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ABSTRACT

Proper selection of cutting parameters, cutting tool material and geometry and machine tool selection is
necessary for the production of high-quality products at reduced cost. Cutting forces produced during
the machining process are important indicators of the cutting mechanism. The knowledge of the cutting
forces during a machining operation helps to select a workpiece of a suitable strength in order to
maintain dimensional tolerances by avoiding excessive distortions. Machining is one of the most common
manufacturing operations today. A number of research works have been conducted in the past to quantify
cutting forces experimentally and numerically during machining processes because theoretical
calculations appeared to produce uncertain results due to complex workpiece and tool interaction and
inherent complexity of machining process. The numerical analyses have been continuously improved for
the prediction of the fundamental physical quantities. However, a general predictive model that can
capture the real cutting operation is not available yet due to the presence of extremely complex phenomena
associated with the actual cutting operation including tool-chip friction, adiabatic shear bands, free
surfaces, high strains and strain rates and high temperatures etc.The objective of this research was to
investigate the use of Johnson-Cook material model in simulating orthogonal cutting of A1 6061-T6
alloy. The idea in the current research was to develop a more economical solution to the existing
dynamometers which are highly expensive. A cost-effective strain gauge based (mechanically decoupled,
beam type static) dynamometer has been designed, developed and tested for finding the cutting forces
during orthogonal machining operation which was not considered in the past research studies.Results of
force variations measured experimentally through strain gauge based dynamometer as well as predicted
numerically through simulation were compared with the published results during machining of Aluminum
alloy A16061-T6 and found in good agreement.

Key Words: Cutting Forces, Orthogonal Machining, Finite Element Model, Dynamometer, Strain Gauge,
Al16061-T6 Alloys.

1. INTRODUCTION

n the machining process, a piece of raw material is processes are used to achieve the desired shape,
machined into a desired final shape and size by a tolerances and surface finishes that are difficult to obtain
ontrolled material-removal process [1]. Machining by other means. Optimization of the material removal
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processes leads to increase dimensional accuracy,
process efficiency and improvement in product quality.
The machining process is influenced by many factors.
Amongst these factors, the most important being cutting
speed, feed rate, depth of cut, tool material and geometry
of the tool. The objective of the metal cutting is to
establish a predictive theory that would help us in
predicting the cutting performance such as chip formation,
variations in the cutting temperatures, cutting force
variations, tool wear, surface finish and accuracy of the

workpiece affected under different cutting parameters.

Extensive works have been carried out on milling process
experimentally, theoretically and numerically in order to
get optimized cutting parameters [2]. However, to study
the shaping, milling or any other machining process by
purely experimental approach has proven to be costly
and time-consuming. It has been reported that the cost of
the cutting tool alone is about 4% of the total cost of the
machining process [3].The analysis of a machining
process is a complex phenomenon due to the involvement
of many process parameters. Finite Element simulation
has helped researchers to predict different parameters
like cutting force variations, temperature variations, and
chip formation during the cutting process. These finite
element simulations have helped to deepen the
understanding of the cutting process and eliminating
expensive experiments.In the majority of the researches,
the simulations have been compared and validated with

the experimental results [4]-10].

Metal cutting is a vast area of research and a considerable
amount of studies have been done on finding the cutting
forces through different types of dynamometers.
Measurement of the cutting forces (Fc) can be used as a
diagnostic tool for the analysis and the optimization of
the machining process. Moreover, the quality and cost-
effectiveness of the machined component and the tool
life can be improved by investigating the results of the

cutting forces.Many researchers have worked on the

development of force dynamometer to measure the force

variation during the cutting process.

Table 1 shows a brief summary of work done to develop
dynamometer in the past. Totis et. al. [11] designed a
plate dynamometer using a piezoelectric sensor for
measurement of three components i.e. radial force (Fx),
tangential force (Fy) and axial force (Fz) of the resultant
forces. Force range was >1000N with a frequency band of
3000Hz. The drawback of this design was being for mid-
range applications and was used relatively with small
cutters, high spindle speed and was limited to
conventional or micromachining. Totis and Sortino [12]
used a modular design which allowed the easy change of
the cutting insert without altering the functions of the
sensors and which can also measure the triaxial forces.
Measured forces were in the range of 10-5000N. Yaldyz
and Unsacar [13] designed a base plate mounted on a
lathe with bracket using piezoelectric quartz cells which
worked as force transducers with three component of the
forces, having forces in the range of 3500N. This was
suitable for the measurement of static and dynamic cutting
forces. Korkut [14]
piezoelectric strain gauges with three component of forces
which were limited to 2000 kgf. Although designed for

milling operation but it could also be used for other

designed a tool shank using

machining processes like turning and drilling etc. Seker
et. al. [15], Yaldyz and Unsacar [16], Yaldyz et. al. [17] and
Karabay [18], worked on the same design principal of the
dynamometer during turning operation. They worked on
octagonal ring using piezoelectric strain gauges to
measure static and dynamic cutting forces with three force
components and their force ranges up to 3500N and bend
frequency is not specified. Oraby and Hayhurst [19]
designed a dynamometer by using bending beam type
load cells for measurement of the three force components,
the force range was 2000N but their bend frequency was
not specified. So the drawback of this strategy is that the
cross sensitivity will be low when the cutting forces are

not in an accurate location.
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Up till now, many attempts have been made to measure
cutting forces in aluminum (A1 6061-T6) and titanium alloys
(Ti-6A1-4V) of which the Xu et al. [20] found the feed
force and cutting force while machining of aluminum alloy
(Al 6061-T6). Although there was a wide range of gap
between experimental and simulated data but the trend of
cutting force and feed force were in good agreement with
the experimental data. Sima and O"zel [21] also made an
attempt to find out the cutting force and feed force in
machining of Ti-6Al-4V by using uncoated carbide tool,
Force dynamometer and high-speed data acquisition

devices were used to measure the cutting forces.

The current research aims to develop a more economical

solution to the existing dynamometers which are highly

expensive [22-23] hence the idea to determine cutting
forces (Fc) by measuring specific cutting energy using
the power meter [6] and numerical methods. In the present
work, Fc (Cutting Forces) that act in the direction of the
cutting speed (v) and are responsible for supplying the
required energy for the orthogonal machining process
were measured experimentally and numerically. The Fc
were measured experimentally using strain-gauge based
dynamometer developed in-house and also numerically
by applying the J-C (Johnson-Cook) material model
during orthogonal cutting of aluminum alloy (Al 6061-
T6). The experimental and predicted results obtained in
the current research work were compared with the results

available in the published literature.

TABLE 1. SUMMARY OF WORK DONE TO DEVELOP DYNAMOMETER IN THE PAST

No. Sensor Location Sensor Description Force Components R(a;]u;ge References
Piezoelectric triaxial force cells Kistler .
1. P hte&fi“‘;ﬁfgﬁi}gﬁm type 9016B4 arranged in a novel (Fx, Fy, F2) > 1000 T"“[Sl?]' al.
P triangular configuration
5 Tool shank Modular dynamometer Wmch allows Triaxial 10-5000N Totis and Sortino
easy exchange of inserts. [12]
A dynamometer that uses strain gauges
and piezo-electric accelerometer to
3 Octagonal shape measure static and dynamic cutting Three-force 3500 N Yald?z and Unsagar
' Strain rings forces. Care has been taken to component [13]
maximize the sensitivity and to reduce
the cross-sensitivity.
. . Milling dynamometer, in which strain Three-force Korkut
4. Elastic octagonal rings gauges were mounted on octagonal components 1500-4500N [14]
rings manufactured in-house. P
5 Tool holder Bending beam type loaq cells were Three-force 2002 Seker et. al.
used in the design components [15]
Octagonal rings with mounted Turning C.-dyna.rrx)n‘.leter wsing strain Three-force Yald?z and Unsagar
6. strain cages gauges in conjunction with piezo- components 3500 N [16]
g electric Accelerometer P
Milling Plate dynamometer, which uses
7 Octagonal rings with mounted | strain gauges along with piezo-electric Three-force 5000 N Yald?z et. al.
’ strain gages accelerometer attached on to flexible components [17]
octagonal rings
. . Octagonal rings mounted with strain
8. Octagonz;ltrrzlrilngs ngsl mounted gauges to measure cutting forces glree(-)izrnctz 3500 N Ka[r la s]a Y
£AECS. during drilling P
Piezo-electric shank type
Fitted in the oval opening of a dynamometer, which can measure the Three-force Rizal et. al
9. Tool shank three components composed of a components 2000 kgf 22]
’ piezoelectric quartz Force transducer mp
type YDS- 1II 79
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2. METHODOLOGY TO DEVELOP
STRAIN-GUAGE BASED

DYNAMOMETER
2.1  Shape Selection

The aim of the present work is to design a structure that

satisfies the following requirements.

. Should hold a tool shank firmly with the cross-
section of 25x25 mm.

. The tool which can be adjusted for various sizes
of workpieces.

. It should be able to be accommodated on the

turret for various sizes of workpieces.

. Should be able to align elastic elements in the

direction of desired cutting forces.

. Assembly and disassembly on and from the

turret should be easy.

. Cabling of the data acquisition system can be

accessed without any risk of damaging.

2.2 Material Selection

Dynamometer structure should be rigid enough to
withstand machining forces and vibration with a good
factor of safety for fatigue life. Stainless Steel of grade
304 has been selected as a material for tool holding as
well as the elastic elements of the dynamometer. The
properties of force sensing material are defined by its
material and design. Here are several factors for selecting
the material of the force sensing element, including
environmental concerns, the magnitude of the force,
mechanical integration, rigidity, high natural frequency
and corrosion resistance. Stainless steel grade 304 was
chosen in order to meet the desired specifications. The

mechanical properties of SS 304 are listed in Table 2.

2.3  Strength Analysis and Shape Optimization

FE (Finite Element) based software ANSY'S was used for
the structural analysis. The Von Mises stress distribution
is shown in Fig. 1. It was obtained by applying a load of
1000N in cutting force direction and 1000N load on the
feed force arm separately. From the simulation, maximum
stress for 1000 N was determined to be 52.24MPa while
tensile yield strength of stainless steel 304 was 215 MPa.

The factor of safety was considered to be “4”.

2.4  Structure Optimization

For structure optimization, the following Equations (1-3)
[22] were used to select an appropriate cross-section of
the elastic beams. For a beam subjected to a moment force,
the maximum stress is defined by the term Flexural stress

and is given by Equation (1).

MC
Flexural Stress = — )
Where,
bt3
= 2)
12
And,
t
c== 3)
2
TABLE 2. MECHANICAL PROPERTIES OF SS-304
Density 8.00 g/cc
Hardness, Rockwell B 70
Tensile Strength, Ultimate 505MPa
Tensile Strength, Yield 215MPa
Elongation at Break 70 %
Modulus of Elasticity 193GPa
Poisson's Ratio 0.29
Shear Modulus 77.0GPa
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where ‘m’ is the moment, ‘c’ is the distance from the neutral
axis to the edge of the beam, ‘I’ is the moment of inertia,
‘b’ is the width of the section of the cantilever beam (for
designed structure, b = 8mm) and ‘t’ is the thickness of
the section of the cantilever beam (for designed structure,
t=13mm).

Using the optimized values, the model of the strain gauge
based dynamometer was designed and manufactured. The
final model and the actual strain gauge based
dynamometer while going through a wire-cut EDM

(Electric Discharge Machining) process are shown in

52.248 Max
16.442
40.637
34.832
_| 20,026

| 23221
17.416
11.611
5.8054

0.00 $0.00(mm)

2s.00

Fig. 2(a-b), respectively. The total cost of manufacturing
the current strain gauge based dynamometer was
approximately $1000 which was much lower compared to

cost of the piezoelectric dynamometers [22-23].

In Fig. 2(a), both A and C are cutting force measuring arms
whereas, both B and D are feed force measuring arms. A
metallic foil type linear strain gauge having the specification
ECH-350-6AA-(16)-O-SP was installed on the arms, as
shown in Fig. 3. Both arms A and B were each installed with
four strain gauges whereas both arms C and D were installed

with two strain gauges each on their faces.

FIG. 1. VON MISES STRESS DISTRIBUTION

FIG. 2(4).THE FINAL MODEL

¢ 7,

FIG.2(B) THE ACTUAL STRAIN GAUGE BASED
DYNAMOMETER WHILE GOING THROUGH AN EDM PROCESS
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2.5  Calibration of Dynamometer

Before conducting experimental work, the strain gauge
based dynamometer was calibrated. The calibration
setup is shown in Fig.4. The calibration was done in
order to find the relationship between microvolt and
force. For this reason, dynamometer was calibrated by
applying different loads. A plot between weight (force)
and microvolt was obtained as shown in Figs. 5-6. Linear
trend was observed between load and microvolt. For
cutting force, top and bottom arms were set in the full

A and C are Cutting
Force Arms.

B and D are Feed Force
Arms.

bridge configuration, as shown in Fig. 7(a-b).
Furthermore, this full bridge strain gauge configuration
was connected to a personal computer (PC) through
DAQ (Data Acquisition System), NI DAQ-9219 and the
data was obtained through Lab view software. LabVIEW
[11]1s a system engineering software for the application
that requires test, measurement and control with rapid
access to hardware and data insights.The dynamometer
was calibrated by placing dead weights on arms (feed
force arm and cutting force arm) through a hanger and it

was concluded that:

Personal Computer

{

FIG 4. CALIBRATION SETUP
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For Feed Arm, 1nV =9.81 Newton
For the Cutting Arm, 1uV =35.714 Newton

3. EXPERIMENTATION

The experimental work was carried out in SMME (School
of Mechanical and Manufacturing Engineering) Lab,
National University of Sciences & Technology, Islamabad,
Pakistan.In the present work, a CNC Lathe (ML-300) was
used for carrying out the machining operation. The raw
material was a tube of 198 mm in diameter. The machining
parameters that were used during experimentation are

shown in Table 3.

DAQ (Data Acquisition) system requirements are as

given.

° (DAQ Card (NI DAQ-9219)

L DAQ Chassis (NI cDAQ-9174)

L Power Cables Data Cable

o Laptop/PC Lab View Software installed on

Laptop/PC DAQ Drivers

o Lab View Device drivers

° Flexible Teflon wires connected to strain gauges.
9200 —— FEED —&— CUTTING FORCE
9100

= 8800 (0.4% Error)
8700 8736
8600
50 100 150 200 250 300 350 400 450
Load (N)

FIG. 5. FEED FORCE ARM CALIBRATION
8900 —- FEED FORCE —A-CUTTING FORCE
8850

Volts* 107
o0
0
3
(=]

0.38% Error
87504 S/ 4" (0.38% Bror)
8700 18710
0 50 100 150 200 250 300 350 400 450
Load (N)

FIG. 6. CUTTING FORCE ARM CALIBRATION

NI DAQ-9219 has got 4-channels with 24-Bit universal
Analogue Input Module. It is used for multipurpose
testing in any Compact DAQ chassis. Several signals
can be measured from sensors like strain gauge and RTD.
Out of 4 channels, any channel can be selected for
measurement purposes. The machining was carried out
using the cutting conditions as discussed earlier and the
DAQ system was us ed for the measurement of cutting

forces.

FULL BRIDGE CONFIGURATION

| E ] R¢

5 COM PRESSION

TENSION

]

COMPRESSTON
FIG. 7(4).SIDE VIEW OF FULL BRIDGE CONFIGURATION

FULL BRIDGE CONFIGURATION

R?
COMPRESSION Ri
\) \SION
o=/ [k
| 2 |
out :
Exsion 22— ] Ry
COMPRESSTON

FIG 7(B).TOP VIEW OF FULL BRIDGE CONFIGURATION

TABLE 3. MACHINING PARAMETERS.

Parameter Value

Cutting speed m/min 100, 300, 700, 1300

Feed, mm/rev 0.06, 0.09, 0.12

Depth of cut, mm 4.1
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4. FINITE ELEMENT FORMULATION

In the present research, experimental results, as well as
the cutting force results obtained from the available
literature, were validated using a FEM (Finite Element
Model). For this purpose, a coupled thermo-mechanical
model developed in the FE analysis software ABAQUS/
Explicit [24]was used. Material plasticity model, damage
model and the friction model are important aspects of the

FEM; the following sections elaborate them in detail.

4.1 Material Model

Much of the difficulty to accurately model a machining
process arises from the large strains, strain rates and
adiabatic heat produced which, in turn, cause an increase
in temperature with resulting changes in material
microstructure, material properties and deformation
mechanisms [6], [25]. Proper flow stress models are
required in FE analysis to represent material behavior,
which is a function of strain, strain rate and thermal
deformation conditions. Oxley [5], Johnson-Cook [26-27]
and Zerilli-Armstrong models [5,28-29] are the commonly
used laws applied in the simulation of the machining
process. Johnson-Cook material model [7,30] combines
the different effects of strains, strain rate, and temperature.
It is most widely used for the simulation of the machining
processdue to its simple form of the constitutive equation,
availability of material constants and cumulative damage

law to asses failure[25]. J-C constitutive modeling is a

mathematical description of how a material behaves under
various cutting conditions and to a great extent can predict
the material behavior in static and dynamic conditions
[31]. The J-C constitutive plasticity model is a purely
empirical model and is suited to model high strain rate
deformation of metals. J-C [26-27] conducted a number of
experiments by varying the temperatures and over a wide
range of strain-rate using the torsion and dynamic

Hopkinson test bar equipment.

J-C constitutive modeling is generally used in adiabatic
transient dynamic analysis and is suitable for problems
where the strain rate is in the range of 102-106 sec-1[32-
33]. Johnson-Cook plasticity model is given by Equation
(4) [6,8,26-27,31,33-39]
\ : T-Tyn )
G=(A+B8 {1+Cln_—j 1—(¢j @)
€o Tonett = Troom

The J-C plasticity model is a function of strain, strain rate
and temperature. The expression in the first set of brackets
shows the strain effect, the second set of bracket shows
the effect of strain-rate on yield-strength of the material
whereas the last expression in the third bracket shows
the thermal softening effect on the yield strength. It
should be noted that yield stress drops to zero as the
temperature reaches to the melting point. The constant
values for A1 6061-T6 alloy that is used in the finite element

analysis are given in Table 4 and the corresponding
mechanical properties are given in Table 5.

TABLE 4. JOHNSON-COOKOK MATERIAL MODEL CONSTANTS FOR AL 60616 -T ALLOY [6,25,40]

Material A(MPa) B(MPa)

C n m

Al16061-T6 324 114

0.002 0.42 1.34

TABLE 5. RELEVANT MECHANICAL PROPERTIES OF AL 6061-T6 IN COMPARISON WITH OTHER ALLOYS OF
RESEARCH INTEREST [6,41-42]

Material
Property
Al 6061-T6 Al 7075-T6 Ti-6Al-4V Inconel 718 AISI 4140
Density (g/cm3) 2.7 2.81 443 8.22 7.85
Ultimate Tensile Strength (MPa) 310 572 950 1350 1590
Yield Strength (MPa) 275 503 880 1170 1460
Young's Modulus (GPa) 69 71.7 113.8 200 207
Thermal Conductivity (W/m.K) 167 130 6.7 11.4 33.1~42.7
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4.2 Damage Model

The J-C damage model is suitable where materials deform
with high strain-rates [43]. The equivalent plastic strain
is obtained at element integration points and failure is
assumed to occur when the damage parameter exceeds
one. When stress and deformation states in a small region
ahead of tooltip satisfy damage initiation criteria, material
starts to deform producing chips. J-C damage model is
given by Equation(5) [26-27,39].

A€
H(E) ®)

Where, equivalent plastic strain, g , is given by Equation
(6)[6,27,33,35]:

% =| D, + Dyexp| D, ~ | | 1+ D,n i 14D, L Troom 6
f 1 2 2 2 & 5 T -T. ()

The three terms in the above equation represent pressure
dependency, strain-rate effect and the thermal effect,
respectively. The values of five damage constants, D1-5
for A16061-T6 alloy is given in Table 6.

4.3 Friction Model

Friction occurs between rake face and the chip. It is one
of the most complex phenomena in metal cutting operation
and affects the variation in the cutting force, surface
finish, tool wear and chip morphology etc. [45]. Friction
can be generally considered as the tangential force
generated between the two surfaces. In the current
research work, the most simple friction model i.e. Columb's
friction model is used. The present work assumes a
constant value of the coefficient of friction as 0.25
[6,46-47]

4.4 Modelling, Boundary Conditions and
Loading

Since the temperature generated during the machining
operation significantly affect many parameters including
chip morphology, cutting forces, residual stresses [48-
50] and tool wear [51-53] it is important to develop a model
that can capture the temperature effects. Both the
workpiece and tool with 0o rake angleand 7o clearance
angle has been kept deformable during the simulation of
orthogonal machining. Fig. 8 shows meshing of workpiece
and tool material.

TABLE 6. JOHNSON-COOK DAMAGE MODEL CONSTANTS.[6], [40], [44]

Initial Failure Exponential Triaxiality Strain Rate Temperature
Material Strain, Factor, Factor, Factor, Factor, Troom Tmelt
D, D, D, D, D,
Al16061-T6 -0.77 1.45 -0.47 0.0 1.6 20?C 6502C

A A

FIG 8. FINITE ELEMENT MESHING AND BOUNDARY CONDITIONS SHOWING FIXED WORKPIECE AND
TOOL VELOCITY GIVEN ALONG X-AXIS [6].
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Choice of the element is an important criterion to obtain
better predicted of results. Performance of elements with
low order shape functions is poor, however, they are
usually preferred due to their inherent simplicity especially
in cutting simulations where many complicated processes
may be occurring simultaneously [54]. As Fig. 8, show
the region of the workpiece above the datum line was
meshed with a fine mesh to accurately capture the
expected failure of the material in that region. 17649
Coupled Temperature-Displacement linear plane strain,
quadrilateral elements with the reduced integration of type
CPE4RT and the hourglass control effect were used in
the workpiece region above the datum line. Coupled
thermo-mechanical CPE4RT elements account for
temperature-dependent material properties whereas
hourglass control is suitable for high element deformation.
Hourglass control is required when reduced integration
with first-order (linear) elements is used [24]. A Quad-
dominated free meshing technique with advancing front
algorithm was used for the meshing of workpiece and
tool material. A mesh convergence study was performed
for the machined zone and the best results were found by
keeping the approximate element size of the fine mesh as
0.015mm. The rest of the workpiece material below the
datum line was meshed with a relatively coarse mesh using
6174 Coupled Temperature-Displacement linear plane strain
elements of type CPE4RT and 90 linear triangular elements
of CPE3T type elements. This mesh scheme helps to
minimize the total number of elements, thereby reducing
the computational time and cost. The details about the
element properties are given in Abaqus Analysis User's
Guide [43].

4.5 Cutting Conditions for Modeling

Simulations for the 12 different cutting conditions were
carried out to validate experimental and published results.
The length of the workpiece material was set to be 5 mm

whereas; the thickness was kept at 2mm. The workpiece

material was constrained both in x-y directions at the
bottom of the workpiece whereas, the tool was given

prescribed velocity on in x-direction as shown in Fig. 8.

Cutting force, Fc generated for different cutting speeds
and feed rates were determined by keeping the depth of
cut, ap and tool geometry constant. These forces were
then compared with the published and experimental
results of the current research work using a strain-gauge
based dynamometer in order to validate the current Finite

Element model.

5. RESULTS AND DISCUSSION

Figs. 9-12 shows an average value of the predicted cutting
force, Fc in the stable region obtained through Abaqus/
Explicit at the cutting condition of v=1300m/min and f=
0.12mm/rev.

Little variation was observed with increasing cutting
speed both in experimental and simulated cutting force,
Fc at a lower feed rate of 0.06mm/rev whereas, increasing
feed rate from 0.06-0.12mm/rev significantly affected the
cutting forces at all cutting speeds. In the first deformation
zone, cutting speed can cause the strain and strain rate
strengthening as well as thermal softening of the
workpiece material [20]. The shear yield stress of the
workpiece material increased with the increase of cutting
speed because of stronger strengthening effect compared
to softening effect leading to an increase of the cutting
force. Furthermore, the shear angle was increased by
increasing cutting speed leading to the decreased shear
slip plane area and thus cutting force. However, the
increased effect of the shear yield stress was weaker than
the decreased effect of the shear plane area with the
increase of cutting speed, resulting in a decrease of cutting
force. The cutting force had a downward trend with the
cutting speed although it could be affected by other minor

factors.
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6. CONCLUSIONS

The present paper puts forward the importance of
designing, development and testing of a cost-effective
strain gauge based dynamometer and exploring Johnson-
Cook material model used in coupled temperature-
displacement module of Abaqus/Explicit software, to
study cutting forces under different cutting conditions.
The coupled thermo-mechanical model was developed
and experimentally validated. The results of cutting forces
obtained through simulation and experimentation were
compared with the published results during machining of
Al 6061-T6 alloy. Johnson-Cook constitutive equation
with material constants obtained from the literature were
implemented in Abaqus/Explicit software and the results
were compared with the experimental work of the current
research as well as the published experimental results.
The good agreement obtained from strain gauge based
dynamometer and numerical analysis with the published
results of cutting forces shows that the proposed strain
gauge based dynamometer and FEM model appear to be
suitable for studying the machining of Al 6061-T6 alloy
and also capable of predicting cutting forces with

adequate accuracy.
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