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Abstract Nowadays, almost all cutting tools are coated
due to improvements in manufacturing processes. The two
main reasons are: (1) coatings allow a cut with less friction
and less wear resulting in longer tool life and (2) thermal
barrier effect, since the contact between workpiece—tool—
chip occurs in the coating and not in the tool material
(substrate). This paper analyzes, the thermal effect of the
coating without considering the tribological effect. The
thermal behavior with three types of coating: cobalt (Co),
titanium nitride (TiN), and aluminum oxide (Al,O3) on a
ISO K10 carbide insert of 3 mm thickness was investi-
gated. This paper investigates the behavior of inserts with
coatings of thickness of 1, 2, 5, 10, and 20 pum in a one-
dimensional transient thermal model proposed for a mate-
rial composed of two layers. A constant heat flux simulates
the heat generated in the tool-piece—chip interface for
coated and non-coated inserts. The solution of the diffusion
equation is obtained using the Green function method. The
effect of the coating can then be calculated by analyzing
the evolution of the temperature at the cutting interface in
contact with the heat flux and the evolution of the tem-
perature at the coating—substrate interface. It can be con-
cluded that coatings have thermal barrier effect, although
for coatings of 2 um thickness, this influence is very small
and produces temperature reduction of up to 14%. For
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thicknesses greater than Sum, the effect becomes consid-
erable depending on the coating—substrate pair. In the case
of TiN carbide, the temperature reduction is 26, 34, and
41% for the thicknesses of 5, 10, and 20 um, respectively.

Keywords Cutting tool coating - Cutting temperature -
Analytical solution - Heat conduction

1 Introduction

The study of the thermal and mechanical behaviors is
extremely important in manufacturing processes. Tools are
fundamental for the success of any manufacturing process,
both as to the quality of the finished material and the
economy in the supply chain. The technological evolution
of tool production led to the development and application
of coatings on tools to facilitate cutting by acting on the
tribological mechanisms. With the advance in coating
deposition technology, there has been a tremendous growth
in automotive and aerospace industries and the precision
tool sector (Du et al. [3]). One of the main functions of the
coating is to reduce tool wear. The thermal insulation
characteristics is another desired effect.

Nowadays, virtually, all cutting tools are coated. Rech
et al. [14] claims that application of a layer of a different
material (coating) on the tool material (substrate) changes
the thermal behavior of the coated tool. The difficulty in
the thermal analysis of the effect of coatings is due to the
great difference in dimensions: the coating thickness varies
from 1 to 20 pm and the tool thickness of the order of 3
mm. Thermal analysis of the influence of these coatings
has been made by several authors, using thermal models
with numerical, analytical, and experimental solutions,
such as the works of Grzesik et al. [6].
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Grzesik and Nieslony [5] used two thermal models to
study the behavior of TiN and Al,O3 coatings. He used a
two-dimensional model and a one-dimensional model.
Both steady-state models were developed in finite ele-
ments. The authors claim that the 1D model was more
efficient than the 2D model. The coatings exhibited a
thermal barrier effect yielding temperature differences of 8
K (°C) between coated inserts and uncoated inserts. They
claim that the technique is not suitable for thin coatings.
According to the authors, extremely, thin coatings require
enormous computational effort.

The work of Brito et al. [2] presented a tri-dimensional
transient regime thermal problem .The coating layer was
simulated as a contact resistance of 10 um thickness. The
solution of the problem was obtained numerically using the
commercial package, ANSYS Academic Research, v.11.
Four cases of cutting tools with a single coating layer were
analyzed.

The numerical treatment of the very thin coating is the
major difficulty in the use of numerical methods. This
problem is due to the transition necessary for the con-
struction of the numerical mesh. Typically, the substrate
has dimensions of the order of millimeters while the
coating layer is of the order of micrometers. As the
refining of the mesh in the coating region should be
smaller than the layer (micrometers), an appropriate mesh
results in millions of nodes making the numerical tech-
nique very costly.

An alternative is the use of analytical solutions. The
great strength is that the solutions are valid for any domain
(coating or substrate) and can be exact or approximate. The
difficulty in using analytical solutions lies in the limitation
in orthogonal geometries in simplifications of the boundary
conditions which in certain models deviate from real
conditions.

Grzesik [4] made an experimental study of machining
medium carbon steel and austenitic stainless steel with
coated inserts. He considered different factors, such as
cutting conditions and coatings, to obtain the influence on
the cutting temperature at the coating—substrate—chip
interface. Coatings of titanium carbide (TiC), composite
layer of titanium carbide and titanium nitride (TiC/TiN),
and composite layer of titanium carbide, aluminum oxide
and titanium nitride (TiC/Al,O3/TiN) were studied. To
obtain the temperature at the interface, K-type thermo-
couples were inserted in the tool and the temperature of the
thermocouples inside the tool used for the investigation.
Grzesik [4] concluded that the average interface tempera-
ture is influenced by the thermal properties of the tool
material and the coating. He concluded that the thermal
conductivity of the coating and the tool affect significantly
the temperature of the interface.
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In another study, Grzesik et al. [6] investigated the
influence of multilayer coatings of TiC, TiC/TiN using
approximate solutions to calculate the mean and maximum
temperatures in the interface, in the shear plane. The results
were compared with experimental results obtained using
the tool-work thermocouple technique. Although the
results were satisfactory when compared with experimental
cases, the work does not show neither the transient
behavior nor the temperature profile in the tool. Taking into
account relatively high scatter of the emf signals for a TiC/
Al,O3/TiN coating, it is concluded that the proposed model
predicts 1-20% lower or higher temperature values com-
pared with experimental results.

Rech et al. [14] investigated the thermal behavior of
coatings using a 1D transient thermal model. The method
of solution is the quadrupole method, which requires
knowledge of the heat flux and the temperature on both
surfaces. The authors concluded that the thermal barrier
effect occurs only in interrupted orthogonal cutting. Coat-
ings of titanium carbide (TiC), titanium carbide and tita-
nium nitride (TiC/TiN) and titanium carbide, aluminum
oxide, and titanium nitride (TiC/Al,O3/TiN) on a cemented
carbide(substrate) tool were analyzed. The analysis con-
sidered thicknesses of 2-2.5 um. The knowledge of heat
flux at opposite face is, in fact, a unrealistic condition and
the work just investigates the influence of the thermal
diffusivity of the coating.

In another study, Rech et al. [13] proposed an inverse
problem to obtain the heat delivered to the tool using an
experiment simulating controlled orthogonal cutting. A
micro-resistance was applied in an area proportional to of
the tool—chip interface area, of the order of 107 mm?. An
integral method was proposed and experimental tests were
carried out with coated and uncoated tools. The results
showed no difference in the heat estimated. Thus, the
authors concluded that no thermal barrier effect can be
observed. The coating had a thickness of 2 um. However,
the coating—substrate interface temperature was not cal-
culated. The presence of the coating could cause a tem-
perature drop in the coating—substrate interface, thus a
thermal insulation effect? Coatings with greater thickness
as used in industry such as 5, 10, or 20 pm could show
behavior different from 2 pm? This study seeks to respond
these questions.

This study investigates the thermal behavior of inserts
with three types of coating: cobalt (Co), titanium nitride
(TiN), and aluminum oxide (Al,O3;) on a carbide insert
tungsten carbide insert. Several coating thicknesses are
tested in a one-dimensional transient thermal model for a
material composed of two layers. A constant heat flux
simulates the heat generated in the cutting interface. The
solution of the diffusion equation is obtained using the
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Green’s functions method. The effect of the coating can
then be calculated by analyzing the evolution of the tem-
perature at the cutting interface in contact with the heat flux
and the evolution of the temperature at the coating—sub-
strate interface.

2 Thermal model of coating and substrate
2.1 Chip formation mechanisms

Studies of the mechanism of chip formation in a machining
process consider that the process occurs in different stages,
cyclically and at very high speeds and deformations. The
stages can be described by considering the movement of
the workpiece material in relation to the tool cutting edge
(Machado et al. [11]) as lifting of the material, plastic
deformation, and rupture of the material. At the start of the
cutting process, the workpiece material approaches the tool
and is pressed against the cutting edge, undergoing com-
pression at the contact area. The continued motion of the
workpiece causes plastic deformation of the material that
comes in contact with the tool rake face. The plastic
deformation increases progressively until the formation of
a stress state in the material ahead of the cutting edge,
which promotes the initiation and propagation of a crack in
the deformed material, causing it to rupture. The region
where the rupture occurs is referred to as the primary shear
zone. Figure 1 shows the location of the primary shear
zone and the projection of the shear plane.

In Fig. 1, the shear plane is perpendicular to the page
and the direction of its projection relative to the cutting
direction is given by the shear angle. According to Kami-
nise [10], most of the heat generated by friction between
workpiece and tool goes to the chip. The temperatures in
the interface are extremely high, and depending on the
cutting conditions, the tool and the machined material can
reach values above 700 K.

Shear
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Fig. 1 Chip formation during machining (according to Kaminise
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Figure 2 shows in detail the toolholder, the insert, and
the 1D thermal model. In this scheme, the heat generated at
the interface is represented by ¢(f) applied at the contact
surface between the workpiece and the insert. In this figure,
it is observed that the heat flux due to friction is applied in
the direction of the thickness of the insert. Therefore, to
study the behavior of the coating and its influence, a 1D
thermal model with a heat flux proportional to that found in
machining processes can be used without loss of generality.
The toolholder and the insert are exposed to an environ-
ment. However, the effect of this medium occurs princi-
pally for times greater than 15 s. Thus, for simplicity, the
opposite face of the insert will be considered insulated. The
analysis of the thermal behavior of the coating for times
inferior to 10 s allows the use of this hypothesis. The
solution to this problem is presented below.

2.2 One-dimensional transient thermal model
The thermal problem shown in Fig. 3 is described by the

heat diffusion equation, where indices 1 and 2 represent the
coating and the substrate, respectively:
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Fig. 2 Scheme of the toolholder, the insert and the 1D thermal model
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Fig. 3 Thermal problem: a two-layer plate subjected to a heat flux at
one face x = 0 and insulated at the other face (x = L)
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Subjected to the boundary conditions

—k a;f =0; —k aaT2 = 0 (Ic)
the continuity conditions
Ti|op= Taliy —ki aaTl = —kz aaTz . (1d)
and the initial conditions
T(x,0) =Tr(x,0) = F(x) =Ty (le)

The temperature in each region i (coating and substrate)
can be obtained by the Green’s function method as in
Ozigik [12].

Thus, for region 0 <x<b and b <x <L, the solutions
for the interval [0, b] are
t b

A / X1 ()q(2) (¢ — 0)dx'dr

0

061 = Xln Xln /
q(t

n=1 0

=X
Tl (xa t) k 1"
1

(2)

and for the interval [b, L]:
' b
Tale ) = 2 [0 [, (W)g(ate — 0)aas
0
kl o~ X (x Xln /q - e
0

(3)

where the eigenfunctions are X; = Xj,(x) and X, = X5, (x)

and the eigenvalues are given, respectively, by

X, =cos(yx)
X, = {cos(nb) cos(yb) + (’;—;) (%) sin(yb) sin(nb)} cos(nx)

+[eostsints) - (1) (2) sty costan)| s
@)

In addition, therefore, the solutions for the temperature
field are given by
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To(x,1) = ﬂiNi{ {cos(ﬂb)cos(“yb) + <%> (ﬁ) sin(yb) sin(nb)] cos (1)

+ [cos(yh)sin(qb) - (%) (E) sin(yb) cos(nb)] sin(nx) } cos(0)

(5b)

where 4,, ey, en are the eigenvalues defined by transcen-
dental equation

tan(yb) = —K tan[y(b — L)] (6)

as calculated using the approximations suggested by Haji-
Sheikh and Beck [9] and Haji-Sheikh and Beck [7].

Equations (5a) and (5b) can be verified by comparing
with the analytical solution of a two-layer slab with perfect
contact between layers with jump in heat flux at one
boundary, zero heat flux at other boundary given by Haji-
Sheikh [8]. A dimensionless groups is then defined to do
the comparison, and it means

kT t . kT t
fie i) =T gy R
quW quw (7)
o x,t
6]1(x,ﬂ—ql( ),
qw
- t . C -k
F=, i=2 &=22 k=22,
L L2 | ki ®)
. L -
L=—, LL=L-1
Ly
and
Ly=b, L,=L-b, C=—,
| ! 9)
C=—=L-1,q(t)=q1 =qw
0

Table 1 shows a dimensionless comparison between
both solutions. It can be observed that the results fit about
four accurate digits.

Table 1 Dimensionless temperature, 7(%,7), comparison for a two-
layer slab with jump in heat flux at one boundary and zero heat flux at
the other boundary

f=wt/I? T(0.5,1) (8] T(0.5,7) T(1,i) [8]  T(1,7)

0.10 0.05924918  0.05924812  0.00525686 0.00525681
0.15 0.10778685  0.10772560 0.01953752  0.01953240
0.20 0.15584738  0.15581263  0.04097560 0.04097531
0.30 024778141  0.24772145 0.09586580  0.09586089
Data from Haji-Sheikh [8] and this work considering

ky/ky = 0.25,C,/Cy = 1,L,/L1 =3), §=0.5 and 1



J Braz. Soc. Mech. Sci. Eng. (2017) 39:3249-3255

3253

As mentioned by Beck [1], every infinite series must be
truncated to a finite number of terms when evaluated
numerically on a computer. The number of terms sets the
accuracy of the numerical results.

Unfortunately, the number of terms needed for accurate
evaluation can vary from place to place within the body an
can vary with time. Figures 4 and 5 show the convergence
for each position in the slab used here. The deviation is
calculated from the ratio convergence criterion test, ¢,
based on the last few terms of the series and the entire
series so far Beck [1].

Specifically, letting f; be the ith term of the series and
letting Sy, be the truncated series, given by

S = ;f (10)

Then, using the average of the last three terms, the sum-
mation is truncated when

’fmZ +fm71 +fm i

< 11
g 5 |<€ (11)

In this example, the series provide a convergence about
three accurate digits using a number of 150 eigenvalues.

3 Analysis of the influence of the coating
on the coating—substrate interface temperature

For the analysis of the thermal influence of coatings a ISO
K10 carbide insert of 3 mm thickness and three coatings:
cobalt (Co), titanium nitride (TiN), and aluminum oxide
(Al,0O3) were studied. Table 2 shows the thermal properties
of these materials, Brito et al. [2], Rech et al. [14], and Du
et al. [3]. Based on the coatings in industry, this paper
investigates the behavior of inserts with coatings of
thickness of 1, 2, 5, 10, and 20 pm.

A constant heat flux g(¢) = 25 x 10> W/m? is imposed
on the surface of both coated and uncoated inserts. This
magnitude was chosen to produce at the cutting interface
temperatures between 450 and 1000 °C found in orthogo-
nal cutting processes. Clearly, in a turning process, the heat
flux is much/extremely higher due to the contact area being
of the order of 1076 mm?.

Figure 6 shows the temperature profile of the uncoated
and the three coated inserts at the instant t = 10s (coating
thickness of 10 pm). This duration was chosen, because it
is representative of an orthogonal cutting process. The
differences in behavior between the uncoated and coated
inserts are more pronounced in the coating region. This

i difference, however, is greatly reduced in the substrate
8 region.
T f“"ﬁww ——position x=0.01m | | Tables 3, 4, and 5 show the simulated temperatures at
°r] igz:;ggzgr%%m 1 the cutting interface (77), and at the coating—substrate
5 ° 1 interface (7>) for the Co, Al,Os and TiN-coated inserts,
= . . . .
= ! Iy respectively. T3 is the simulated temperature at the cutting
e r&M interface for the uncoated insert. 100 x (75 — T»)/T5 is the
2
i |
1L 4
s g Table 2 Thermal properties of the insert and the coatings
1 ‘
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Fig. 6 Temperature profiles of uncoated and coated insert at + = 10s
and g(f) = 25 x 10° W/m?. Coating thickness 10 um
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Table 3 Effect of Co coating

thickness on temperature of Coated thickness ((tm) T T, T; T: —T» 100 X (T3 — T2) /T3 %
cutting interface (1) and 1 395.1 297.8 300.3 3.1 0.8
coating—substrate interface (73)
at t = 10s 399.6 292.9 300.3 7.4 2
432.4 287.3 300.3 13.0 4

10 460.2 280.1 300.3 20.2 6

20 478.9 252.3 300.3 48.0 15
Tab!e 4 Effect of ALO; Coated thickness (jtm) T, T, T; T —T, 100 x (T — T2)/T5%
coating thickness on
temperature of cutting interface 1 382.8 276.5 300.3 238 7
(T) and coating-substrate 2 42258 269.6 300.3 30.7 10
interface (T3) at t = 10s : : : :

5 489.2 255.8 300.3 44.5 14

10 703.0 217.2 300.3 83.1 27

20 792.6 198.5 300.3 101.8 33
Table 5 Effect of TiN coating . — —
thickness on temperature of Coated thickness ({tm) T; T, T; T3 —T» (100 x T3 — T») /T3 %
cutting interface (7)) and 1 72422 2714 300.3 28.9 9
coating—substrate interface (75)
ati— 10s 2 784.8 256.8 300.3 43.5 14

5 836.4 220.2 300.3 80.1 26

10 1104.6 198.5 300.3 102.1 34

20 1200.8 174.3 300.3 126.0 41

percentage reduction in temperature of the coating—sub-
strate interface in relation to the uncoated insert cutting
interface. Figure 7 presents a scheme showing the position
of these temperatures.

Figure 6 and Tables 3, 4 and 5 show that the immediate
effect of the coating is to increase the temperature in the
cutting interface due to the additional resistance of the
coating. However, the temperature drops rapidly in the
coating. For very thin coatings of 1 and 2 um, the tem-
perature reduction at the coating—substrate interface is 0.8
and 2%, respectively, for the Co coating. That is, no sig-
nificant thermal barrier effect was produced, as observed
by Rech et al. [13]. However, for thickness of 5pm, the
reduction is 14 and 26% for Al,O3 and TiN coatings,
respectively. For thicknesses of 10 um, the reduction is 27
and 34% for Al,O3 and TiN, respectively. However, for the
cobalt coating of 10 um, the temperature reduction is only
6%. This behavior is due to the conductivity and thermal

W =T

Fig. 7 Scheme to show the position of simulated temperature 7, 75,
and T;

@ Springer

diffusivity properties being very similar to the insert/sub-
strate, whose composition has high percentage of cobalt.
Thus, the thermal barrier effect depends strongly on the
thermal properties and the coating thickness. The most
effective thermal barrier is TiN with a temperature reduc-
tion of 41% for a 20 um coating.

Figure 8 shows the temperature evolution of the cutting
and the coating—substrate interfaces of the insert coated
with 10 um of TiN. It also shows for comparison the cut-
ting interface temperature of the uncoated insert. The
coating—substrate interface temperature is lower than the
cutting interface temperature of the uncoated insert.

1.200 T T T T
1.100H -o-Tool Coated (Cutting Surface) TiN
-&-Tool Coated (Interface) TiN
1.000 «Tool Uncoated (Cutting Surface)

Temperature (°C)

Time (s)

Fig. 8 Temperature evolution at the cutting and the coating—substrate
interfaces of the insert coated with 10 pm of TiN
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4 Conclusion

Coatings have thermal barrier effect. For example, even
coatings with a thickness of 2 um can produce a tempera-
ture reduction of up to 14%.

For thicknesses greater than 5 pum, the effect becomes
considerable depending on the coating—substrate pair. In
the case of TiN carbide, the temperature reduction is 26,
34, and 41% for thicknesses of 5, 10, and 20 pm, respec-
tively. The tribological effect was not evaluated. That is,
the presence of the coating can change the contact area
which makes the heat flux be different when considering
machining with coated and uncoated tools. Depending on
the thermal properties of the coating and the substrate and
the coating thickness, there may be no noticeable thermal
barrier effect as observed by Rech et al. [13]. For example,
cobalt coating applied on a carbide substrate/insert.
Regarding the analyzed coatings, the most effective ther-
mal barrier is TiN with a heat reduction of 41% for a 20 pm
coating.
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