BISMAR| A A ENS| K] Vol.20 No.4 2011, 8. pp, 419~426
Korean Society of Manufacturing Technology Engineers

An analytical Machining models based on Flow Stress
Properties for Non—-Heat Treated and Heat Treated

AISI 4140 Steel

Tae Hong Lee*

(=235 2010. 08. 24, Y 2011. 03. 18, AAEE Y 2011. 05. 03)

A7 9 b @A AISHK1407F2] /55 EHAE
7|22 st A A 7ty 2d A

o) Ef &*

Abstract

In this study, an experimental and theoretical program were carried out to determine the cutting forces and chip formation
at different cutting speeds using a 0.4mm nose radius ceramic insert and -7 rake angle for non heat-treated AISI 4140
(27HRc) and heat-treated AISI 4140 (45 HRc) steel. The results obtained were compared to show the hardness differences
between the materials. The secondary deformation zone thicknesses when comparing the two materials show different
physical structure but similar size. These results were also discussed in light of the heat treatment and the effects it had
on the machining characteristics of the material. In addition, the Oxley Machining Theory was used to predict the cutting
forces for these materials and a comparison made. The predicted cutting performances were verified experimentally and

showed good agreement with experimental data.

Key Words : Oxley machining Theory(Oxley ©]2), Material properties(Z) & E-4J]), Cutting forces(Z2}2)), Chip Formation(3 34

NOMENCLATURE
hy
G Side cutting edge angle hy
Depth of cut (mm) n
f Feed rate (mm/rev) T
Fc Cutting force (N) Tmod
Fr Thrust force (N) U
Fx, Fy, Fz Three force components (N) )
kechip Shear flow stress in chip at tool-chip
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interface

Uncut chip thickness (mm)

Chip thickness (mm)

Strain hardening index

Temperature (°C)

Velocity Modified Temperature (°C)
Cutting speed in m/min

Ratio of tool chip interface plastic
zone thickness to chip thickness
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€ Uniaxial strain

¢ Uniaxial strain-rate

G Uniaxial flow stress

01 Value of ¢ at strain =1

0] Shear angle

% Rake angle

bhy Secondary deformation zone thickness
(mm)

Tint Shear stress in tool-chip interface

1. Introduction

In attempting to predict machining performance analytical
models based on material properties can be used. In using
the analytical models, the flow stress properties of the work
material for machining must be known. The flow stress data
obtain from high speed compression tests for a range of
plain carbon steels are suitable for making machining
predictions” ™.

Cutting temperatures are generated in chip formation zone
and the tool/chip interface when a metal is machined®. Ng
et al® examined the chips formed under a microscope and
observed a secondary deformation zone of approximately
25-50um thickness at the tool/chip interface for a AISI H13
hardened steel. They stated that this zone is an intensively

strained zone. Poulachorn and Moison®

experimentally
investigated the chip formation and chip geometry in hard
turning. They showed that the catastrophic shear bands
(white bands) can be observed in secondary deformation
zone, when machining the AISI E52100 steel at high cutting
speeds. It has been reported that in catastrophic shear bands,
the temperatures and strain rates are very high®”. Some
researchers have said that a white band in tool/chip interface
is due to the lack of cooling time to dissipate the heat
generated by plastic deformation®®. Qi et af [8] reported that
the formation of flow-layer at secondary deformation zone
is the result of shear strain. They suggest that the shear
strain rate of chip deformation reaches a maximum in this

zone. Oxley and his co-workers'"?

used a predictive method
to determine the thickness of the secondary deformation
zone at the tool/chip interface.

Oxley"™ suggested that the constitutive equation can be

obtained from the stress-strain curve of a material for a

given strain rate and temperature [01=Ff ( é, T), n=f (:5, ),
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from compression test results and then expressing these as

) thereby

functions of velocity modified temperature Tiod
obtaining a continuous function of the flow stress properties.

Oxley™ and Jaspers® showed that the secondary (intense)
plastic zone thickness decreased with higher cutting speeds
and lower feed rates.

This paper examines with the intense plastic zone thickness
(5hy) at the tool/chip interface for non-heat treated 4140
material and heat-treated 4140 material as well as using the
Oxley Machining Theory to predict the cutting forces, chip
thicknesses and secondary deformation zones for both mate-
rials. A comparison of the results and discussions is presented.

2. The Oxley Theory for Prediction™

The development of the theory is discussed in detail in the
book by Oxley'". The basis of the theory is to consider the
simple process of orthogonal machining in which the cutting
edge is set normal to the cutting velocity.

Fig. 1 shows the model of chip formation for the orthogonal
analysis. The model assumes that plane strain, steady-state
conditions apply.

F= Ry (B=7)
'Ft = Rsin (ﬁ_ 7)
F= Rsin’B
_ F, kyphyw
N=£R cosd  singcos{(d+5—7)
_ hycos(p—7) )
2= sind
Usinq)
V= —sin?
cos(¢p—~)
UasY
Vo= oslo- ~)

Equation (1) is the geometric relations between the forces
in orthogonal machining. Where, it is necessary to determine
the shear angle ¢ and the resultant force R. v is the tool
rake angle, 3 is the mean angle of friction used to describe
the frictional condition at tool-chip interface, 6 is the angle
between the resultant force vector, R, and the shear force
vector Fi(fig. 1), ks is shear flow stress along shear plane
AB.

The resultant force R(Fig. 1) transmitted across AB is
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Fig. 1 Orthogonal model of chip formation

calculated for a range of values of ¢ by analysing the
stresses along AB. Here, R must be known it is resolved
along the tool-chip interface to give the frictional force F.

Oxley reported that by dividing F by the interface area the
average value of the interface shear stress 7, , is determined
(equation 5). For the same range of values of ¢ the tempera-
tures and strain-rates in the boundary layer are calculated
and used to determine the average value of shear flow stress
in the chip along the interface, ka{The influence of strain
above a strain of e=1 is assumed to have negligible effect
on flow stress). The solution for ¢ is taken as the value,

which makes 1,,=k

; wip @8 the assumed model of chip

formation is then in equilibrium,

Once the equilibrium state 1,,, =k, is determined and
the shear angle ¢ is known, it is now possible to obtain the
chip thickness h, and the forces generated during the
operation(equation 1). These values are determined using
the geometrical analysis of the chip formation zone and the
work material properties.

By starting at the free surface just ahead of A and
applying the appropriate stress equilibrium equation along
AB it can be shown that for 0 < ¢ < 45° the angle 6 made
by the resultant force R with AB is given by

tan9:1+2(%;——cl))—0n )

where, C is the constant in the empirical strain rate

)

relation” and n is the strain-hardening index in the

empirical stress-strain relation. Oxley show that the angle 0

421

can be expressed in terms of shear angle ¢, the mean friction
angle, 3, and the rake angle, v, by the relation

0=0+5—7 €)

o=0,& “
where, o and ¢ are the uniaxial flow stress and strain and

o1 and #n is constant which define the stress-strain curve for

given values of strain rate and temperature. This is discussed

: (1.2)

in reference" ™.

To determine k,, and n, the average temperature at AB

is needed. The average temperature along AB is taken as

Typ= Tytd Ty (%)
where, 77, is the mitial work temperature (= 20°C), ¢
(0<n<1)is a factor and ATy, is given by

1—x  Foosy
pShyw cos (=)

(©)

TSZ =

where, p is work material density, .5 is specific heat and
h is the proportion of heat conducted into the work. The
proportion of heat conducted A is developed by Boothroyd
(10)

If the intense deformation zone thickness in the tool-chip
interface is taken as 6, where § is the ratio of this thickness
to the chip thickness hy, then the average maximum shear

strain at tool-chip interface is found from the equation

(7

where, V is the rigid chip velocity.

The method used is to calculate for different values of
shear angle ¢ the resolved shear stress at tool-chip interface
from the resultant force R obtained from the stresses on AB,
this is given by

T = Fllw 8

Oxley and his co-workers in a very early application of
the theory for plain carbon steels made that C and 6 remain
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constant over a range of cutting conditions and have been
taken on the basis of experimental results as 5.9 and 0.05
respectively.

The corresponding average temperature at the tool-chip
interface is given by '

Ti= T,+ T+ Ty, )

where, T, is the maximum temperature rise in the chip
and v is factor (0 <y < 1) allows for T;,, to be an average
value. Boothroyd [10] calculated 7, using a numerical
method by assuming a rectangular plastic zone (heat source)
at the tool-chip interface.

To be useful in predictive cutting performances, the
material properties, such as flow stress, strain, chemical
composition and thermal properties, must be obtained.
Hastings and Oxley(” used with the flow stress by Oyane
et al'” from high-speed compression tests. Oyane [11]
tested plain carbon steels with carbon contents ranging from
0.16~0.55%. Although their strain rates (=~450/s) was lower
that generally encountered in machining (103~106/s), the
testing temperatures covered a wide range (0~1100 °C). The
compression test results of Oyane et al'" allowed the
extrapolation of the results into the machining range by
using the Velocity Modified Temperature concept suggested
by McGregor & Fisher'”. This can be written as

Typoa = T(1~1ige/e) (10)

where, 7' is cutting temperature, the strain rate with v and
are constants which are taken as 0.09 and 1s”.

3. Experimental Work

3.1 Material properties for Work Materials

The material properties are a determining factor in
obtaining the work material cutting performance. Medium
carbon alloy steel AISI 4140 can be machined in a turning
operation without coolants. The chemical compositions of

Table 1 Chemical composition of AISI4140 steel (% weight)®"™

C Mn Si Cu
0.44 094 | 023 0.21

P
0.016

Ni
0.09

Cr
1.13

Mo
0.19
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these materials are shown below in Table 1.

The author used a Vickers hardness tester (Model:
AVERY 6406) to measure the hardness values, and then the
author converted results to Rockwell hardness values. The
hardness of the two bars are shown in Table .2.

The density, thermal conductivity and specific heat of the
material are presented in Table .3, where, T is cutting
temperature.

Lacking information on the flow stress properties of AISI
4140 material, it was decided to use the flow stress curves
for the 0.44% plain carbon steel, since this information is
available for the Oxley machining theory(n). Earlier work
has indicated that the carbon content has significant effect
on the work material properties.

Fig. 2 shows the 0.44% plain carbon steel flow stress
curves for the virgin and heat treated material. As shown
figure 2, o, decreases with increase in temperature. It should
be noted that the heat-treated material has a hardness value
of 45HRC which is approximately 40% above that of the

Table 2 Hardness of AISI 4140™

Heat-treatment
45HRc

Non-heat-treatment

27THRc

Table 3 Temperature dependent thermal properties used as
inputs to the cutting ﬂleorym)

0.00758 g/mm’
49.84-0.0242T (W/m°C)

3124025.8 + 6480.2T ~
4.3235T2(J/m*C).

Density
Thermal conductivity (K)

Specific heat (pc), S

2000 0
100
028
0
"o
82
-
fom i
L
g £ 018 %
o i
o1
"
406
008
'
»
1m0 00 40 &0 S0 0 B0 0 1000 100 1200
Velocity Modifess Tampecatsrs, Tuod

Heat treated AISI 4140 steel
--------------------- - Non-heat treated AISI 4140 steel

Fig. 2 Flow stress properties of work material"®
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virgin material. The work carried out by authors'?, it was

reported that the increase in hardness is related directly to
the strength of the material. Therefore, the author had assumed
an increase of 40% in the value of o, across the velocity
modified temperature range.

However, the strain hardening index was not changed ».

In the early work by Oxley and his co-workers'”

, it was
found that the carbon content influenced the flow stress
more than the strain-hardening index, n.

To make all of the necessary calculations in the present
work, C-computer program was used. The input data to the
program includes: work material chemical composition, tool

geometry, cutting condition and etc.

3.2 Cutting Conditions

The heat-treated bar is 110mm in diameter and 200mm
length while the virgin material is nominally 110mm in
diameter and 300mm in length. The cutting condition is
shown below in Table 4.

3.3 Experimental Set up and Procedure

The cutting tests were carried out using the following
table 4.

Cutting forces are collected in the z direction (£)), x
direction (#,) and y direction (F,) using a Kistler piezoele-
ctric 3-axis dynamometer. After machining, the average chip
thickness (hy) is obtained by using the length of chip and
weight of chip as it is assumed that the density and width
of chip are constant during the process.

To investigate the experimental values of secondary plastic

Table 4 Experimental Set up

Insert SNGA 120404T
Cutting Tool Holder PSDNN 2525M-12
Tool —7° Rake angle
Tool Geometry gle( v)
45° Approach angle (Cs)
Cutting Speed 50,100,200,300,400m/min
Cutting Feed Rat 0.05, 0.1,0.14mm/rev
Condition o e .05, 0.1,0. rev
Depth of cut 0.5mm

Heindenreich and
Harbech lathe

Orthogonal cutting tests

Test Equipment

Machining process

Kistler piezoelectric 3-axis
dynamometer

Data  collection
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zone thickness to the chip thickness samples of chips are
mounted, polished and etched using standard metallurgical
techniques.

The simple case of orthogonal machining where the tool
has zero inclination is carried out for this investigation
where the approach angle is not zero but 45°.

It is known that the magnitude of y-component is dependent
on nose radius of cutting tool. In these experiments the radius
will be assumed to be equal to zero though it has a value
of G.4mm. Therefore, radial force (F,) can be neglected
when determining the cutting () and thrust force (F7).
Accordingly, thrust force is determined by following as
equation (11):

F=F,

(11)
Fr=F, cosC,+ F,sinC;

In Orthogonal machining condition where side cutting
edge angle is not zero, the values of uncut chip thickness
(h)) and the width of cut (w) are determined as follow
(assuming zero nose radius) equation (12):

h,= fcos C, w=d/cosC, (12)

4, The Predicted and Experimental Results

Fig. 3 shows the comparison of the predicted and experi-
mental cutting and thrust force results for both virgin and
heat treated steels. The predicted results are shown with
lines while the experimental results are shown with symbols.
A direct observation shows that the predicted results for the
heat treated steel is higher than those of the virgin material
for the cutting force component (Fig. 3a). This is in agreement
with the experimental results. Again the trend is observed
where the forces decrease with increase in cutting speed.

However it is observed that the experimental cutting
forces for the virgin material is slightly higher than those
of the hardened material at speeds above 200m/min for the
feeds of 0.1 and 0.14 mm/rev. At the feed of 0.05mm/rev
the predicted value of cutting force is low compared to the
experimental result. This is probably due to formation of
built-up edge at this speed for the virgin material therefore

. o 1
an incorrect prediction can occur™,
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Fig. 3b shows the results for the thrust force and it can
be seen that similar trends as for the cutting forces are
observed. However it is interesting to note that the thrust
force for the virgin material is higher than that for the
hardened material at a feed of 0.14mm/rev and the same
result is observed for the experimental results. The opposite
trend is observed for the lower feed rates with the hardened
material results being higher than the virgin material results
as seen in the experimental results. The possible reason for
the higher thrust force for the feed rate of 0.14mm/rev is
that the shear angle is larger for the virgin material and thus
resulting in a higher thrust force. This was mentioned earlier .

Fig. 4 shows the results for the chip thicknesses obtained.
The predicted results show that the chip thickness for the
virgin material is higher than those for the hardened
material. In addition as the speed increases the chip
thickness decreases. This is indicated by the experimental

AISI4140 steel,DOCO.5Smm

o Virgin material Feed?. 14 » Hardened material Feed 0.14 ¢ Virgin material Feed0.1 :
+ Hardened materialFeadD.1 & Virgin materisi Feed0.05 a Hardened materisl, Feed0.05 )
350
300
250

3 200 +
150 +
100 +
80 -+
0 b

N.Fc

Farce

50 100 200 300 400
Cutting speed{mimin)

(a) Cutting Force, Fc

AlS14140 steel DOCO.Smm

= Virgin material,Feed0.14 = Hardened material Feed0.14 o Virgin material Feed0.1
» Hardened material, Feed0.1 & Virgin material Feed0.05 a Hardengd material Feed0.05

300
250
200
150
100
80
0

Force , N, Ft

50 100 200 306 400
Cutting speed{m/min}

(b) Thrust Force, FT

Fig. 3 Predicted and experimental cuiting forees for the virgin
and heat treated 4140 steel; Seolid line is predictive heat
treated material and Dot line is predictive virgin
material, all symbols are experiment-tal data

results as well. However it can be seen that the experimental
results are lower than the predicted results. The reason for
this is that there could be side spreading of the material at
the depths of cut that have used and this will result in a
thinner chip as well as the result of measurement errors
4319 1t is important to note that the trends predicted and
experimentally observed are similar.

Fig. 5 shows the predicted and experimental resuits for the
secondary deformation zone for both the virgin and heat
treated materials. It can be seen that the predicted results
show a decreasing trend as the speed increases for both
materials. A decreasing trend is observed for the virgin
material with the experimental results being lower than the
predicted results. In the case of the heat-treated material, the
experimental results show a constant trend across the cutting
speeds. This could be the result of the material hardness
obtained after heat treatment. The heat treatment has
changed the material flow stress characteristics thus
resulting in a white layer for the secondary deformation
which is affected by the strain-rate and temperature attained
in the secondary deformation zone. The predicted results
show a decreasing trend as the speed increases. This is the
result of using the flow stress properties for plain carbon
steel. In this work the effect of crystalline structure has not
been taken into account and the results obtained are purely
the result of continuum mechanics. However it is important
to note that the order of magnitude for the secondary
deformation zone size is the same for both the predicted and
experimental results.

These results show that the Oxley Machining Theory can
be used to predict the forces in hard turning as long as the
work material properties are known.

Chip thickness
® Hardened material fesd0. 14 O Virgi material feed0. 14
= - = «prediction virgin feed. 14 e precliction hardened feedt. 14
0.50
£
g 0.40 L )
X - —
z 0.20 ¥ . .
Cd o
o 010 4 . H B
Ko
Q
0.00 :
50 100 200 300 400
Cutting Speed{m/min}

Fig. 4 Predicted and experimental chip thickness for AISI 4140
steel
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The results in Fig. 6 show the photomicrographs classifying
the secondary deformation zone for different cutting speeds™”.
It can be observed from these figures that the flow lines
from the chip deform greatly at the tool/chip interface as the
cutting speed increases and also the size of the secondary
deformation zone changes as the speed changes. Fig. 6 (a)
indicates that the secondary deformation zone is difficult to
observe for the low cutting speeds but easy to see at the high
cutting speeds due to the formation of a white layer at the
tool/chip interface. Therefore the deformation zone for the
low cutting speeds is assumed to occur where a change in
the slope of the flow lines is observed near the tool/chip
interface. This is indicated by the lines drawn on the
photomicrographs.

In the case of the hardened material the secondary defor-
mation zone at tool/chip interface can be clearly observed
at low cutting speed due to the formation of the white layer.
It is also noted that as the cutting speed increases the
secondary deformation zone increases slightly in size.

It can also be observed that the chip formation changes
from a continuous chip to a saw tooth chip at the speed
increases. The saw tooth formation is definitely pronounced
in the hardened material. In addition there is a zone of
intense deformation between the peaks of the saw tooth
formation in the hardened material. Though there is saw
tooth formation at the high speed for the virgin material
there is no intense deformation zone between the peaks.

5. Conclusions
The discussions above lead to the following conclusions:

(1) Although the hardness of heat-treated 4140 steel is
approximately 40% higher than non heat-treated 4140
steel, the heat treated material is the resulting forces
only vary by 10%. This reason for this varies could be
that the temperature at the interface increases due to
the harder work material (Increased strength)(m.

(2) The chip thickness of heat treated 4140 steel is lower
than those of non-heat treated 4140 steel. This possible
reason that the reduction of chip thickness with the
increase of work material hardness results from increa-
sing the shear angles

(3) There is a significant white layer for the secondary
deformation zone when machining the hardened work
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material and the white layer can be observed in the
virgin material at high cutting speeds. In the case of
the heat treated material, the experimental results show
a constant trend across the cutting speeds. This could
be the result of the material hardness obtained after
heat treatment. The heat (reatment has changed the
material flow stress characteristics thus resulting in a
white layer for the secondary deformation which is
affected by the strain-rate and temperature attained in
the secondary deformation zone. The predicted results
show a decreasing trend as the speed increases. This
is the result of using the flow stress properties for plain
carbon steel. In this work the effect of crystalline struc-
ture has not been taken into account and the results
obtained are purely the result of continyum mechanics'"?.
{4) The Oxley Machining Theory can be used to predict
the cutting performance factors for hard turning as long
as the correct work material properties are used. In this
paper the plain carbon steel flow stress properties were
used.

Virgin 4140 Stee!, DOC0.5mm

predictonh1=0.106 % measurementhi=0 106
— - = prediction,h1=0.0707 +  measurement h1=0.0707
- = « ~predictionh1=0.0353 »  measurementh1=0.0353

o
1

©
8

©
S

Secondary Deformation
Zone thickness (5h ,}
foel
4

0.00

Cutting speed{mimin)

Heat treated 4140 Steel, DOCO.5mm

measurementii=0.106
measurement h1=0.0707
measurement h1=0.0353

e preiction 10,106 ’ »
== prediction,h1=0.0707 .
= = = «predictionh1=0.0353 s

0.06

0.04

0.02 +

Secondary Deformation
Zone thickness (6h ,)

50 100 200

Cutting speed{m/min)

300

Fig. 5 Predicted and experimental tool/chip interface plastic
zone thicknesses: where the lines are the predicted
values using Oxley theory
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