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Abstract:
Chip morphology is the remnant of the machining processes, providing to examine the quality of the
machinability. The shape of the chip and its deformation rate identifying the severe of the processes
outcomes, such as surface quality, tool life, required cutting forces and power. Especially, plastic
deformation in the primary deformation zone makes the volume of the chip increase. The shear angle (φ),
tool cutting edge approach angle (χ), and chip thickness (t) are the most influential parameters on the
volumetric chip expansion factor (r1), in primary deformation zone. While tool cutting edge angle (χ) has a
correlate proportional effect, shear angle (φ) and chip thickness (t), inversely proportional effect, on the
volumetric chip expansion factor. According to getting the optimum volumetric chip expansion factor (r1),
the lower tool cutting edge angles and feed rates, but higher shear angle must be selected. Rake angle (α) and
cutting depth (a) have not remarkable effect on the volumetric chip expansion factor (r1), but it only
provides the sliding of the chip on the tool rake face.
Keywords: chip expansion factor, shear angle, approach angle, chip thickness, feed rate
where the cut chip flows (Arrazola et al., 2007).
1. Introduction
After the uncut chip is sustained to plastic
When you submit your paper print it in two-column deformation by the cutting edge of the tool, then it is
format, including figures and tables. In addition, removed from the workpiece. Moreover, the
designate one author as the “corresponding author”. deformation makes the flow chip in serrated form,
This is the author to whom proofs of the paper will which is a challenging problem to solve in
be sent. Proofs are sent to the corresponding author machining, in the primary zone. The serrated chip is
only. The chip morphology is a vital indicator to created by the effect of inertia of thermal softening,
demonstrate the quality of the machinability, strain hardening, elastic unloading, viscous and
according to the tool life, surface roughness, process thermal diffusions, and power law between the
temperature, required cutting forces and power serration frequency and Reynolds thermal number.
criterion. Especially, chip morphology is depending Moreover, the serration frequency is a function of
on the contacting relationship between the cutting the cutting speed, namely increases in cutting speed
tool and workpiece. The removed chip gets its causes to remove chips from the workpiece in
formation relative to this relationship, affected by serration form, also the serrated chip form is
the geometry of the tool, created by rake and ascribed to the plastic shear instability in the primary
clearance angles. Moreover, chip morphology affects shear zone, as well. Therefore, shear angle has vital
the tool wear, caused by the flowing of the chip on influent on the plastic deformation, chip expansion
the rake face (Ye et al., 2018; Atlati et al., 2011; factor or chip compression factor and removing the
Ucun et al., 2016; Bäker, 2003). While, the shape of uncut chip from the workpiece in machining. Higher
the removed chip has an important marker to the shear angles provide lower chip expansion factor.
cutting speed and feed rate, there is unimportant With increasing rake angle shear angle increases
effect of the rake angle, in the primary shear zone. linearly in primary deformation zone (Ye et al.,
However, the rake angle provides shaping the chip 2014; Weber et al., 2007; Kishawy et al., 2002; Ijaz
segmentation in the secondary deformation zone, et al., 2017; Lampart, 2009). The most influential
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parameters on the plastic deformation of the uncut
chip are shear angle, tool approach angle, rake angle,
depth of cut, and feed rate, namely chip thickness.
Furthermore, these parameters affect the chip
expansion, therefore, the chip expansion factor is an
important identifier for the machinability. There is
an inversely proportional relationship between the
shear angle and chip expansion factor. At higher
chip expansion factors and shear angles, the effect of
rake angle decreases or disappears totally on the chip
formation in machining processes (Kronenberg,
1996).
The contact length, the sticking, and sliding region
in the chip-tool interface depend on parameters such
as tool geometry and edge preparation. High stress is
appeared in the primary deformation zone, while the
equivalent stress in the cutting tool is identified by
the rake angle and the cutting edge preparation
(Ashwin et al., 2017). The stress decreases with
increasing feed rate, but the tool stress is dissipated
in a larger area in tool-chip interface. However, at
lower feed rates the stress is influential in a smaller
area due to the contact length of the tool and chip
(Ijaz et al., 2017). Furthermore, with increasing feed
rate the frequency of the chip segmentation
decreases, ending up with serrated chip, but negative
rake angles causes larger plastic strain (Arrazola et
al., 2007). However, increases in the cutting speed
there is an inclination to support provisional chip
shaping (Ye et al., 2014). The magnitude of the
stress in machining processes is depending on elastic
and shear modulus in different directions (Arif,
2017). Furthermore, the stresses in machining
operations are caused by the temperature, taking
place, during the metal cutting. This temperature
affects the layer near the machined surface and
causes the chip expansion and plastic flow
(Miguelez et al., 2009; Liu et al., 2017). Orthogonal
cutting, in which selected feed rates too smaller than
the depth of the cut, prevents the severe deformation
in the perpendicular direction, with the help of the
pressure between the cutting edge and the workpiece
(Buchkremer and Schoop, 2016).
The tool cutting edge geometry and inclination
angles, especially rake angle has a vital effect on
shaping of the removed chip on the tool rake face, in
the secondary deformation zone (Izaj et al., 2017).
While the negative rake angles provide chips
removed in the short form, the positives in the
continuous (Weber et al., 2007). Moreover, the
undeformed chip thickness has an influence on the

removed chip, shaping in continuous, brittle, and
serrated forms. However, the effect of the cutting
speed and feed rate is more severe than undeformed
chip thickness on the shaping of the removed chips
(Lampart, 2009).
Mechanical and thermal conditions are the actual
boundary machining conditions. Cutting direction
demonstrable orthogonal or oblique, and feed rate
create the mechanical conditions, but the chip
segment length is independent on the cutting speed
and tool geometry (Bäker, 2003). The repeated shear
band in primary zone provides changing the flowing
chip shape from serrated to continuous. However,
the serrating chip formation depends on the
mechanical properties of the workpiece, as well
(Weber et al., 2007). Serrated chips are removed
from the machined sample in saw-tooth form. The
pitch of the teeth demonstrates the severe of the
fluctuation in cutting forces. At large feed rates,
while the dimension of saw-teeth decreases, the
number of them increases. The most influential
parameter on the serrated, saw-tooth chip
morphology is the initial chip thickness. Increases in
cutting speed results in changing chip formation
from continuous to serrated, hence the cutting speed
is an important marker for the serrating chip
morphology and strain rate, making the material
brittle (Kronenberg, 1996).
Because of its economic and technical significance,
the chip formation has been commonly analyzed.
The quality of the machining process can be
identified relative to the chip plastic deformation,
commonly affected by the shear angle, cutting edge
approach angle, feed rate, namely chip thickness,
depth of cutting, and rake angle. Chip expansion
factor displays the rate of the deformation of the
uncut chip during the machining process. Therefore,
this factor identifies the quality of the machinability,
according to the process results such as surface
quality and tool life. For this purpose, in this
theoretical study, chip expansion factor was
analyzed geometrically depending on shear, rake,
deformation, cutting edge approach angles, feed rate,
and depth of cutting, for turning operations.
2. Analyzing the
geometrıcally

chip

expansion

factor

Chip morphology is a vital phenomenon in
machining operation, demonstrating the quality of
the process. Uncut chip sustains to plastic
deformation then it is removed from the workpiece.

Zülküf DEMİR, IJECS Volume 7 Issue 6 June 2018 Page No. 24076-24092

Page 24077

The level of the plastic deformation identifies the
results of the process, such as surface roughness,
tool life, required cutting forces and power, etc.
Therefore the chip expansion factor has an important
effect on the machining operations.
Any point on the cutting edge of the tool travels on
the workpiece, as feed rate (f (mm/rev)), while the

cylindrical workpiece revolves a cycle, in turning
operations, as shown in Figure 1 a. In the
circumstances the chip removed from the workpiece
has three dimension as feed rate (f (mm/rev)) or chip
thickness (t (mm)), cutting depth (a (mm)) or chip
wide (b (mm)), and chip length (l (mm)) in a cycle
of the workpiece as seen in Figure 1 b.
Z

a
X

Y

Ɩ=π.d

b
f
a
Figure 1: The removed chip geometrical dimensions and volume in a cycle of the workpiece, a) machining
mechanism in turning, b) the removed chip dimensions in a cycle of the sample.
If it is accepted the shear angle were equal to zero,
while the chip was removed from the workpiece by
the cutting tool, the removed chip dimensions: chip
thickness or feed rate, depth of cut or chip wide, and
chip length were equal to f (mm/rev) or t (mm), a
(mm) or b (mm), l (mm), respectively. In the present
case, The volume of the chip, removing from the
Ɩ

K

workpiece in a cycle as seen in Figure 1, calculable
as seen in Equation 1.
V1 = a.f.l
(1)
Additionally, this volume (V1) is equal
to
the
volume of the uncut chip, limiting among
(ABCDEFGH), as shown in Figure 2.
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Figure 2: The chip removing mechanism in turning operations in primary deformation zone.

The volume of the removed chip calculable with angles was taken into account.
using |DM|, |FM|, and |JF| edges dimensions as
a
f
DM =
, FM =
, JF = KG =l ,
shown in Equation 2. It is accepted that during the
Cos
Sinφ
cutting process, there is not any deformation effect (2)
on the edges of the removed chip, at boarding
l φ χ
among (FGDMIJKH). The volume of the removed V =
J V dχ dφ dl
2
chip (V2), limiting among (FGDMIJKH),
0 0 0
computable as seen in Equation 3. The removed (3)
chip, demonstrating in Figure 2 with limiting
(FGDMIJKH), only the effect of shearing (φ) and
tool cutting edge approaching (side cutting edge)
The Jacobian of conversion factor (JV) of the volume equation can be identified as in Equation 4.
1 
  | DM |  | DM |   a.Sin

2
 


α
Cos  Cos 
a.Sin
f.Cosφ

  JV 
JV  

2
1 
Sinφ.Cos  Cos .Sin 2φ
  | FM |  | FM |   f.Cosφ
 φ
f   Sin 2φ
Sinφ 

(4)
In the circumstances, V2 chip volume computable as Equation 5.



l φ χ

a.Sinχ
f.Cosφ
dχ dφ dl 
2
Sinφ.Cos χ Cosχ.Sin 2 φ
0 0 0

V2 =   

V2 =l.[-

a
1
f
1
.ln(
-Cotφ).ln(
+tanχ)]
Cosχ
Cosφ
Cosφ
Cosχ

(5)
Actually, when the chip removed from the
machining workpiece by using a turning machine,
the chip edges, near to the cutting edge of the tool,
as seen in Figure 3, as |FB| and |BC| are deformed by
the effect of the cutting edge compression. Because
when the uncut chip is subjected to the compression
effect, the counter reaction forces (Ft) resulted in as
shown in Figure 3. On η and π planes. Therefore,
two edges of the chip |FAI| and |AIC| change as |FB|
and |BC| edges, by the effect of the compression
strength, shear (φ), and cutting edge approach (χ)

angles. However, the chip thickness, shaping by the
effect of the feed rate motion, change from |BH| to
|BHI| by the effect of tensile strength. Furthermore,
these edges of the chip deform under the
compression strength and the one tensile strength.
If it is accepted βo, ρo, and δo angles, in Figure 3,
are equal to zero (0). In other words, the effect of
these angles are neglected, the volume of the
removed chip can be calculated as shown in
Equations from 6 to 10.
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Figure 3: The mechanism of the deformation of the edges of the removed chip.
In Figure 4, the length of the |FB| or |EA| is equal to
the uncut chip length, in one cycle of the workpiece,
during turning processes. After the chip was cut
from the workpiece by the cutting edge, in the
primary deformation zone, then it was moved on the
rake face of the tool in the secondary deformation
zone. The uncut chip length |FB| or |EA| is transited
from primary to secondary deformation zones. When
the tool rake angle (α) equals to zero, the uncut chip
length is located on ε plane in secondary
deformation zone.

then it moves on the rake face of the tool in the
inclination of rake angle (α), as seen in Figure 4,
limiting
among
ABCDAIBICIDI.
In
the
circumstances, the volume of the chip, moving on
the rake face of the tool, can be calculated by using
Equation 9.
According to the Figure 4 |BC|, |BIAI|, and |AAI|
lengths calculable depending on cutting depth (a),
chip thickness (f), chip length (l), cutting edge
approach angle (χ), shear angle (φ), and rake angle
(α) as seen in Equation 7.

α φ χ

V3 =    J V dχ dφ dα
0 0 0

(6)
At the beginning of the machining process, the chip,
cuts by the cutting edge of the tool, removes from
the workpiece, in the primary deformation zone,
a
f.cos(φ-α)
l
BC =
, BI A I =
, AA I =
,
cosχ
sinφ
cosα
(7)
In Figure 4, ε is the vertical plane in the directions of
Z and Y. Moreover, θ is the plane of the rake face of
the cutting tool. The conversion factor (JV) of the

chip volume can be calculated, as in Equation 8, by
using
Jacobian
method.
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Figure 4: The chip, removed from the workpiece, then moves on the rake face in the secondary zone.
γ φ χ
As seen in Fig. 8, the part of the chip, limiting
among (ABCDAIIBIICIIDII), has an inclination V4 =
JV
angle (γ) with (ψ) plane, on the rake face of the tool.
0 0 0
In the circumstances, the effect of deformation angle (10)
(γ) on the volume of the chip can be calculated as in
Equations from 10 to 14.
a
f.cos(φ  α)
l
BC = BIICII =
, BII AII 
, AA II 
,
cosχ
sinφ
cosα.cosγ
(11)



dχ dφ dγ
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Figure 5: The chip deformation angle on the rake face of the tool, in the secondary deformation zone.
γ φ χ

V4 =  ( w-y)dχ dφ dγ
0 0 0

(13)

The values of w and y are written depending on
selected parameters as at below. With solving the
Equation 13 by taken the integral, Equation 14
derivable.

w=([a.f.

sinχ (1-cotφ.tanα)
sinα
.
]+[l. 2
.(cotφ.cosα+sinα)])
2
cos χ
cosγ
cos α.cosχ.cosγ

y=([a.l.

sinχ sinγ
(cot 2φ-1)+sin2φ.tanα
.
.(cotφ+tanα)]+[
]
cos 2 χ cos2 γ
cosχ.cosγ

V4 =z+p  s

Zülküf DEMİR, IJECS Volume 7 Issue 6 June 2018 Page No. 24076-24092

Page 24082

(14)
The values of z, p, and s are written depending on selected parameters as at below.
a.f
1
z=[
.ln(
+tanγ).(φ-tanα.ln(sin(φ))]
cosχ
cosγ
l.sinα
1
1
p=[
.ln(
+tanγ).ln(
+tanχ).(ln(sin(φ)).cosα+φ.sinα)]
cosγ
cosγ
cosχ
cos2φ
1
1
a.l
s=([(cotφ+
.tanα+2).ln(
+tanχ).ln(
+tanγ)]-[
.(ln(sin(φ))+φ.tanα)])
2
cosχ
cosγ
cosχ.cosγ
V
Furthermore, instead of deformation angle (γ) its
r2 = 3
value can be written, depending on shear and rake
V1
angles, as seen in Equation 15 (Michael, 1996).
(17)
γ=cotφ+tan(φ-α)
The volumetric chip expansion factor (r1) in
(15)
secondary deformation zone on the tool rake face,
The volumetric chip expansion factor in primary taken place by the effect of deformation angle (R)
deformation zone (r1) acquirable by dividing the acquirable by dividing the chip volume (V4)
chip volume (V2) (Equation 5) to (V1) (Equation 1), (Equation 14) to (V1) (Equation 1), as shown in
as shown in Equation 16.
Equation 18.
V2
V
r1 =
R= 4
V1
V1
(16)
(18)
The volumetric chip expansion factor (r1) in
secondary deformation zone on the tool rake face
(r2) acquirable by dividing the chip volume (V3)
(Equation 9) to (V1) (Equation 1), as shown in
Equation 17.
investigated theoretically, by using by using Matlab
software as seen in Figure 6.
The effect of cutting depth (a), shear angle (φ),
3. Results and discussion
cutting tool edge approach angle (χ), and feed rate
3.1 Volumetric chip expansion factor (r1) in (f) on the volumetric chip expansion factor (r1) are
primary deformation zone
seen as in Figure 6 a, b, c, and d, respectively.
In the primary deformation zone, when the edge of According to these graphs, in Figure 6, while the
the cutting tool contact to the workpiece, the uncut effect of shear angle and feed rate on the volumetric
chip starts sustaining to plastic deformation, by the chip expansion factor (r1) is much bigger than the
effect of shearing and other selected parameters, effect of cutting depth and cutting tool edge
such as feed rate, depth of cut, tool approach angle, approach angle. As seen in Figure 6 a, the cutting
and rake angle. As seen in Figure 1 a, in one cycle of depth has insignificant effect on the volumetric chip
the workpiece the removed chip dimensions are chip expansion factor (r1). However, the effect of both
thickness (t) or feed rate (f), depth of cutting (a) or shear angle and feed rate have a vital inversely effect
chip wide (b), and chip length (l) shown as in Figure on the volumetric chip expansion factor (r1), namely
with increasing shear angle and feed rate the
1 b.
The effect of sear angle, feed rate, cutting tool edge volumetric chip expansion factor (r1) decreases.
angle, and depth of cutting on the volumetric chip Moreover, increases in tool cutting edge approach
expansion
factor
(r1)
were
investigated angle causes the volumetric chip expansion factor
geometrically, in primary deformation zone. For this (r1) to increase, as seen in Figure 6 c. In primary
purpose, shear angle (φ) and cutting tool edge deformation zone, the most influential parameter is
approach angle (χ) were selected between 0o – 45o, shear angle, following with feed rate, tool cutting
feed rate (f) 0.05 – 0.25 (mm/rev), and depth of edge approach angle, and depth of cutting,
cutting 0.5 – 2 (mm). The effect of these parameters respectively.
on the volumetric chip expansion factor (r1) was
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c

d

Figure 6: Matlab graphs of the effect of a) cutting depth, b) shear angle, c) approach angle,
d) feed rate (chip thickness) on the chip expansion factor.
In Figure 7 a, b, and c, the scatter, main effect, and
interaction plots of chip thickness (f), cutting depth
(a), shear angle (φ), approach angle (χ), and rake
angle (α), respectively. According to the scatter plot,
while, rake angle has not any effect on the
volumetric chip expansion factor (r1), the effect of
cutting depth is too small to negligible. However,
the approach angle has directly proportional, shear
angle and feed rate inversely proportional effects on

the volumetric chip expansion factor (r1). In other
words, with increasing tool cutting edge approach
angle the volumetric chip factor (r1) increases
linearly, but with increasing both shear angle and
feed rate decreases inversely correlated. The main
effect plot of the selected parameters, as seen in
Figure 7 b, show the same changes correlated to the
volumetric chip expansion factor (r1).
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c

Figure 7: a) Scatterplot graphs, b) main effect plot, c) interaction plot of chip thickness, cutting depth, shear
angle, approach angle, rake angle and chip expansion factor in the first deformation zone.
The interaction effect of parameters on the
volumetric chip expansion factor is shown in Figure
7 c. Depending of the graphs, while chip thickness
or feed rate, shear angle, and cutting edge approach

angle have important effect on the volumetric chip
expansion factor, separately, but with interaction of
cutting depth and feed rate their effect decreases too
small to negligible.

a
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b

c

Figure 8: a) Scatterplot graphs, b) main effect plot, c) interaction plot of chip thickness, cutting depth, shear
angle, approach angle, rake angle and chip expansion factor (r1) in the first deformation zone, for 4≤r1≤10
condition.
According to (Mustafa, 1996), volumetric chip
expansion factor (r1) is an important outcome in
machining operations, demonstrating the cutting
conditions, surface quality, and chip morphology.
Therefore, depending on these criterion, when (r1) is
bigger than r1>100 is undesirable, 31≤r1≤60 limited
appropriate, 11≤r1≤30 appropriate, 4≤r1≤10
excellent, and r1≤3 well (Mustafa, 1996). Depending

on these criterion, the effect of parameters on the
volumetric chip expansion factor (r1), in primary
deformation zone, is as shown in Figure 8 a, b, and
c. The most influential parameter are shear angle,
cutting edge approach angle, and chip thickness,
while there is too small to negligible effect of the
cutting depth, but there is any effect of rake angle,
according to scatter, main effect and interaction
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plots, as seen in Figure 8 a, b, and c, respectively.
As seen in Figure 8 c, for resulting in the optimum
volumetric chip expansion factor (r1) values, the
selected parameters provide the shear angle adjusted

3.2 Volumetric chip expansion factor (r2 and R)
in secondary deformation zone
After the chip cut from the workpiece in primary
deformation zone, then it moves on the rake face of
the tool away, in secondary deformation zone. At the
stage of secondary deformation zone the chip
sustains to deformation by the effect of rake angle
and deformation angle. According to the chip
volumes, in Equations 9 and 14, the volumetric chip
expansion factors (r2) and (R) can be derived by
dividing (V3) and (V4) to (V1), respectively, as seen
in Equations 17 and 18. As seen in Figure 9 and 10
the changing of volumetric chip expansion factors
(r2) and (R) is too small. This means that the chip
completed its expansion and deformation stage
approximately in primary deformation zone, then it
moves away on the rake face, in machining
operations. However, the effect of shear angle,
cutting edge approach angle and chip thickness is
bigger than the effect of cutting depth and rake

to be between 15o – 45o, higher feed rates between
0.15 – 0.25 (mm/rev), and cutting tool approach
angle between 0o – 45o can be selected, according to
the interaction plot of parameters.
angle, as in primary deformation zone. Although
rake angle is prevail in secondary deformation zone,
there is too small effect on the volumetric chip
expansion factor to negligible.
The effect of the most influential parameters, shear
angle, chip thickness, and cutting edge approach
angle, on volumetric chip expansion factor (r2), only
changeable approximately one unit, as seen in Figure
9 a, b, and c, depending on scatter and main effect
plots graphs, respectively.
When the chip moves on the rake angle, it sustains
to deformation by the effect of deformation angle (γ)
as well. The effect of the deformation angle on
volumetric chip expansion factor (R) derivable by
dividing (V4) to (V1). The effect of shear angle,
cutting edge approach angle, and chip thickness on
the volumetric chip expansion factor (R) only
changeable about 0.8 unit in maximum, as seen in
Figure 10 a and b.

a
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b

Figure 9: a) Scatterplot graphs, b) main effect plot of chip thickness, cutting depth, shear angle, approach
angle, rake angle and chip expansion factor in the second deformation zone.

a
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b

Figure 10: The effect of deformation angle on the chip expansion factor, a) Scatterplot graphs, b) main
effect plot of chip thickness, cutting depth, shear angle, approach angle, rake angle and chip expansion factor
in the second deformation zone.
4. Conclusions
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temperature, due to the friction in the contacts area
of tool-chip interface.
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