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Abstract

Modulation assistance is widely used for breaking chips of highly ductile materials in turning. This process is also known as the “modulated
turning” (MT) or the “modulation assisted machining (MAM)”. The process transforms continuous single point turning into an intermittent
cutting process where the tool tip briefly disengages from the workpiece generating discrete short chips. Resembling the milling process
mechanics, periodic tool disengagements in modulated turning introduces cyclic cool-down periods and thus it can potentially attenuate tool-tip
temperatures. It has been hypothesized that this effect can greatly lower maximum and the average tool-tip temperatures improving wear
resistance of the process. This paper presents a thermal model to predict the tool-tip temperature distribution in modulated turning. A generalized
chip formation formulation is first developed to predict the uncut chip thickness variation, cutting forces and the tool engagement/disengagement
phase durations. Thermomechanical behavior of tool-chip contact is then modeled to predict the rake face temperature distribution. Simulation
studies are presented to analyze the temperature distribution and understand peak temperature (hot) spots on the rake face. It has shown that the
phase angle parameter — the frequency ratio between workpiece rotation and tool modulation— of MT plays a key role in controlling the hot spots
on the rake and can be used as a tool to influence the wear regime.
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1. Introduction

Modulated turning was initially proposed for robust chip
breakage and chip evacuation in turning of ductile materials
[1]. The first application of modulated turning dates back to
1998 when it was first applied in deep hole drilling by Sakurai
et al.[2]. Mechanics of MT process has not changed much since
then. In MT, the tool is modulated sinusoidally in feed
direction. Depending on the modulation (vibration) frequency
and the amplitude tool-tip disengages from the workpiece
briefly transforming conventional continuous turning into
intermittent turning process. As a result, discrete chip is
generated, which solves the chip jam problem.

Typically, existing feed drives of the turning center is used
to modulate the tool. Machine tool feed drives have limited
bandwidth; and thus, modulated turning has been historically
applied on the most power efficient operating condition where
the modulation frequency is selected 2 of the spindle rotation
frequency and the vibration (modulation) amplitude is set to 2x
of the feed rate [3]. However, modern machine tool feed drives
can provide much wider bandwidths allowing other modulation
conditions, e.g., frequencies and amplitudes, to be applied in
practice, which helps exploit other benefits of modulated
turning as well [4].

For instance, low frequency tool modulations have potential
to reduce average cutting temperature. Gao et al. [5] have
measured the temperature distribution in the cutting zone and
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developed predictive models. They argued that average cutting
temperature can be lowered in modulated turning. It should be
emphasized that for shallow depth of cuts modulated turning
can lower specific cutting energy improving machineability
[6]. Yeung [7] was the first one to point that out. Later, Eren
and Sencer [4] demonstrated such effect and explained the
mechanism. At low depth of cuts, ploughing induced cutting
becomes dominant in the shear mechanism and thus requires
larger cutting energy. This is known as the well-known “size
effect”. However, when modulations are applied, maximum
instantaneous uncut chip thickness becomes larger, i.e., in
cases 2-4x greater than that of continuous cutting [8]. As a
result, it overcomes the size effect and helps the process operate
in more efficient shearing regime, which results in reducing
overall cutting energy. Thus, although MT has potential to
provide reduced cutting energy it does not necessarily has the
ability to provide such advantage at all cutting conditions. Guo
et al. have investigated tool-life in modulated machining of
compact graphite iron (CGI) workpieces and reported that low
frequency feed modulations can significantly improve the tool
life [9,10] as compared to continuous cutting.

Dynamics of modulated turning process also differs greatly
from the conventional continuous turning. Copenhaver et. al.
[11] published the first report that MT has a stabilization effect
and allows greater chatter stability margins. The main reason
for attaining greater stability is assumed to be due to the tool
disengagement from the workpiece. The “air-cutting phase”
disturbs self-excited chatter vibrations and helps increase the
chatter stability limits. Copenhaver and Schmitz [12] later
utilized time-domain simulations to draw stability lobe
diagrams (SLDs) of MT. Nam and Sencer, for the firs time,
proposed a frequency domain-based approach to analytically
predict the SLD of modulated turning [13]. More recently Eren
and Sencer [8] have developed a semi-discrete time-domain
model of the process to accurately predict the stability margins
for any operating conditions. They demonstrated that MT can
produce the highest stability not when the modulation
frequency is selected Y2 of the spindle rotation frequency, but
actually when it is set much differently.

Based on these past works, it is understood that MT can
provide great improvement on cutting mechanics and
dynamics. To unlock some of these benefits, the operating
parameters should be selected differently than the well-known
typical (optimal) condition.

MT has the potential to improve thermal loads on the tool

and yield lower tool tip temperature as well. But the effect of
modulation parameters on the cutting temperature has never
been thoroughly investigated. This paper, for the first time,
provides a thermal model of the MT process and predicts
cutting tool temperature for various modulation conditions.
Through simulation studies, it generates new knowledge on
how tool modulations affect overall temperature distribution on
the tool and controls peak cutting temperature.
The paper is outlined as follows. First, a generalized model is
presented to analytically predict the uncut chip thickness for
any given modulation condition, which facilitates calculation
of cutting forces and the energy. Next, a thermos dynamics
model of the process is introduced, and an insightful simulation
study is then presented.

2. Analysis of chip formation in MT
2.1. Kinematics of MT

Basic kinematics of the MT process has been already well
presented in the past [14]. Here, it is briefly summarized for
coherence, and the analytical chip thickness formation
calculation is presented.

MT process applied in the face turning configuration is
presented in Fig. 1. Tool is modulated in feed direction, and the
tool tip trajectory is shown in Fig. 1b. Each modulation cycle
of the tool is called as the “cutting cycle” in this work. p,,(8)
and p,,,1(0) represent the tool-tip trajectory during the nt"
and (n + 1) spindle revolutions, respectively. h, is the
nominal (commanded) feedrate, whereas h(8) becomes the
time varying chip thickness, which is evaluated as follows.
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Fig. 1 (a) Schematic of turning process with tool modulations; (b)
Projection of tool path into cylindrical coordinate system

Firstly, sinusoidal tool modulation is expressed as:
m(t) = Asin (;ﬁ 0) (1)

w
0 =0(t) = 2nf,t (2)
where 6is spindle rotation, 4 is modulation amplitude, f,,, is the
modulation frequency, and f,, is the spindle speed. Subtracting
two consecutive tool trajectories yields h(8) as:
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w

h(6) = pn+1 — P

Above, ¢ donates the “phase angle”, which represents the
shift in the tool trajectories in successive spindle revolutions
and defined as [14]:

¢=2n<;ﬂ—INT(%)>,OS¢52” (4)
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Fig. 2 Flow chart for analytical chip thickness calculation

where, "INT[]" is the integer part of the ratio, and it indicates
how many fully completed modulation waves are observed in
one spindle revolution.

By setting ¢ # 0 or 2mr ensures that there exist an
incomplete tool modulation wave within the spindle revolution,
and thus tool trajectory continuously shifts ¢ over successive
revolutions. The shift yields discrete chip formation, and for a
given ¢ and A tool can leave the workpiece surface. The
minimum condition to generate discrete chips, by ensuring that
the nt" and (n — 1)** spindle revolutions intersect, is found as

[1]: N
0
% )

2sin (7)

Notice that minimum modulation amplitude is achieved when
the ¢ = m. Modulation amplitude must be increased if larges
phase angle is selected. In practice, phase angle can be set in
the range of m/2 < ¢ <3m/2 to keep the modulation
amplitude level low and thus the process can be applied in
practice using conventional feed drives of machine tool [4].

pn(H) = pn-1(0) = Apin =

3. Prediction of uncut chip thickness

Equation 5 presents the necessary condition to realize
discrete chip generation. However, it does not present the
maximum chip thickness (load). This section first provides a
general formulation on how to analytically predict the chip
thickness for any given A and ¢, and the formulation is then
validated for conditions when ¢ = m,2m /3, and /2.

3.1. Analytical prediction of uncut chip thickness

Tool trajectories that generate individual cutting regimes
should be identified to accurately predict uncut chip thickness.
Chip thickness is calculated by taking the difference of
intersecting cutting cycles. It is known that [14]chip formation
consists of 3 cutting regimes (sections) [14]. The idea is to
determine which spindle revolutions form the chip thickness in
those individual ship sections. presents the flow chart used to
calculate chip thickness for any given phase angle and
modulation amplitude.

The algorithm starts with inputting the cutting parameters as
shown in Fig.2. Next, it is determined which past spindle
revolutions initiate chip formation, i.e. intersect. Integer T =
1,2, ...,n — 1 is defined, and it is increased until

T A
pn(0) = pn_r(0) - ﬁ < hy (6)
sin 7(1)
is violated, which indicates that the cutting cycle in the (n‘")

spindle revolution intersects with a cutting cycle within the one
of the (n — T)" spindle revolution.

Past spindle revolutions that contribute to the first, second
and third cutting regimes (chip formation portions) are denoted
as G1,G, and G5 , respectively. As shown in Fig.2, once G; is
determined (from Eq.6), starting point of the first cutting
regime (chip section) 6; can be calculated from Eq.6 as well.
Next, end point of this section of the chip, 8,, can be found
once the spindle revolutions that define the second portion of
the chip is found. This is presented in the 4" step of the flow
chart. Intersection points of the GI* spindle revolution with
past spindle revolutions are scanned. This is similar to the step
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1 in the flow chart (See Fig.2). The smallest value of 8 > 6, is
assigned as the end point of first cutting regime and 8 = 0, is
set. The same procedure is applied to determine the spindle
revolution that defines the 3" cutting regime (Gs). Chip
generation is periodic, and thus the starting point of off-cut
region (6,) can be determined by subtracting the period of
modulation (1/f,,) from 6,. The chip thickness function is
then formulated as:

pn(6) — pe, (0,6, <6 <0,

pn(0) — pg,(6),0, < 6 < 0; 7
pn(0) — pg,(0),05 <0 <6,

An illustrative example is provided in Fig. 3. Modulation
amplitude is set to A = 2.25h,, and the phase angle is set to
¢ = 72. As shown in Fig. 3, each chip (shaded area) consists
of 3 portions. Note that G; becomes (rn-3)" spindle revolution,
whereas G> is (n-2)" revolution and Gj is (n-1)" revolution.
The uncut chip thickness and air-cut & in-cut durations can be
predicted for various phase angles and modulation amplitudes
with the proposed method.

An important parameter is air-cutting ratio and defined as:

h(t) =

91 - 90
ROUT% = X 100 (8)
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Fig. 3 Tool trajectories and chip formation for ¢=72°

Fig. 4 presents the air-cutting ratio for all possible phase angles
and modulation amplitudes. Air-cutting ratio controls the
cooling effect in MT. The cutting parameters can be tuned
accurately to achieve more robust chip generation and higher
air cutting ratios by utilizing the proposed map.
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Fig. 4 Cutting duty cycle map
3.2. Chip thickness calculation for ¢ = w,2n/3 & /2

Finally, proposed generalized uncut chip thickness prediction
algorithm is demonstrated for cases when ¢ = m,2n/3 & /2.
Table 1 summarizes which spindle revolutions generate various
sections of the chip. Fig. 5 illustrates examples of tool
trajectories and corresponding chip generation for specified
phase angles. For instance, when ¢ = m, maximum chip
thickness becomes, max h(0) = 2h, and it is independent of
the modulation amplitude since tool modulation from (n —
2)t" spindle revolution and the cutting cycle in the current
spindle revolution are in phase. However, this condition is not
valid for other cases. For instance, for ¢ = 2m/3 if modulation
amplitude is large enough, tool modulation from (n — 3)t"
spindle revolution start to affects the uncut chip thickness and
maximum chip thickness becomes 3x larger than the nominal
feed rate. This is due to the fact that when one spindle
revolution is completed, modulation cycle is one-third
completed so that the cutting cycles in every three successive
spindle revolutions become in phase. The same chip generation
phenomenon is also observed when ¢ = /2. In this operating

Table 1 Chip formation regimes for various phase angles and modulation amplitudes

Chip formation for p =

Uncut Chip Thickness 0 €[0,,0,)

6 € [6,65)

0 € [65,0,) A/h, Interval

h(@) = pn(e) - pn—j(e)'j = 1'2'1 ,Dn(e) n pn_1(9)

Pn(6) N pyr_2(6)

Pn (9) n Pn—1(9) Ocrit < A/ho

Chip formation for ¢ = 2m/3

Uncut Chip Thickness 0 €[0,,0,)

6 € [6,65)

0 € [65,0,) A/h, Interval

1) = pp(0) — pp_y(0),) = 1,2,1
h(8) = p,(6) — pp_;(6),j = 23,1

Pn(6) N pp_1(6)
Pn(6) N pr_2(6)

Pn(6) N pyr_2(6)
pn(6) N pyr_3(6)

Pn(6) N pp_1(60)
Pn(6) N pp_1(6)

1.154 < A/h,

0.577 < A/hy < 1.154

Chip formation for ¢ = m/2

Uncut Chip Thickness

0 € [64,6;)

0 € [0,,653)

0 €[63,6,)

A/h, Interval

h(8) = pn(8) — py—j(0),j = 1,2,1
h(8) = pn(8) — py—;(0),j = 2,3,1
h(0) = pn(8) — py—j(0),j = 3,41

Pn(0) N pp_1(6)
Pn(0) N pr_2(6)
Pn(0) N pr_3(6)

Pn(0) N pr_2(6)
Pn(0) N pr_3(6)
Pn(8) N py_4(6)

Pn(0) N pp_1(6)
Pn(0) N pp_1(6)
Pn(0) N pp_1(6)

0707 < A/hy < 1
1< A/hy < 2.236
2.236 < A/h,
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condition max h(6) = 4h, is observed since tool modulation
from (n — 4)*" spindle revolution affects the current uncut
chip thickness. As it can be seen from Table 1, any modulation
amplitude which is greater than A = 2.23h yields theoretical
maximum chip thickness values for all cases.

. (n — 3)" revolution

—n'" revolution
— (n—1)™ revolution — (n — 4)" revolution
a) — (n — 2)™ revolution
4h,
g 3hg
=1
=]
2 2hy
s hqo
5]
F

2h,

b

Tool Motion ~  Chip Thickness

Chip Thickness

(]
~
]

&

Tool Motion

Chip Thickness

Spindle Rotation

Fig. 5 Example of tool trajectories and chip formations for different phase
angle values (a) ¢=mn; (b) 6=27/3; (c) ¢=n/2

4. Thermal model of MT

This section presents thermal model of MT process to predict
the tool temperature. It is used to analyse and understand the
cooling effect of MT process.

Firstly, the problem is simplified by modelling it based on
fundamental orthogonal cutting kinematics. Note that such
assumption is widely acceptable in face turning and plunge

turning processes [15], which is the focus here. It is assumed
that tool radius is close to zero and since tool flank does not
touch workpiece, heat generation is not observed in the tertiary
shear zone [16]. Heat transfer from chip to tool occurs only in
rake face, which can be modelled via a dual-zone model [17].

4.1. Modeling of cutting force and power on the rake face

As material is deformed in primary shear zone, it exerts high
normal pressure against the tool. This phenomenon yields
sticking/sliding friction conditions at the regions on the tool tip,
and shown in Fig.6. [17]Normal pressure decreases far away
from tool tip and causes chip to slide over the tool with friction.
Coulomb friction is assumed to be valid in order to model the
shear stress in sliding region. Budak [18] argued that
thermomechanical behaviour in sticking and sliding zones
should be analysed separately.

Shear stress () on the rake face is constant in the sticking
region, and it is equal to the material shear stress [16]. In the
sliding region, shear stress is proportional to the normal
pressure, and sliding friction obeys coulomb friction law [19].
T along the contact length is then defined as[17]:

T= T X < lp
T=pP(x) Ay =x <, ©
where, [, is the sticking length, [, is the total contact length.

Sticking Sliding
zone zone

P(x)

(%)

Chip leaves the
rake face

e R T

"SH
o~

L]

o

Tool

Fig. 6 Stress distributions on the rake face

Sticking and sliding lengths are influenced by the stress
distributions; and they are first analysed as follows. Firstly,
shear stress is a function of normal pressure and sliding friction
coefficient in the sliding region. The normal pressure is
modelled after [17]:

P(x) = P, (1 - ;)5 (10)

where { = 3 is set[20]. P, is the normal pressure at the tool tip.
The normal force on the tool is calculated by integrating Eq.10:
le lc x\¢ blc
F, = jo P(x)dx _jo P, (1 lc> bdx =P (1)
with b being is the width of cut. Note that normal force in
orthogonal cutting can be simply calculated by using shear
force acting on shear plane

cos(4,)

k=F cos(l, — a + ¢.) 12)
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where, « is the rake angle, ¢, is the shear angle, and 4,is the

apparent friction angle, and shear force becomes

F, = bh 13
s—Tsm (13)

assuming uniform stress distribution on
Combining Egs. (10) — (13), P, is obtained as:

shear plane.

h(C+1) cos(1,)
fs I.sing, cos(¢p, + 1y — )

Py = (14)

Next, contact length is calculated considering the moment
equilibrium at the tool tip. The moment created by normal force
acting on shear plane (M) at the tool tip must be equal to the
moment created by the normal force acting on tool rake (Myr):

h
Mys = F,tan(A, — a + ¢C)ZST(¢) (15)

M —flc P (1 x>{bd L cos(4a)
NT ™ 0 *Fo I, = $¢+2cos(A, —a+¢,)

Combining Eqgs. (15)-(16), contact length is obtained as:

| = {+ 2sin(¢p. + 1, — a)
€7 2 sin(¢,) cos(y)

(17)

It is known that shear stress at the end of the sticking region
equals to shear stress at the beginning of sliding region [17].
By using this compatibility, sticking length is derived as:

L2
I4
L =1 1—( S)
P C[ Pou

where, F, is the friction force acting on the tool, which can be
derived as:

lP le X ¢
Fu=f rsbdx+f yPo(l——) bdx
0 lp lc

Le
Fu=‘rsb<lp+(+1)
12k 12hy

10hy T / \ 110k
8hg 8hy

(18)

(19)

3 )
g 6h, 6hy =
: 4
= o
= 4hy 4hy
=

2h, ! 12h,

0 | | 0

t; ty ts ty
Time

Fig. 7 Demonstration of variable chip thickness and contact length, the
parameters used in the analysis; phase angle ¢=n, A/h, =2, workpiece
material Ti6Al4V, rake angle 0=0°

Since Coulomb friction law is valid for orthogonal cutting,
the apparent friction coefficient can be defined by utilizing Eqgs.

(11) and (19) as follows.

1
Fu TS TS z

o= tan(1) = 7 = (14 <1 (PO#) )l (20)
where, u is sliding friction coefficient. Ozel et al. [21] proposed
that sliding friction can be taken as u = 0.5 for general turning
processes and Eq.(20) can be solved iteratively. Thus, the
T4/ P, ratio can be obtained combining Eqs. (14) and (17) as:

T, {(+2 sin(2(¢, + 2, — @) ’1

Py 4(+1) (cosAy)? 1)

As presented in the previous section, the uncut chip thickness
is time varying in MT, i.e. h = h(6) = h(t); and thus, contact
length (1.(t)) becomes time varying as well. Fig. 7 illustrates
variation of contact length with respect to uncut chip thickness.
Note that shear angle controls both the stress distribution and
the contact lengths on the tip. Minimum energy principle
proposed by Merchant [22] can be used to predict shear angle.

(16) Firstly, the apparent friction angle is computed for each shear

angle value by Eq. (20). Tangential force and corresponding
cutting power can then be calculated as
P bh cos(A, — a) 22)
£ 7 S 5in(e,) cos(e + A — @)
P.=FV (23)

Tool geometry and cutting parameters
(V,ho,b,a)

Determine Shear angle range

¢ = [Pmin Pmax]

‘ Calculate apparent friction coefficient p, ‘

| Start with initial value of u,

[ Work out Eq.20) | X

| Check convergence

vl

| g calculated |

Calculate cutting forces and cutting power
each shear angle value

Tangential Cutting Force
Work out Eq.(22)

Cutting Power
Work out Eq.(23)

Select the shear angle value that requires
the minimum power

Fig. 8 Shear angle determination algorithm

Finally, the shear angle which results in minimum cutting
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power is predicted by Eq. (23) and the flow chart in Fig. 8
summarizes the shear angle prediction.

4.2. Modeling of heat flux

Once shear angle is calculated, stress distribution along the
tool rake is found by using Egs. (9) and (10). Chip velocity (1)
controls the heat flux at the tool chip contact [19]Li et al. [23]
proposed that chip velocity should be considered varying from
tool tip to end of the sticking region. V. is assumed as zero at
the cutting edge. V, at the end of sticking region and at the
beginning of sliding region must be equal for continuity, and
thus V. is defined here as:

sing x\?
ot oV o)
cos(¢>c - a) L,

V.(x) = sing, (24)
<<l
cos(¢, — a)
0, x =1, )

where the velocity distribution constant w in the sticking
region can be set to w = 2. Heat flux function along the contact
length is expressed from Eq. 24 as:

TSVC' 0<x< lp
q"(x) =uV.P(x), l<x<lI (25)
0, x=>1,

When the tool disengages from workpiece, heat generation
stops. Unlike conventional turning [24], heat flux does not only
vary spatially, but it also varies temporally as it becomes zero
during the non-cutting periods. And thus, heat flux is defined
as:

., (0, to<t<t,

@O ={l  Leiei] @9

where t is the starting point of non-cutting period, t; is the

starting point of cutting period, and t, is the end point of

cutting period. Fig. 9 presents variation of heat flux with
respect to time and location on the tool tip (contact length).

4.3. Solution procedure

The cutting tool is exposed to time and space varying heat
flux. If the thermal properties of the tool are independent of
temperature, and the radiative heat transfer can be neglected,
and the governing equation for heat transfer becomes [24]:

—— — V2T = S(x, y,t) (27)

where, @, is the thermal diffusivity of the cutting tool, V2
denotes the second order partial derivative with respect to
spatial coordinates. The right-hand side of Eq. 27,
S(x,y,t) term is called the source term. It presents effect of
heat generation between the tool-chip contact and convective
heat transfer.

Solution to Eq. 27 requires known initial and boundary
conditions. Multi-variable heat flux function is one of the
boundary conditions and varies with time and location. Since
x 108

8
a) I’P

Heat Flux(W/m?2)
-y

0
0 100 200 300 400 500
b) . Contact length (um)

‘E‘ Air-c In-c
% r-cut n-cut i
>
=
o
=
T Ty

0 to t t;

Time (sec)

Fig. 9 (a) Variation of heat flux along the contact length; (b) Change of
heat flux within the cutting and non-cutting periods

boundary conditions change with time, tool temperature
modelling requires a transient solution. Here, MATLAB’s PDE
Toolbox [25] is employed. The PDE Toolbox solves partial
differential equations (PDEs) by using finite element analysis.
The PDE Toolbox uses finite element method to discretize the
problem domain into elements and solves the PDE by using
iterative solution process [25].

Heat generation between tool-chip is assumed to be uniform
in the direction of the width of the cut. As a result, heat transfer
problem becomes symmetric about a plane which is located at
the midpoint of the width cut and parallel to side face of the
tool. Tool tip can be modelled 2D by taking a cross section
from plane of symmetry to decrease the computational cost,
and Fig. 10 illustrates the model. Initial tool temperature is set
to room temperature, and heat flux function q"'(x, t) is applied
along the contact length as shown in Fig. 10. The heat flux can
only flow into the tool along the contact length. Maximum
contact length is calculated for each case. Then, the contact
region is divided into several nodes to increase solution
accuracy. The time varying contact length can be discretized
into constant sections as shown in Fig. 11 and each section is
considered.

Overall solution procedure is iterative and summarized in
Fig. 12. First, nodes are assigned within contact length as
convection boundary condition during air cutting. When tool
engages the workpiece, heat flux is applied along the chip
contact region depending on the contact length. For instance,
when actual contact length becomes half of the maximum
contact, half of the nodes in the contact region is exposed to
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heat flux, and the others are assigned as convection. When
current chip thickness value achieves its maximum, contact
length becomes maximum so that all the nodes in the contact
region are exposed to heat flux. This procedure is applied
during to all heating and cooling cycles.

Room
/ temperature

Convection

Heat flux,
q"(x.t)

Heat flux,
q"'(x,t)

Convection

Fig. 10 Meshed tool geometry and applied boundary conditions

Table 2 Thermal properties of tool and workpiece materials

Workpiece [26]  Tool[27]

Material Ti6Al4V TiN coated carbide tool
Density (kg/m3) 4346 5420

Thermal conductivity — 13.3 22

(W/mK)

Specific heat 649 783.4

capacity (J/kgK)

Table 3 Orthogonal cutting parameters

Rake angle (deg.) 12
Shear angle (deg.) 39
Apparent friction angle (deg.) 25
Sliding friction coefficient 0.5
Feedrate (mm/rev.) 0.1
Depth of cut (mm.) 1

Workpiece shear stress (MPa) 613
Cutting speed (m/min) 80
Percent time in-cut (%) 50

1.25 50
24 cutting

regime \ ;
Lr 140 =
E 3
E =
=075 30
2 >
3 15 cutting 37 cutting =
g 05 regime regime 120 Z
o 2
025¢ . 10 E
Non-cutting 2

0 : : 0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Time [sec]

Fig. 11 Illustration of the discretization of contact length for MT for ¢ = m,
A = 2.5hy and f,, = 3.5f,,

| Calculate chip generation regime |

| Generate tool geometry and mesh I

I

I Set solution time and time step |

l

| Discretize contact length with respect to time I

| Set Boundary and Initial conditions
l

| Solve the problem l | Iterate |
Use previous iteration’s temperature data as
an initial condition for new iteration

!

Obtain the results

Fig. 12 Solution procedure for transient thermal problem
4.4. Validation of the proposed model

The developed model is validated against the experimental
result provided by Armendia et al. [28] for an interrupted
cutting process. Note that the process in [28] is not fully MT
but very similar. The purpose is to ensure that the developed
model can capture the thermal dynamics in interrupted cutting
well. A series of experiments on Ti6Al4V alloy with coated
carbide tool were carried out, and the transient cutting
temperatures were measured by high bandwidth micro-thermal
imaging system. Thermal properties of the tool and workpiece
materials used in experiments are listed in Table 2. Table 3
shows the simulation input parameters to verify the proposed
model, and Fig. 13 compares cutting temperatures.

It should be noted that a key aspect in accurately modeling
tool temperature is determining suitable heat partition ratio
(HPR) between the tool and chip for a process. HPR depends
on the contact conditions, cutting speed, feed, surface
roughness, temperature and time-dependent thermal properties
of the tool and workpiece materials. An average HPR to cutting
tool is determined through use of an inverse iterative method in
this study [29]. This method involves comparing the maximum
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temperature values obtained from the experimental and
simulated results. In this work, the heat partition ratio is set to
5.3%.

Temperature comparison presented in Fig. 13 presents
accuracy of the developed model. The tool is heated up to 400
°C in 58.8 ms during the cutting period, and it cools down to
150 °C at the same duration in the air cutting period. Proposed
model captures it accurately.

450 | T ' I
— — —-experiment

simulation

400 |
4

350

————

=)
2 300 1
2
@
E‘* 250 -
g ‘
= \
200 \3 \
150 | i i |
100 :

1.65 1.7 1.75 1.8 1.85 1.9 1.95
Time [s]

Fig. 13 Comparison of the simulation results and experimental
measurements for TiN-coated carbide tool and Ti6Al4V workpiece. Cutting
conditions: rake angle=12°, cutting speed V=80 m/min, feedrate f= 0.1
mm/rev

5. Tool tip temperature analysis

Accuracy of the model is validated in the previous section.
Next, tool-tip temperatures and the cooling effect of MT are
then analysed for ¢ = 180°,120° 90° in simulations using the
proposed model. Tool and workpiece materials were selected
identical to those used in experiments [28], and thermal
properties of them shown in Table 2. Table 4 details the cutting
conditions. The cutting parameters (spindle speed, modulation
frequency and modulation amplitude) change the -chip
formation, which in turn changes the cutting forces and tool
temperature due to the nature of the MT. While the phase
difference is the function of spindle speed and modulation
frequency, the maximum chip thickness value depends on the
phase difference and modulation amplitudes. Gao et. al. [5]
states that ¢p = 180° is the optimal modulation condition.
Nevertheless, Eren et.al [8] showed that ¢ = 90° case requires
the minimum specific cutting energy. The effect of setting
phase difference as ¢p = 120° has never been studied for MT
in the past. It should be noted that phase difference does not
change the material removal rate, it affects air cutting ratio. In
other words, tool-workpiece disengagement duration which has
a great effect on tool cooldown can be changed by only
changing modulation frequency. As it is explained in the
Section 3, selecting phase difference values that is 1/2, 1/3 and
1/4 of 360° causes maximum chip thickness 2,3 and 4 times of
nominal feedrate if a specific value of A/h, ratio is set. Table
1 summarizes the chip formation regimes for ¢ =
180°,120°,90° and different A/h,. Therefore, modulation
amplitude is set to 2.5h,. The material removal rates and

cutting speeds are kept identical for all the conditions including
the ordinary (continuous) turning. The transient heat transfer
problem is solved for all cases to predict the tool tip
temperature variation and its extremum. Since the process is
transient for MT, temperature distribution along the rake face
changes with respect to time. The temperature distribution
along the rake face for ¢ = m is presented in Fig. 14.

Table 4 Cutting Parameters for each case

Parameters Continuous  MT- MT- MT-
turning Case 1 Case 2 Case 3

Phase difference (°) 0 180 120 90

Spindle speed (Hz) 40 40 40 40

Modulation frequency 140 133.3 130

(Hz)

Nominal feedrate 01 01 01 01

(mm/rev)

Modulation amplitude 025 025 025

(mm)

Cutting speed (m/min) 300 300 300 300

Maximum chip 01 02 03 04

thickness (mm)

As show in Fig. 14, maximum temperature is observed after
the second cutting regime, because at this instant the largest
contact length is observed that yields maximum energy input.
Temperature distributions along the contact length at these
instants are plotted in Fig. 15 to determine the peak temperature
points on the tool for each case.

As shown in Fig. 15, peak tool tip temperature location varies
based on the cutting conditions in MT. Firstly, peak
temperature is observed at 0.09 [mm] from the cutting edge for
conventional continuous (ordinary) turning. For MT, peak
temperature location is predicted at 0.18[mm], 0.27[mm] and
0.33 [mm] from the tool’s cutting edge when ¢ =
180°,120°,90°, respectively.

700 700
a) b)

_ 600 __600

2 500 &.500
g g

2 400 £ 400
2 2

£ 300 £300
= =

200 200

0 02 04 06 08 1 0 02 04 06 08 |
¢) Distance from the tool tip [mm] d)  Distance from the tool tip [mm]

700 700

L 600 O, 600
L o

5 500 5500
B 5

2 400 2 400
B E

= 300 = 300

200 200

0 02 04 06 08 1 0 02 04 06 08 1

Distance from the tool tip [mm] Distance from the tool tip [mm]

Fig. 14 Variation of temperature distribution along the rake face in one
modulation; a) After non-cutting period; b) After first cutting regime; c¢) After
second cutting regime; d) After third cutting regime

The reason for this difference can be explained by varying
heat flux along the contact length. As shown in Fig. 9,
maximum value of heat flux is predicted at the end of sticking
region. As can be seen in Eq. 17 and 18, the contact length
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changes based on instantaneous chip thickness, and the length

— Continuous — ¢ =7
of the sticking region changes accordingly as well. Since the %) 800 ' T
maximum chip thickness is 2, 3, and 4x of the nominal feedrate °_
for ¢ = 180°,120°,90°, the length of sticking region becomes 2 700 ¢
approximately 2, 3, and 4 times greater than continuous =
turning. This relationship is key in controlling the maximum ;g_ 600 1 8
temperature locations on the tool tip. Temperature and time =
history for those locations are given in Fig. 16-18. = 500 : : : :
2.7 2.72 2.74 2.76 2.78 2.8
700 T T r T — Continuous —— ¢ = 2w/3
Continuous ) 800 ' ‘ ‘
. —_—T o
600 . 5 7007 :
U —_— =12 ;5
E
o > 500 2 600 ¢
= 1 L 1 1
;‘“400 50(')247 2.72 2.74 2.76 2.78 2.8
ﬁ — Continuous — ¢ =1/2
300 | ) 800 ‘
o]
© 700 F
200 : : : : 5
0 0.2 04 06 0.8 | g
Distance from tool tip [mm)] QEc’h
Fig. 15 Distribution of temperature along the rake face for different cases = 0 : ! : :
2.7 2.72 2.74 2.76 2.78 2.8
Periodically heating cooling cycles occur when interrupted Time [s]
cutting is realized with MT. Although the heat flux remains
constant, the amount of heat input increases during the heating Fig. 16 Simulated rake face temperature simulated at x=0.18 [mm] from the
period in comparison to continuous cutting while the same tool tip.
amount of material is removed. This caused by the enlarged
contact surface of tool and workpiece as shown in Fig. 5. When — Continuous — ¢ =7
the cutting tool lost its contact with the workpiece (cooling o 700
period), tool temperature decreases because heat generation o A A A A A A A / A
does not occur. The effect of interrupted cutting on tool o 600 \{ \j \{ \{ \l \f \f \] \{ \{ \{ \] \{
temperature for different locations is shown in Fig. 16-18. The =
duration of the heating and cooling periods depends on the g 500+
modulation parameters. For a phase difference resulting in a g
high air cutting ratio, the cooling time increases. In this way, a & 400 - \ s \
decrease in tool temperatures is observed. 2.7 272 2.74 2.76 278 2.8
As shown in Fig. 16-18 temperatures observed in MT exceed — Contmuous — ¢= 2TT/ 3
conventional turning further away from the tool tip. This is ) 700
expected since tool temperature decreases in conventional e
turning due to low heat flux away from tool tip and the effect g 600 \[ vaUUUUUUUuU
of convection. In addition, maximum contact length in MT is 2
greater than maximum contact length in conventional turning. 2 500
Hence, the maximum value of heat flux in MT is observed £
further away from tool tip as compared to conventional turning. = 400
Investigating the maximum temperatures for all cases is a good 27 272 274 276 278 28
way to understand the effect of cooling in MT. Table 5 shows — 700 _ Contl‘nuous _ ¢ = n( 2
maximum temperatures on the tool rake face for all the cases. i-)
Table 5 Maximum tool temperatures for each case g 600
g
Temperature ('C) g 500
Continuous turning 711.96 g
MT - Case 1 (¢ = 180°) 711.30 = 400 - ‘ - ‘
MT - Case 2 (¢p = 120°) 662.22 2.7 272 2.74 2.76 2.78 2.8
MT - Case 3 (¢ = 90°) 622.64 Time [s]

Fig. 17 Simulated rake face temperature at x=0.27 [mm] from the tip.
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— 200 — Contmuous —_— (,D =1
7o AAAA/\AAAAAAAM
ER AV AVRVAVRTAVATRVAVRTAVAY
2500 f
=
= 400 ‘ ‘ | ‘

2.7 2.72 2.74 2.76 2.78 2.8

— Contmuous — ¢7 = 271'/3

5700
o A
P A A A AN
EJ400 ‘ ‘ : ‘
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Time [s]
Fig. 18 Simulated rake face temperature at x=0.33 [mm] from tool tip

As shown in Table 5, the maximum temperature on tool rake
face in conventional (continuous) turning is greater than all
other cases. When MT is applied, interrupted cutting is
realized, and maximum temperature on tool rake face
decreases. It should be noted that phase angle has a significant
effect on maximum tool temperature. As phase angle changes
from ¢ = 180° to ¢ =90°, the maximum temperature
decreases around 90°C for cutting parameters specified above.
This situation is caused by effect of air-cutting ratio. Although
maximum chip thickness occurs in ¢ = 90°, minimum value
of maximum temperatures is observed at this phase angle since
air-cut duration is maximum.

6. Conclusions & Future Work

This paper presented a transient tool temperature prediction
for the MT process. The proposed method takes into effect of
variable uncut chip thickness for different phase angles. Heat
flux was calculated analytically by using dual zone model. A
numerical approach was used to solve the transient heat transfer
problem, namely finite element method. Tool temperature is
higher at close the tool-tip during continuous turning. MT
provides larger temperature further away from the tool tip. It
can be understood that MT distributes cutting energy along the
rake face, and thus it prevents accumulation of energy in a
specific location such as at the tool-tip. The tool temperatures
experience fluctuating trend in MT because of its discrete
cutting kinematics. The effects of modulation parameters on
temperature are investigated. The lowest maximum
temperature is observed when phase angle is ¢p = 90°.

The proposed method in this work has some limitations.

Firstly, the simulations have been run for 2D orthogonal cutting
model. Secondly, heat partition ratio between tool and chip
interface assumed as 5.3%. This assumption should be
validated with experiments. Finally, effect of tertiary
deformation zone will be considered as future work.
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Nomenclature
A Modulation amplitude (m)
b Width of cut (m)
F; Shear force (N)
F, Tangential force (N)
E, Friction force (N)
E, Normal force (N)
fm Modulation frequency (Hz)
fw Spindle speed (Hz)
h, Nominal feedrate (m/rev)
h Instantaneous uncut chip thickness (m)
I, Tool-chip contact length (m)
L, Length of sticking region (m)
P, Cutting power (W)
P, Pressure at tool tip (Pa)
P(x) Pressure distribution of rake face (Pa)
q" Heat flux (W/m?)
S Source term in heat balance equation
t Time (s)
V. Chip velocity (m/s)
%4 Cutting velocity (m/s)
a; Thermal diffusivity (m?/s)
a Rake angle (rad)
4 Pressure distribution exponent
0 Spindle rotation angle (rad)
Aq Apparent friction angle (rad)
Ua Apparent friction coefficient
u Sliding friction coefficient
Pn Tool position in nth spindle revolution (m)

Tg Material shear stress (Pa)

T Shear stress on tool rake face (Pa)
b, Shear angle (rad)

0] Phase difference (rad)

W Velocity distribution constant
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