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Abstract—In Macro Mechanics view, Machining involves
extremely localized and nonlinear physical phenomena that
occur over a wide range of temperatures, pressures, and strains.
The complexity of the system has hindered progress in predictive
modeling of machining processes. Many different types of models
ranging from theoretical to empirical have been developed, but
the wide variety of the models makes performance assessment
difficult. The goal of the present project is to assess the ability of
available machining models to predict the outputs of machining
processes. The approach involves calibration of the analytical
models based upon data typically available on the shop floor and
comparison of the outputs of the models and experiments. The
experiments of the assessment of machining model (AMM)
project that accomplished by (NIST) have been used. By
comparing the cutting forces and chip thickness measured
experimentally with the prediction of various theories it is
appeared that empirical model existing in the standard charts
presents the best prediction for the horizontal cutting force,
however the result of hybrid models are acceptable too. The best
prediction of vertical thrust force is obtained using Lee &
Schaffer, while regarding the chip thickness, the best result
belongs to Merchant & Ernst model.
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l. INTRODUCTION

In 1998, Merchant estimated that 15 % of the value of all
mechanical components manufactured worldwide is derived
from machining operations [1]. However, despite its obvious
economic and technical importance, machining remains
poorly understood. Machining research is driven by both
ardent scientific curiosity and tremendous practical and
financial utility. However, even though these two motivations
are often at odds, neither can truly advance without the other.

The research literature on machining problems is vast (see
for example Komanduri [8], Shaw [6]). Probably the earliest
scientific report on the formation of a chip was presented in
1881 by A. Mallock [9] in the Proceedings of the Royal
Society of London. Thus, before the beginning of the 20th
century, notable empirical and theoretical studies of
machining were already underway. The next period of
development occurred in the 1930’s and 1940’s. The study of
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machining mechanics was for the first time placed on a solid
physical and mathematical foundation by the work of
Piispanen [10], Ernst [11], and Merchant [12-15]. Since then,
four formal categories of cutting models have emerged: (1)
analytic models; (2) slip-line models; (3) mechanistic models;
and (4) finite element models. Each approach has certain
advantages and shortcomings. The choice of a particular
cutting model depends on the information desired, the
required accuracy of this information, and the available
resources. Awvailability of laboratory equipment enabling
accurate process measurements is of paramount importance to
the development of accurate models. The literature on
experimental measurements in machining is extremely vast.
However, comprehensive review articles and textbooks can be
consulted for further information and references [6], [7], [8].

Development and complexity of machining models make
them inexplicit to compare by their abilities and their defects.
The goal of the study of Machining Models is to provide an
assessment of the ability of current models to predict the
practical behavior of machining processes. In this research the
performance of well-known analytical models including Ernst
and Merchant, Lee and Schaffer, Palmer and Oxley, and an
empirical model presented in Ulrich standard handbook, [2]
and a hybrid model (analytical as well as empirical) in
prediction of machining forces and chip geometry have been
assessed in comparison with AMM experimental data reported
in reference [4].

Il. MECHANISTIC MODELING

Mechanistic modeling is an analytical approach based on a
semi-empirical method capable of accurate prediction of
cutting forces in a wide range of complex machining
operations [28-29], [5]. This approach is based on the
assumption that cutting forces are proportional to the uncut
chip area. The constant of proportionality, called the specific
cutting energy, depends on the work piece material, the
cutting conditions, and the cutting geometry [3]. The actual
function is then determined by fitting experimental data in a
process called calibration. Calibration can be based on simple
orthogonal or obligue machining set-ups; geometric
transformations can then be applied to predict cutting forces
for a complex, three- dimensional machining process [29].



This simplifies the calibration set-up, but the need for testing
is not eliminated. Mathematical equations and charts of
material properties are noted in [3] and are used in this study
as hybrid model.

Analytical model of [16-18] creates the relations between
components (for example between the cut and thrust forces
and the perpendicular and tangent forces) based on the
geometry of the cutting. These models are very easy to use,
but require prior knowledge of the shear angle, medium
friction angle, and chip angles. These values must be
determined experimentally, which restricts the use and
accuracy of these models.

I1l.  ERNST AND MERCHANT MODEL

The first complete analysis of the calculated angle of the
cutting is done by Ernst and Merchant [16]. This analysis
assumes that chip is a rigid body under the influence of the
forces of shear surface and the contact surface of chip with the
tool that had been balanced. This theory is based on the
underlying assumption that the shear angel is considered to
make the least work in cutting process. The problems of this
approach is that in this model there is a velocity discontinuity
thus work - hardening strain and strain rate , which are
important in practice, cannot be considered.

® =45°=05(8~-v) D

Where @ is the shear angel, B is average friction angle

between chip and tool (that equals: arc tang Ff/Fn), and vy is

the rake angel. In this model the shear surface is the primary
region of deformation.

IV. LEE AND SCHAFFER MODEL

The slip line models [19-27] Depends only on material
properties and not to the experimental data. These models
predict the Mechanical response and temperature distribution
and are consistent with stretching, the stretch rate and
temperature-dependent models.

The Lee and Schaffer [18] theory is the result of elastic
theory in solving plane machining problems with these
assumptions:

(1) The rigid material is formable. It means that elastic
strain during deformation is small and when the stress is
greater than yield stress, yielding will continue with a constant
stress. (There will be no work hardening during elastic
deformation)

(2) The material behavior is independent of deformation
rate.

(3) Temperature rising during the deformation is
neglected.

(4) The effect of inertia caused by material acceleration
is neglected.

(5) In this theory assumed that the deformation is just
appears in the plane forming from tool tip to the intersection
of free surface of chip and work piece (means shear plane).
The relation between the angels is as follows:

¢p=45°—=(P-7) )

This equation is not valid in the case of p == /4 and

v = 0 because the shear angle becomes zero. In the cases that

the friction is large and the shear angle is small, the condition
of appearing built up edge is present.

V. PALMER AND OXLEY MODEL

In Palmer and Oxley model the effects of strain and strain
rate hardening and temperature softening are included. The
primary shear zone is considered as a volume. The proposed
shear plane angle is as follows:

¢ =50°-08(B~-v) ©)

In addition to mentioned analytical models, the empirical

model presented in reference [2] is considered. This model is

based on the standard charts come from several separated
experiments on a wide range of materials.

VI. THE EXPERIMENTS OF THE ASSESSMENT OF

MACHINING MODEL (AMM) PROJECT

Ivester et als. [4] carried out a set of experiments to be a
data source for evaluation of the performance of machining
models. The experiments were performed simultaneously in
the four laboratories (NIST, Ford Motor Company, General
Motors, and Caterpillar). The orthogonal cutting of steel
(AISI) 1045 using a general purpose tungsten carbide /cobalt
(WCICo) insert was performed. The simplest grade of carbide
was chosen to simplify tool-material modeling. Both uncoated
and titanium nitride coated inserts are used. The merits of this
process are: (1) the machining of AISI 1045 steel has
significant relevance in the automotive and heavy
equipment industries; (2) the material properties of AISI 1045
steel and general grade carbide are well known; and (3) the
work piece and tool materials are easily obtainable in the
configurations necessary for the tests. The used -cutting
conditions and tool geometry are presented in Table (1). Using
tools with or without coating, 16 tests were carried out. Figure
(1) shows used experimental set up [4].

TABLE | .SAMPLES SPECIFICATIONS IN ORTHOGONAL CUTTING IN THE LABORATORIES [4].

Test| Cutting {m/min} | Feed{um/rev} |Rake |Test| Cutting {m/min} | Feed{um/rev} |Rake
No. Speed angel | No. Speed angel
1 200 150 -7 5 300 150 -7
2 200 150 5 6 300 150 5
3 200 300 -7 7 300 300 -7
4 200 300 5 8 300 300 5
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FIGURE I. .(A) PHOTOGRAPH OF THE EXPERIMENTAL SYSTEM
SHOWING: 1- AIR BEARING SPINDLE; 2- AISI 1045 STEEL TUBE; 3-
MONOLITHIC TOOL POST; 4- ZERO RAKE ANGLE TUNGSTEN
CARBIDE INSERT; 5- MICRO-PYROMETER SYSTEM, (B)
SCHEMATIC DIAGRAM OF ORTHOGONAL CUTTING, A CUTTING
CONFIGURATION THAT GENERATES A NEARLY TWO-DIMENSION
AL PLASTIC FLOW OF MATERIAL [4]

VIl. EVALUATION OF ANALYTICAL MODELS

In this section an attempt is made to predict cutting forces,
chip thickness, and shear plane angle implementing described
models in section 2 for the cutting conditions and tool
geometries summarized in Table 1. The general equations

used in analytical approaches are presented in Equations 4 to 8.

Fc = 18.Ac/ sin @[ cos ¢ — sing. tan{P — v)] 4)
re = % = sin ¢ /cosiip — y) (5)
Ft = Fc. tanfi — y) (6)
Ps = Fc/Ac Q]
Fc=A.Kc ®)

Two rake angels of 5 and 7 degree with cutting speeds of
200 and 300 m/min, a depth of cut of 1.6 mm, and ts =
485 Mpa are used to calculate desired parameters. Tables 3 to
6 and Figures 2 to 5 summarize the results.

FIGURE Il. COMPARING THE PREDICTED HORIZONTAL FORCE
WITH TEST DATA..

FIGURE I1l. COMPARISON OF CUTTING VERTICAL FORCES
PREDICTED BY TEST RESULTS.

It is Shown in Figure 2 that:

1)  Fc values calculated using empirical model based on
standard tables are in the range of minimum and maximum
values obtained from the experiments. Therefore, it is
demonstrated that reference formulas [2] can be applied with
appropriate accuracy.

2) Fc values calculated using hybrid model for larger
depths of cut are closer to reality (0.3 mm). This may be due
to stronger effects of plowing action of tool nose in specific
shear energy for lower depths of cut. It should be noted that
the contribution of plowing force is neglected in descried
analytical approach [3].

3) The cutting speed does not have an important
influence on the accuracy of analytical models.
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FIGURE IV. COMPARING OF PREDICTED CHIP THICKNESS WITH
TEST RESULTS.

FIGURE V. COMPARING OF THE SHEAR PLANE ANGLE WITH TEST
RESULTS.

According to what observed in Figures 3 to 5, comparing
the thrust force Ft, chip thickness a. and shear plane angle ¢
obtained from experiments with the predictions of hybrid,
Lee-Schaffer, Merchant-Ernst, Palmer-Oxley models the
following conclusion are made:

1)  Ft values calculated using the hybrid models for test
numbers 3, 4, 7, and 8 with higher values for depth of cut are
closer to reality; while in the lower thickness, the values are
out of range. Similar to what mentioned regarding Fc, this
may be due to plowing effects of tool edge radius. Therefore
hybrid model is not a proper model for cases with high values
of specific cutting energy.

2) Examining two different levels of cutting speeds
demonstrates that this parameter has no important effect on
accuracy of predicted Ft.

3) The calculated Ft obtained from Lee-Schaffer theory
is in good agreement with the result of hybrid model and
experimental data.

4) Ft values calculated using Merchant-Ernst theory
with the different values for depth of cut and cutting speed are
out of the presented experimental range (reality). It seems that
this model is not successful in prediction of Ft.

5)  Ft values calculated using Palmer-Oxley theory show
the same conditions as Merchant-Ernst theory and the same
conclusion can be made for this one.

6) About chip thickness (a,), among the examined
approaches the Merchant-Ernst model presents the best
prediction, since the calculated values are closer to reality.
The Palmer and Oxley theory is in the second place. However
Lee and Schaffer is not proper model to calculate a,.

7) About shear plane angle (¢), among graphs and
theories the Merchant-Ernst models presents the best answer,
since the calculated values are closer to reality.

VIIlI. CONCLUSION

The assessment of proper machining models has been a
goal for many researches done in the machining field.
However complexity of this process makes it difficult to
access. For example different chip type observed in different
cutting conditions is a reason for the major change in chip
removal mechanism. Therefore a unique model cannot
simulate different governing mechanisms of chip formation
for all cutting conditions. However suitable predictions can be
expected from the available analytical models. The result of
this study demonstrates that a unique model cannot predict all
machining parameters successfully. In a more specific
discussion, Merchant and Ernest model is successful in
prediction of chip thickness and shear plane angle. However
empirical and Lee-Schaffer models are appropriate models for



prediction of horizontal cutting force and vertical thrust force,
respectively. It must be noted that all mentioned analytical
models (except empirical model) do not consider the plowing
effect. Therefore the real phenomenon in the tool nose area is

not

captured properly. However this study shows the

acceptable performance of analytical models, if the accuracy
is not a main concern.
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