparison of stress and yield strength. However, sometimes the
stress state of the material can be more complex, for example in Figure 3.1, the
direction of the stress vector OQ does not coincide with any of the coordinate axes
in the six-dimensional space of stresses. Nevertheless, the elastic boundary of the
material will still form a region in this coordinate system. When the stress is inside this
region, the material is in an elastic state. When the stress reaches the boundary of this
region, the material yields and plastic deformation occurs, and this boundary is the

yield surface.
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von Mises
yield surface

Tresca
yield surface

Figure 3.1 Yield surface in the stress space

The yield surfaces correspond to the yield criteria. The commonly utilized yield
criteria are von Mises yield criteria and Tresca yield criteria. von Mises yield criterion
is expressed as Equation (3.1). He suggested that the cross-section of the yield surface
was a circle and any point on the axis of the yield surface satisfies o, =0, = 0;. So,
whether the loaded material yields or not depends on the magnitude of the projection

on the m plane of the stress vector.

1
szSy.Sij —K’ (3.1)

3.1.2 Work-hardening

In some metalworking processes, such as rolling, the yield strength and
hardness of the plastic deformed material increase because of work hardening [57].
The stress-strain curve of the material loaded to yield and then unloaded is shown on
the left side of Figure 3.2. After unloading, the elastic deformation is released while

the plastic deformation remains in the material. When the material is loaded again,
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the modulus of elasticity is the same value but the stress at the yield point is higher.

The strengthening that takes place in the plastically deformed material is called work

hardening.
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Figure 3.2 Stress-strain curve of the work-hardened material

Plastic deformation of metals is often executed by the motion of dislocations.

Dislocations are linear defects within the crystal which include edge dislocation, screw

dislocation and mixed dislocation. Figure 3.3 shows the motion of different types of

dislocations.
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Figure 3.3 Dislocations and their motions [58]

During plastic deformation, the density of dislocations increases with the slip
of dislocations. The dislocations are entangled with each other which will decrease the
mobility of dislocations. On the other hand, the grain boundary and the impurity atom
will hinder the slip of dislocations [59]. These interactions mentioned above lead to
increased resistance of the material to dislocation motion. Therefore, greater stress is
required to continue the motion of the dislocation to carry out further plastic

deformation, which means the material is strengthened during the plastic

deformation.

3.2 Hardness modeling

3.2.1 Hardness measurement

Hardness refers to the ability of a material to partially resist a hard object being

pressed into its surface [62]. The hardness of the material can be compared by the

hardness test. The resistance of the deformation is given by
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NI

(3.2)

in which F is the external load applied on the hard object and 4 is the indentation on
the material surface. Figure 3.4 shows the impression induced by the indentor in the

hardness test [57].

Indenter

——
Test piece

Figure 3.4 Steel indenter forced on the surface in the hardness test

3.2.2 Hardness modeling in orthogonal cutting

The plastic deformation during the machining process leads to work hardening
and has effects on the yield strength and hardness. On the other hand, the definition
of hardness illustrates that the hardness of the material is affected by its resistance to
plastic deformation, and the yield strength describes the limit of the stress for the
plastic deformation to take place. In the hardness test, a hard project (indenter) is
impressed into the material and the material plastically deforms and an indentation is
produced. The value of hardness equals the ratio of the load to the indentation size.

During the machining process, plastic deformation occurs after the material yields,
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and the material is work hardened. The vyield strength of work-hardened material
increases, and that leads to a rise in the resistance to plastic deformation. As shown
in Figure 3.5, when the material is work-hardened, If we measure the hardness of the
work-hardened material, we could find that the size of the indentation would be
smaller than that of unhardened material. because it is more difficult to produce
plastic deformation on the work-hardened material. Therefore, hardness will increase
when the material is work-hardened.In metal machining, the change of hardness
illustrates the degree of work hardening. We can evaluate the work hardening of the

machined surface by calculating the hardness.

Plastic deformation

|

and plastic stress :
¢ | Work hardening

I

I

|

Yield strength increases

Resistance to the plastic
deformation increases

Hardness test

Size of indentation decreases

v

Hardness increases

Figure 3.5 Work hardening and hardness

A model to predict the hardness of the machined surface of Inconel 718 is
given below. Based on the relationship between hardness and vyield strength, this
model uses yield strength to obtain hardness. An equation is provided to describe the
relationship between the microhardness and the ultimate strength in Equation (3.3)
[29].

(n-2)
12.5(m—2)} 3.3)

o, EH/2.9[1—(””_2)]{W
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where m is the Meyer index.

On the other hand, a relation between the ultimate strength and the yield

strength is utilized and C is a constant [29]
o,=Co, (3.4)

therefore, the yield strength is expressed as

(n-2)
12.5(m—2)} (3.5)

1—(m—2)

c,=C H/2.9[1—(m—2)][

If the Meyer index is substituted in terms of hardening coefficient n, as m—2=n,

the yield strength is given by

12.51 |
o, :C{H/2.9[1—n][ 1 5”} } (3.6)
—n
Therefore, hardness can be expressed in terms of yield strength. Once the stress and
work hardening histories of the material during cutting are captured, the thickness of

the layer of the work-hardened material and the hardness value under the machined

surface can be found.
3.3 Residual stress in machining

Some metalworking processes lead to plastic deformation takes place in the
material of the part. After the metalworking process, the part is free from the load
worked on it. However, the plastic deformation is left in the part. This plastic

deformation induces the part to have residual stress. If categorized according to scale,

43



this type of residual stress belongs to type | or macroscopic residual stress (Figure 3.6).
The operations that remove material from the workpiece, for example, metal cutting
and grinding, could result in residual stress. Besides, plastic deformation and residual
stress also exist in metal fabrications without chip formation such as extrusion and
welding. The plastic deformation and residual stress generated in the machining
process have effects on the cracks, fractures and fatigue life of the part, and may even

result in the significant deviation of the geometric features.

i

Macrostresses Microstresses

ey
[smecasnitnai)
o A
— 1 'R _1:-1:-
Peening Thermal Stresses

Loading Stresses

Transformation Stresses

S

Intergranular Stresses

Figure 3.6 Residual macro stress (type 1) and residual micro stress in grain scale

(type Il or intergranular stresses) [63]

The machining-induced residual stress is considered to be caused by un-
uniform deformation. As shown in Figure 3.7 [39], the different layers beneath the
machined surface are affected by different effects and result in different deformation
during the machining process. After the machining process is finished, elastic
deformation is released but plastic deformation remains in the body. When each layer
is isolated individually, they would show varying degrees of deformation. However,

these layers are not independent of each other but belong to the same body. For the
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continuity and consistency of the material, there are interactions between these

layers, which are manifested in the form of residual stress.

Mechanical Effects

——————————— e

‘| No Effects
|
|

Surface and near surface ‘l |
'
Subsurface |

Free | Rigid Rigid | Fixed

Workpiece substrate

Figure 3.7 Schematic diagram of the generation of residual stress in machining

proposed by Jacobus

However, the publications illustrated that the development of residual stress
is more complicated than the theoretical suppose above [64]. A lot of research has
been published on the measurement and prediction of residual stresses in metal
machining. There are various results of the distribution of residual stress including
direction (compression and tension), peak value and depth. The variation is related to
the parameters and conditions of the machining process. Generally, the residual stress
in the surface and the near face layer is tensile and then gradually becomes
compression in the deeper layer. As the depth increases from about 50 mm to 200

mm, residual stress also decreases from its greatest compression towards 0.
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3.4 Residual stress modeling in orthogonal cutting

In actual machining, workpiece surfaces are usually created by multi passes.
The material will be work-hardened due to the cutting force during the machining pass
and its initial properties such as will change. After one machining pass, the effect of
work hardening on the workpiece material will remain in the workpiece. Therefore, in
the subsequent pass, the cutting tool is cutting the material that has been hardened
in the prior pass (Figure 3.8). Considering the effect of work hardening on the material
properties described above, the analytical method for predicting residual stress is

improved when calculating the residual stress induced by subsequent processing.

Work hardened layer Work hardene\d“lay(gr

Workpiece bulk material -

Workpiece bulk material

Work hardening in the first machining pass Work hardening in the second machining pass

Figure 3.8 Work hardening in the first machining and second machining

After the tool passed the point of interest, the stress components o, arenot
the residual stress what is desired. To satisfy the equilibrium conditions, a relaxation

procedure is necessary for the stress and strain after loading [43].

First, the orthogonal cutting process is considered as a plane strain problem,
so the strain in the y direction does not exist and the other components are

independent of y where r denotes the residual components
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g =0 (3.7)

y

Second, there is no traction on the machined surface so that the stress components

including the shear stress and normal stress on the surface must be zero.

=0’ =0 (3.8)

Xz zz

As the machined surface retains a continuous plane, the strain component in the x

direction also equals zero, and the other components are independent of x
8;‘ :O (3.9)

Therefore, the rest of the components are residual stress and strain and can be

expressed as

(3.10)

where the f(z) is the function of the depth z beneath the machined surface.
However, the components calculated from the stress modeling is not satisfied the
boundary conditions provided above. Therefore, these components would be relaxed
incrementally and the values after the relaxation procedure are the residual stresses

that remain under the machined surface.

If the relaxation consists of M steps, the relaxation procedure of the zero

residual components is given by

e =0
7. =0 (3.11)
o =0
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thus, the increments of each step are

&
Agxx =X
M
T
At =——x
M
O
Ao =——=
M

If the relaxation is elastic the increments can be written with Hook’s Law as

EAe  +v(1+v)Ao,
1-v?
Ao, =v(Ac, +Ac.,)

Ao =

XX

(3.12)

(3.13)

otherwise, the increments are given by solving the equations below simultaneously

- Sxszzz _ L A O_ZZ _ Sxxsz A Z.XZ
2hk”  E
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CHAPTER 4 VERIFICATION AND APPLICATION

4.1 Verification with the orthogonal cutting of AISI 316L

4.1.1 Introduction to a conventional experiment of cutting AlSI 316L

AISI 316L is stainless steel widely used in industry. Its physics and mechanical
properties are listed in Table 4.1. Similar to Inconel 718, AlSI 316L is also sensitive to
work hardening and residual stress. Inconel 718 is extremely expensive and
inaccessible to civilians, and AISI 316L is quite popular and cheap in industry.
Therefore, many researchers have employed AlSI 316L, instead of using Inconel 718,
to predict residual stress on the machined surface. For example, the FEA method, the
experiment method, and the analytical method are applied to AISI 316L. In particular,
the same cutting parameters of a paper published by Huang et al. are adopted [25].
This research work is introduced in the following. Table 4.2 gives the machining
conditions of cutting AISI 316L. The cutting speed is 60 m/min, the tool feed rate is 0.1

mm/rev, and the cutting width is 3 mm.

Table 4.1 Properties of AlISI 316 L

Young's modulus (GPa) 177
Poisson's ratio 0.3
Initial Von-Mises stress (MPa) 514
Plastic Modulus (GPa) 77
Density (kg/m?3) 7750
Specific Heat Capacity (J/kg:°C) 500
Thermal Conductivity (W/m-K) 16.2
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Table 4.2 AISI 316L cutting conditions

Cutting speed (m/min) 60
Feed (mm/rev) 0.1
Cutting width (mm) 3
Tangential force (N) 1117
Feed force (N) 726
Tangential cutting force (N) 1056
Normal cutting force (N) 422
Tangential edge force (N) 60
Normal edge force (N) 303
Chip thickness (mm) 0.35
Shear angle ¢ (degree) 15.9
Contact length on the flank face ’/B (mm) 0.06

Based on the parameters, first Huang calculated the stresses (o,,, 0, 0.,
and o) in the region between the point in front of the cutting point along the
tangential direction by 1.2 mm to the point at the back of the cutting point by -0.6 mm.
Their stress curves are plotted in Figure 4.1. Then, the von Mises stress in the surface
layer with a thickness of 0.18 mm in the region is calculated, and the stress distribution
diagram is plotted in Figure 4.2. The von Mises stress at the point beneath the cutting
point is the highest, over 2000 MPa. Finally, the residual stresses from the surface to
the depth of 0.2 mm are calculated. The point beneath the surface by 0.003 mm has
the maximum residual stress. Then residual stress reduces to about zero at the point

beneath the surface by 0.04 mm. The residual stress curve is plotted in Figure 4.3 with

little squares in purple.

For comparison with the experiment and the FEA methods, Huang plotted the
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residual stresses calculated with the methods in Figure 4.3. The results of Huang’s and
the experiment methods are close, and the result of the FEA method varies a lot from

Huang’s and the experimental methods.
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Figure 4.1 Stress history by Huang et al. (Z=3um) [25]
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Figure 4.2 von Mises stress field by Huang et al. [25]
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Figure 4.3 Comparison of residual stress [25]
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4.1.2 Application of this proposed method to AISI 316L

To verify this newly proposed method, it is applied to AISI 316L under the same
machining conditions as those in the published research. The reasons for this include
(1) the example of machining AISI 316L is well established and recognized, and (2) due
to the Covid 19 pandemic, the experiment of cutting AISI 316L cannot be conducted.
In the thesis research, this new method has been implemented in a software of
residual stress prediction with MATLAB. First, the above-mentioned cutting

parameters are input into the software, the cutting stresses (o, o, , 0., and &)

w?!
in the range of the cutting point are calculated. This range is between the point in
front of the cutting point by 1.2 mm and the point at the back of the cutting point by

0.6 mm. The cutting stresses are plotted in Figure 4.4.
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_2500 | 1 1 | 1 1 | | |
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Figure 4.4 Stress history by the improved method (Z=3um)

Then, the von Mises stress in the above range of the cutting point and to the
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depth of 0.2 mm is calculated with the software. The von Mises stress distribution is
plotted in Figure 4.5. It shows that the von Mises stress close the cutting point and
beneath the surface by 0.008 mm is 2334 MPa, which is the maximum at the cutting
moment. Finally, the residual stress from the surface to the depth of 0.2 mm is

calculated with the software, and the residual stress curve is plotted in Figure 4.7 in

blue.
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Figure 4.5 von Mises stress field by the improved method

To verify this new method the residual stress curve is plotted in the same figure
(Figure 4.6). It is readily seen that the residual stresses calculated with the analytical
methods are close to that of the experiment, while the result of the FEA method
deviates much more from the experiment result. Residual stress on the machined
surface tensile stress is valued at about 500 MPa and reduces in the surface and sub-
surface layers. However, the residual stress in the surface layer (0 - 0.02 mm) affects
the part deformation when residual stress releases. High residual tensile stress in the
surface layer causes part fatigue failure and surface damage. Therefore, the residual
stresses obtained by different methods in the surface layer are scrutinized, and they

are zoomed in Figure 4.7. This figure shows that the residual stress curve of the

54



proposed method is accurate. Besides, the residual tensile stress in the surface layer

calculated with the author’s method is almost the same as the experiment result.
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Figure 4.6 Comparison of residual stress
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Figure 4.7 Residual stress of the surface layer
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4.2 Application of the purposed method to Inconel 718

Since the proposed approach has been successfully applied to the
conventional experiment of cutting AISI 316L, and the residual stress calculated with
the proposed approach is accurate and efficient, it is more credential to apply them
to cutting Inconel 718. The proposed approaches have been implemented in a

software of hardness and residual stress prediction with MATLAB.

4.2.1 Cutting parameters optimization with the software

A software for hardness and residual stress prediction is developed with
MATLAB and the main interface is shown in Figure 4.8. The main input parameters
include cutting conditions and workpiece material properties. The depth range could

be defined in the prediction setup.

Mach Pro 1.0 — X
Mach Pro 1.0

Cutting conditions Clear Workpiece material properties Clear

Tangential cutting force (N) Cutting width (mm) Yong's modulus (GPa)
MNormal cutting force (N) Cutting depth (mm}) Poisson's ratio
Tangential edge force (M) Sl lesges) Initial yield strength (MPa)
Mormal edge force (M) Contact length {(mm) Plastic modulus (GPa)
More More

Prediction setup Clear Calculate hardness

Prediction depth range (mm) Calculate residual stress

Figure 4.8 The interface of the software

With the prediction software, the cutting parameters can be optimized for less
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residual stress and high cutting efficiency. First, calculate the residual stress generated
in the multi-pass machining. Then check the part quality after the machining is finished.
If the part is not qualified, modify the cutting parameters and repeat the prediction
procedures; if the part is qualified, output the current cutting conditions as the

optimal result. Figure 4.9 shows the main steps of the optimization.
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3
| Modify the material properties I
| for the work hardened layer I
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Machining finished?
Not qualified

Part quality standard

Qualified

Machine with the current multi-pass
cutting conditions

Figure 4.9 Cutting parameters optimization

4.2.2 Application of cutting parameters optimization

After the proposed method has been verified in the above section, it is applied

to cutting Inconel 718. To demonstrate the procedure of the approach and the
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robustness of the developed software, the new approach and the software have been
applied to cutting Inconel 718 under two sets of cutting conditions. The cutting

conditions are listed in Table 4.3. The details are provided in the following.

Table 4.3 Cutting conditions and measured variables for Inconel 718

Set v(m/min) ¢ (mm) ¢, (mm) F,. (N) F, (N) #()
1 20 0.2 0.350 1340.0 549.4 32.5207
2 30 0.2 0.346 1279.9 464.1 32.8631

An insert tool is employed for orthogonal cutting Inconel 718, and its inserts
are coated carbide and the radii of the cutting edges are very small. The cutting
parameters include the cutting width as 0.2 mm and the cutting depth as 0.35 mm.
The cutting speed of the first is 20 m/min and the second set is 30 m/min. In cutting
Inconel 718 with the above parameters, the cutting forces were measured with a
Kistler dynamometer [65]. Since the radii of the cutting edges are very small, the
cutting forces on the cutting edge contact area can be neglected and the resultant

force of the measured cutting forces F, and F, equal to the resultant force acting on

the shear plane.

The residual stresses (o and o,, ) at the cutting point in the layer of 0.2 mm
are calculated. The residual stress curves are plotted in Figure 4.10 and Figure 4.11.
The high residual tensile stress in the tangential direction is mainly distributed in the
surface layer and gradually decreases as the depth increases and becomes
compressive at a depth of about 0.005 mm. Then a peak value of residual compressive
stress appears at 0.025 mm. Compared with Set 1, Set 2 has a lower magnitude of
residual tensile stress and a higher magnitude of residual compressive stress. Since
the compressive residual stress is effective in improving fatigue performance, and

tensile residual stress is detrimental to fatigue life, the residual stress result of Set 2 is
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more conducive to the machined surface fatigue life than that of Set 1.
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Figure 4.10 Residual stress of set 1
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Figure 4.11 Residual stress of set 2
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Another step of the optimization procedure is based on hardness. The
hardness values of the work-hardened surface layer with a thickness of 0.2 mm of the
two sets are calculated with the software. The parameter values are input into the
software and the hardness curves are plotted in Figure 4.12 and Figure 4.13. The
hardness of the work-hardened material in the depth of 0.005 mm is about 490 HV
then decreases to 250 HV in the depth of 0.05 mm, and remains that value to the
depth of 0.2 mm. It can be found that the hardness curves of the two sets are close in
magnitude and depth, therefore the effects of work hardening on tool wear and
machined surface quality of the two sets are also close. Compared with Set 1, the
machined surface fatigue life of Set 2 is better and the tool wear rate is close. However,
since the cutting speed of Set 1 is 20 m/min and the cutting speed of Set 2 is 30 m/min,
the cutting efficiency of Set 2 is higher than setl. Therefore, the cutting parameters of

Set 2 are better than Set 1 and should be employed in machining.

500 . . .

450 - 1

N
o
o
T
I

Micro hardness Hv
w w
o (3]
o o

250 - 1

200 | | |
0 0.05 0.1 0.15 0.2
Depth Z (mm)

Figure 4.12 Microhardness of set 1
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Figure 4.13 Microhardness of set 2

In this chapter, the proposed approach has been applied to a conventional
experiment of cutting AISI 316L, and it has been verified. The proposed approach has
also been applied to optimize the parameters of cutting Inconel 718. It has great

potential to optimize the cutting parameters for less residual stress and high cutting

efficiency.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This research work has addressed the technical challenges of predicting work-
hardening and residual stress in machining Inconel 718. In terms of work-hardening,
a new analytical method of predicting the new hardness of the work-harden material
on the machined surface has been built. This method has established the relationship
of hardness and work hardening in machining Inconel 718. The hardness of the
material beneath the machined surface is calculated from the stress experience. The
advantages of this method include (1) compared to the existing finite element
methods and experimental methods, this newly proposed method is analytical and is
very efficient; and (2) this method can be used in Inconel 718 process planning to

optimize the machining parameters.

Another outstanding achievement of this research is that an improved method
of predicting residual stress in machining Inconel 718 parts is proposed. When
predicting the stress and residual stress for the subsequent machining, the improved
method considered the properties of the material, which is work-hardened in the prior
machining. The advantage of this method includes that it helps control residual
stresses within the surface of Inconel 718. This research has great potential to cut

Inconel 718 with high machining efficiency and better part surface integrity.

5.2 Future work

This thesis research has proposed two methods of predicting the hardness and

the residual stress of the hardened material on the machined surface. Due to the time

62



limit, the two methods have not been fully implemented in the process planning of
machining Inconel 718. The newly proposed methods are essential to the process
planning of machining Inconel 718. Besides, this thesis research is focused on the
orthogonal cutting of Inconel 718, which is one type of machining. For another type
of cutting, oblique cutting, the methods cannot be directly applied. In the future, the
methods of predicting hardness and residual stress in oblique cutting Inconel 718 will

be investigated.
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