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Abstract

In this study, a process model for orthogonal cutting is developed in order to determine the effect of the hone radius and flank
contact on cutting forces. A thermo-mechanical model at primary shear zone with sticking and sliding contact zones on the rake
face is used for cutting forces and these contact zones are implemented in the third deformation zone. The model predictions are
verified by experiments using carbide inserts with various hone radii at different speeds and feeds.
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1. Introduction

Being one of the most important parameters in
cutting tools, hone radius has important effects on
cutting mechanics, surface quality, tool life and overall
production efficiency. Due to the hone radius a third
deformation zone exists, which contributes in formation
of edge cutting forces. Although numerous models have
been proposed for primary and secondary shear zones,
there are only few models which cover the third
deformation zone and edge forces.

In an earlier study, Albrecht [1] introduced hone
radiused tools and presented a force diagram including
ploughing forces. Later, Endres [2] developed an
analytical model which includes the effect of hone radius
explicitly by studying deformation under the hone edge.
In a later study Kountanya and Endres [3] investigated
cutting process with cameras which has high
magnification properties in order to verify the
aforementioned model. It is found out that the basic
model is not sufficient in order to represent the
deformation in front of the hone radius and a model
which includes the deformation precisely is needed.

Slip-line field modelling has been widely used in
modelling of the third deformation zone [4-5]. These

models focus on the deformation under tool, but there is
not a unified modelling approach.

Experimental studies are also carried out in order to
understand the cutting process with honed tools [6-11].
As a common conclusion cutting forces increases as the
hone radius increases. Moreover temperature at the tool
tip increases with the increasing hone radius.

Finite element analysis has also been used in order to
observe the effect on the stress-strain conditions, as well
as temperature on the third deformation zone [12-15].
Although FEM analysis can give more insight about the
cutting process, the solution times are generally high.
Also, the true friction between the tool and workpiece
material cannot be identified in the simulation programs
or other models. Studies are continuing in order to
identify the third deformation zone using FEM.

In this paper, a process model representing the third
deformation zone is proposed with the implementation
of sticking and sliding contact zones on the hone.
Cutting forces, pressure distributions at the flank and
rake faces can be calculated by the proposed model. The
proposed model is verified with the experiments
conducted on AISI 1050 steel using tools with different
hone radii.
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2. Modeling of Orthogonal Cutting

In this section the proposed model is presented. The
basic orthogonal cutting model with a radiused tool is
shown in Fig. 1 where (AB) represents primary and
secondary shear zones and (AC) represents third
deformation zone. Point A is defined as stagnation point,
where the material just above this point creates chip
while the lower sections form the flank contact. Primary
and secondary shear zones are effective above stagnation
point, whereas below this point represented by third
deformation zone.

Secondary
shear zone

Primary
shear zone

Third\ deformation
zone

Fig. 1: Deformation zones in orthogonal cutting.

2.1. Primary and secondary shear zones

In the proposed approach thermomechanical material
model is used for the primary shear zone. Material
behaviour is represented with the Johnson-Cook
constitutive model, and the minimum energy approach is
used for the shear angle prediction [16]. As for the
secondary shear zone the rake contact which is above the
stagnation point is divided into three regions (Fig. 2:
Regions R1, R2, and R3) for mathematical simplicity.
Then, the dual-zone model developed by Ozlu et al. [17]
is applied. Briefly, in the model the rake face is divided
into two friction zones where the regions close to the
tool-tip is represented by sticking friction and the rest is
by sliding friction model.

2.2. Third deformation zone

The contact area below the stagnation point is
referred to as the third deformation zone (Fig. 2a:
Regions R4, RS, and R6) and is responsible for the
ploughing and the flank contact due to elastic recovery.
The third deformation zone is divided into three regions
again for mathematical simplicity.

(b)

Fig. 2: (a) Hone-radiused cutting tool model with the divided regions;
(b) Contact length and length projections on the clearance face.

Normal pressure and shear stress distributions

In this study the contact at the hone and flank
surfaces are divided into sticking and sliding friction
regions. Expected normal pressure and shear stress
distributions along the sticking and sliding zones can be
seen in Fig. 3 and are defined as follows:

¢
PO) =Py (1) 0<x <l 1)
T=17 0<yx<l, )
T=uP lye < x <l

where, P is the normal pressure distribution, P, is the
normal pressure constant, y is the distance from the
stagnation point, [ is the contact length on the flank
surface (Fig. 4), ¢ is the stress distribution exponent, T,
is the shear stress at the exit of the primary shear zone, p
is the sliding friction coefficient between tool and
workpiece and [, is the sticking contact length.

Normal stress
— — — — Shear stress

Stress distributions

Ipe

lee=l4+15+16

Fig. 3: The normal pressure and the shear stress distributions in the
third deformation zone.

Contact Length in the Third Deformation Zone

Although the ultimate aim is to estimate the contact
length analytically, in this preliminary study the
measured contact lengths are used in calculations. The
details of the measurements can be found in the next
section. Since the measured contact length, £.’, is a
projection, actual contact length has to be calculated.
The geometrical parameters in Fig. 2b can be calculated
as follows:

p1 = 2rcos (% + Y+295) cos (Y+95) 3)
p, = 2rsin (% cos (Y + %) “4)
p; = 2rsin (%) cos G) (5
te=1C,," — (1 + P2+ p3) (6)

Sticking contact length £,.is obtained by equating
equation (2) to the length £,,.

lpe = _lce ((:_;))% - 1)

Forces acting on region 4

(7

Region 4 is the first region after stagnation point,
where the material is plastically deformed before
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entering the flank contact region. The angle sweeping
through this region is represented by 04 (Fig. 4) since
contact is an arc, and calculated as follows:

0, =% ®)

r

where, r is the hone radius. If the contact length is
shorter than the projected length of the 4™ region then
the normal forces can be calculated as follows:

Frnax = foull wP(x) sin)r—(d)(

!
Fray = fou "wP(x) cos )r—( dx )

where, w is the depth of cut,ul; is the upper limit
calculated using equation (11), by solving equation (10)
for 6.

lee —p; = rcos(y + 65) sin 6 + rsin(y + 6;) cos6 —
rsin(y + 6;) (10)

ul, =716 (11)

There may be three conditions for the frictional
forces: only sliding, only sticking, and both sliding and
sticking contact. If the contact condition in region 4 is
only sliding, frictional forces are calculated as follows:

1 .
Frax = fou lﬂWP(X)Sln%d){

Fray = foull uwP(x) cos)r—(d)( (12)

If the contact condition in region 4 is only sticking
then friction forces are given as:

uly X
Frax = [, "Tiw cos “dy

Fray = [} mywsinZ dy (13)

If contact conditions involve both sticking and
sliding, then the frictional forces become:

Fry= fol”“ W cos}fd)(-i- lej] 1uwP(x) sin);(d)(

Fry= f()l"e Twsintdy+ fluh uwP () costdy (14)
r ‘pe r

Orientation of forces for all regions is shown in Fig.
4.

If the contact length is longer than the fourth region,
ul; can be calculated as follows:
ul; =ré; (15)
Forces acting on region 5

Region 5 is responsible for the beginning of flank
contact which is a result of the elastic recovery of the
material deformed in front of region 4. Angle sweeping
through this region (Fig. 4) is defined by 05 which can be
calculated as:

g; =% (16)
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Fig. 4: Force orientations.

Contact conditions in region 5 vary as in the 4"
region, and forces are calculated as the same way except
the lower limit of the integral is taken as the length of
region 4 (equation (15)) and upper limit is taken as ul,.

For instance, if the contact length is shorter than the
length of region 5, then the normal forces can be
calculated as follows:

1 .
Frnsy = f:lf wP(x) sm)r—(d)(
1
Fysy = Jo i WP () cos*dy (17)

where, ul, can be calculated using equation (19), by
solving equation (18) for theta.

lee’ — Py — pp = T cos(y) sinf — rsin(y) cos +

rsin(y) (18)

ul, =16 (19)
The same equations are applied to the calculation of

the frictional forces. If the total contact length is longer

than the length of region 5 then ul; andulyare calculated

as follows:

ul, =16

ul, =rfg (20)

Forces acting on region 6

Region 6 is also responsible for the flank contact.
This contact region forms a line. Normal force
components can be calculated as follows:

uls

Fyo = o2, wP(Odx 1)

where, ul; is the upper limit and can be calculated as
follows:

uly = €.’ — (p1 + P2 +3) (22)

If the contact conditions in region 6 involve only
sliding, the friction forces can be calculated as follows:

ulz

Freg = fl4+15 wwP () dx (23)

If the contact conditions in region 6 involve only
sticking, then the frictional forces become:

L
FF6 = 'IZ:-SIS T]_WdX (24)
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If contact conditions involve both sticking and
sliding, friction forces are given as:

_ lpe uls
Fre = fz4+15 Twdy + f,pe wwP () dx (25)
Contact line makes an angle y with the x axis; so the
force components are multiplied by cosine or sine
according to the orientation.

3. Working of the Model

In this section solution procedure for the proposed
model is presented. Shear stress T; and normal stress Py
are obtained from the analysis of the primary and
secondary shear zones [27]. Friction model is also taken
from [27]. Shear angle is obtained by minimum energy
approach and stagnation point is taken equal to shear
angle. Projected contact length [ is obtained from
experiments for different hone radii, feed and speed.
With the measured data an empirical model is developed
using regression analysis for I ," as follows:

loe =-0.459V,+0.4356r+121.01£+150.6 (26)

where, I..""is the total projected contact length of the third
deformation zone in pum, 7, is the cutting speed (m/min),
r is hone radius (um) and f is the feed rate (mm/rev).
Afterwards actual [, is obtained by finding
corresponding angle, 0, from the equations (10) and (18),
yielding:

lee = 0r 27)

Then, sticking contact length £, is calculated by
using the equation (7). With the knowledge of £,
friction conditions are known and the cutting forces can
be calculated for each region. Upper limits for integrals
can be calculated by equations (15, 19, and 20). For
region 4 normal forces are obtained by equation (9).
Friction forces are calculated by equation (10) if the
contact conditions on the hone contact involve only
sliding and (11) if only sticking. If the contact conditions
involve both sticking and sliding then equation (12) is
used to calculate friction forces. For region 5 forces are
calculated similarly using equations (10-12) and (17).
Integral limits are changed for region 5 accordingly. For
region 6 normal forces are obtained by (21) where the
upper limit of the integral is calculated by equation (22).
Friction forces are calculated by equations (23-25) with
the contact conditions of only sliding, only sticking, or
both sticking and sliding respectively. Finally tangential
and feed edge forces are obtained as follows:

Feszij+Fij

Fey = Fyjy + Fpj, where j=4,5,6 (28)

4. Comparison of Predictions with the Experimental
Results

In order to verify the proposed model orthogonal

tube cutting tests are conducted. AISI 1050 steel is
selected as the workpiece material where TPGN type
610 grade uncoated carbide tools are used. The
tangential and feed forces are measured by a
dynamometer. Test setup can be seen in Fig. 5(a).
Triangular tools having 5° rake angle with different hone
radii (12 pm, 30 um, and 60 pm) are used. Depth of cut
is selected as 2 mm, where the cutting speed is selected
as 30, 60, 100 and 250 m/min where the feed rates are
0.05, 0.1, 0.15 and 0.2 mm/rev.

Contactlength
—

Flank surface

(b)
Fig. 5: (a) Test setup (b) Contact length on the flank face.

Contact lengths on the flank surface are measured by
a stereomicroscope with 100x magnification, Fig. 5(b).
The results showed that the developed empirical model
estimated the contact length with a discrepancy of 20%.

£025 :
5,020-—————0——0——?—————
8015 = 4 4

2010 . = W m

20,

T 0,05 %ﬁ
>

T 0 - {
0 0,1 0,2 03
Feed rate (mm/rev)
A30 460 M100 250 (m/min)

Fig. 6: Variation of the average contact length with feed and cutting
speed.

Fig. 6 shows change of the average measured contact
length with feed and speed. It is observed that with
increased feed the contact length increases at low speeds
and decreases at high speeds. Also, it can be said that
there is a critical speed at which the behaviour changes;
for instance at a certain feed rate increasing speed
increases the contact length at low speeds, but for higher
speeds it is vice versa. Also feed is more effective on the
contact length at low speeds.

The experimental results along with the simulations
for total forces can be seen in Fig. 7, 8 and 9. Johnson-
Cook model (equation 29) and the friction model (30)
used in the simulations for AISI 1050 Steel can be seen
below:

_i 6 6 10.234
r—ﬁ[880x10 +500.8x10( ) 14

V3.
v 0.0134
() |1

where Y is the shear strain T is the absolute temperature
which are calculated iteratively.

L =6.12 x 107V, + 0.398

T—300]
1433

(29)

(30)
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where V. is cutting speed in (m/min).
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Fig. 7: Comparison of the cutting models for tool having 12 um hone
radius for (a) tangential, (b) feed cutting forces.

Both experimental and simulation results show that
total forces increase with the hone radius. (Fig. 7-8) The
results indicate that all of the implemented models
provide comparable results with a difference of 3% for
the tool with 12 pm hone radius, and 1% for the tool
with 30 um hone radius.
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Fig. 8: Comparison of the cutting model predictions with

measurements for the tool with 30 pm hone radius for (a) tangential,
(b) feed cutting forces.

For the tangential forces, the discrepancy on
estimation of the sliding model decreases with the
increased hone radius. For sharp cutting edge the
discrepancy is about 10% while it is 5% for the 30 um
honed tool. For the feed forces, on the other hand, the
discrepancy can increase up to 20% when the hone
radius is decreased. However, the trend is the same and
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the difference can be attributed to smaller force values.
Inaccuracies in the contact length measurements may
also have caused the difference. It was also observed that
at higher feed rates simulations provide relatively better
results.

¢ 1000
5 x
..é 800 -
£ 600 X
(=3 o
T 400 ,,5/
5 X
S 200
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0° < (a)
0 0.05 0.10 0.15 0.20 0.25
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200
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100
50
0

Feed cutting forces

0 0.05 0.10 0.15 0.20 0.25
60 um Feed rate (mm/rev) (b)

x test data sliding ==---- sticking+ sliding

sticking

Fig. 9: Comparison of the cutting model predictions for the tool with
60 um hone radius for (a) tangential, (b) feed cutting forces

The tangential forces obtained from the models
involving only sticking and only sliding conditions are in
good agreement with the tangential forces for the tool
with 60 pum hone (Fig. 9), however, the discrepancy of
the model with both sticking and sliding conditions
increases up to 100% at lower feeds which may be a
result of the discrepancy in contact length calculations.
On the contrary, this model gives the best results for the
feed forces. It can be said that models cannot predict
forces for large hone radius at low feed rates.

Comparison of the edge forces obtained by extracting
the primary and secondary zone forces from the total
forces-and the proposed model can be seen in Fig. 10.

As it can be seen from the figures the tangential edge
forces are estimated better than the feed edge forces. All
of the analytical models provide similar trends and
comparable results. The discrepancy is found to be
around 40% for the tangential edge forces and 50% for
the feed edge forces of 12 um honed tool. One major
reason for the discrepancy is relatively higher
measurement uncertainty due to very small forces. When
experimental data is considered, it is observed from the
graphs that the tangential edge forces lie on a line and do
not vary with the feed as in the linear edge force model.
However, the feed edge forces vary with the feed which
is the result of calculated primary and secondary shear
zone forces.
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Fig. 10: Tangential edge forces (a) and feed edge forces (b) for 12um

hone radius. “x” markers represent the edge forces obtained by

extracting calculated cutting forces (except edge forces) from
measured total forces and the lines represent the simulation results.

5. Conclusions

In this study a process model including the effect of
hone radius and flank contact on cutting forces is
presented. The proposed model is verified with
orthogonal tube cutting tests conducted on AISI 1050
steel. The following are the main observations from
analytical and experimental results.

e The total contact length increases with the feed at low
cutting speeds and decreases at high speeds.
Increasing cutting speed at low feed rates increases
the contact length whereas at high feed rates it has the
opposite effect. This behavior could be explained by
changes in the workpiece temperature at the hone
edge for higher feed rates. Increased temperature due
to higher speed reduces the yield strength, and thus
the elastic deformation and recovery, resulting in
shorter contact length. For low feed rates, on the other
hand, the contact is influenced more by the friction
conditions.

e Total cutting forces increase with the hone radius as
shown by both analytical and experimental results.

e Implemented model predictions are in a good
agreement with the measurements as the discrepancy
is about 3%.

e Tangential forces are estimated more accurately
compared to the feed forces. High discrepancy on
feed forces can be related to smaller force values
since force trends are in a good agreement for both
tangential and feed forces.

e For 60 pm hone radius, models based on only
sticking and only sliding contact are in good
agreement with the measured tangential forces. On
the other hand, model involving both sticking and
sliding conditions provide better results for the feed
forces. At low feed rates, all models have high

discrepancies which may be the result of contact
length predictions. Smaller forces at low feeds, and
thus poor signal-to-noise ratio also contribute to this.

e Feed edge forces obtained from experimental data
strongly depend on feed rate. It can be said that
tangential edge forces are predicted better than feed
edge forces in terms of force trends. The discrepancy
between edge forces obtained from experimental data
and model is found to be 40% for tangential edge
forces whereas it is 50% for feed edge forces.
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