Int J Adv Manuf Technol (2017) 93:3419-3427
DOI 10.1007/s00170-017-0683-5

@ CrossMark

ORIGINAL ARTICLE

Experimental study on the cutting temperature of textured
carbide tool embedded with graphite

Wenlong Song ' « Zuocheng Wang' - Shoujun Wang? « Ke Zhou? « Zongxin Guo>

Received: 9 February 2017 / Accepted: 14 June 2017 /Published online: 18 July 2017

© Springer-Verlag London Ltd. 2017

Abstract To enhance the anti-friction and anti-wear proper-
ties of the WC/TiC/Co carbide, micro-EDM was selected to
fabricate textured micro-holes on the carbide surface, and
graphite was embedded into the micro-holes to form self-
lubricating tools. Dry machining tests on AISI 1045 hardened
steel were carried out with the self-lubricating tool and con-
ventional ones. The cutting temperature and tool wear were
investigated and compared. The results showed that the self-
lubricating tool embedded with graphite exhibited excellent
efficiency and stability in reducing cutting temperature, and
then the tool wear was reduced compared to that of the con-
ventional one. Through the analysis of test results and
cutting temperature distribution theory, the mechanisms
responsible are put forward: the first one is the forma-
tion of a graphite film on the tool rake face, which is
conducive to reducing the temperature of chip and tool
caused by tool-chip friction and chip deformation; the
other one is attributed to the reduced actual contact
length at the tool-chip interface due to the micro-holes,
which is propitious to lower the temperature of chip and
tool caused by tool-chip friction, supply more graphite,
and store chip debris.
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1 Introduction

Owing to high toughness and high wear resistance, cemented
carbide (WC/TiC/Co) is the well-known and extensively used
tool materials for industrial production. However, without the
cooling and lubrication of cutting fluid, cemented carbide is
characterized by the higher friction coefficient, dissatisfied
resistance to friction and wear, and relatively low tool lives.
To promote the cutting performance of cemented carbide in
dry machining, considerable efforts have been made, for in-
stance, optimum tool geometries and cutting conditions [1],
the minimum quantity lubrication [ 1], heat treatment [2], cryo-
genic treatment [3, 4], coated tool such as hard coatings and
soft coatings [5—15], and surface textures [16-28]. It is be-
lieved that it is promising to develop self-lubricating tools
by forming the lubricating film at the tool-chip interface with
combination of textures and solid lubricants.

Recently, surface texturing has been introduced to improve
the anti-wear properties of contact surface and has been ap-
plied in many fields predominantly such as cutting tools, en-
gine cylinder liners, and bearings [16-20]. The surface textur-
ing is conducive to entrapping the wear debris, supplying
lubricant by fluid reservoirs creation, and enhancing the
load-bearing capacity by a hydrodynamic effect, which may
effectively elevate wear resistance. For example, Lei et al. [20]
fabricated micro-hole arrays on the tool rake face in order to
facilitate lubrication and exhibited a 10-30% reduction in cut-
ting force during machining harden steel processes. Sugihara
et al. [21] reported a cutting tool with a nano/micro-textured
surface by femtosecond laser technology, and the face-milling
experiments in machining aluminum alloy processes
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Table 1 Properties of the

cemented carbide material Composition  Density =~ Hardness  Flexural Young’ Thermal expansion Poisson’s
(g/cm3 ) (GPa) strength modulus coefficient (107%/k) ratio
(MPa) (GPa)
WC + 11.5 15.5 1130.0 510 6.51 0.25
TiC + Co

exhibited that the textured surface improved anti-adhesive be-
havior on the tool rake face. Hu et al. [22] reported that a
combination of surface texturing and hot pressed MoS, coat-
ings on the steel surface was more effective in reducing fric-
tion coefficient and improving service life. Obikawa et al. [23]
reported that it was more effective in reducing friction and
wear with textures parallel to the cutting edge on the rake face
compared with other kinds of textures. Deng et al. [24] fabri-
cated micro-scale textures with different geometrical arrays on
the tool rake face and filled MoS, solid lubricants into the
textures. Results exhibited that the cutting performance of
the textured tools was significantly improved compared to
the conventional ones, and elliptical grooves were more effec-
tive than the parallel or perpendicular grooves. Then, they
combined the textured tools with WS,, WS,/Zr, and nitride
coatings to improve the tool cutting performance [25-28].

The reviewed literatures indicate that the textures filled
with solid lubricants could form the lubricating film at the
sliding interface in cutting and friction processes, which is
beneficial to improve the anti-friction and anti-wear proper-
ties. However, the previous researches mainly concentrate on
the sulfides such as MoS, and WS,, and these sulfides are
sensitive to higher temperature. As service temperature is
above 450-550 °C, they begin to be oxidized and gradually
lose the lubricating effect [10-19].

In comparison with the sulfides, graphite (C) is extensively
applied in various fields of industrial production. It owns
physical (i.e., it prevents adhesion), chemical (i.e., it enables
tribo-chemical reactions), and microstructural (i.e., it owns a
hexagonal lamellar structure with low shear strength) effects
on the tribological contact of sliding surfaces. Graphite is usu-
ally made as solid lubricating additive in cutting fluid to de-
crease the cutting temperature and tool wear [19] and could
serve excellently in a wider service temperature range.
However, few literatures have studied on the cutting perfor-
mance in cutting temperature of the tool combined with graph-
ite and textures, and they need to be further studied.

In this study, micro-EDM was applied to prepare micro-
holes with diameter of about 150 um to supply more lubri-
cants and entrap more chip debris on the tool-chip contact
area, and then graphite were filled into these textured micro-
holes to make self-lubricating tool (ST). Dry turning tests on
AISI 1045 hardened steel were carried out with the ST tool
and conventional one without micro-holes and graphite (CT).
The cutting temperature and tool wear were measured and
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compared. Through the analysis of cutting temperature distri-
bution theory and test results, the possible mechanisms of
reduced cutting temperature and tool wear for the ST tool were
studied.

2 Experimental procedures
2.1 Preparation of the test samples

Cemented carbide was used for preparation of the test material.
The composition, physical, and mechanical properties of this
tool material are listed in Table 1. Micro-EDM was applied to
fabricate micro-holes on the tool-chip contact zone using
micro-EDM equipment (type: DZW-10) as shown in Fig. 1.
The process parameters for the micro-holes were as follows:
average voltage was 125 V, and capacitance was 4.45 nF.

Graphite with diameter of 1 pum was embedded into the
micro-holes to form self-lubricating cemented carbide. The
micrographs of the micro-holes on the carbide rake face em-
bedded without and with graphite are exhibited in Fig. 2. The
average diameter of the micro-hole was about 150 + 10 um,
and the depth was about 200 + 10 pm.

2.2 Cutting tests

Dry cutting tests were conducted on a CA6140 lathe equipped
with a commercial tool holder having the following geometry:
rake angle ~, = 8°, clearance angle a,, = 8°, inclination angle
As = 2°, and side cutting edge angle k. = 45°. Cutting tools

"
Fig. 1 Photo of the micro-EDM equipment
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Fig. 2 Micrographs of the micro-
holes on the carbide rake face. a
Micro-holes filled without
graphite. b Enlarge micrograph :
corresponding to a. ¢ Micro-holes R TN
filled with graphite A
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were used with the cemented carbide tool embedded with
graphite (ST) and the conventional one without micro-holes
and graphite (CT) for comparison. The geometry of the inserts
was of ISO SNGN150608. The workpiece material utilized
was AISI 1045 hardened steel with a hardness of HRC 35-40.
All tests were carried out with the cut depth a, 0f 0.2 mm, feed
rate f of 0.1 mm/r, cutting speed v of 60—180 m/min, and
cutting time of 5 min.

Cutting temperature of chip was obtained by a TH5104R
infrared thermal imaging system. Each test was replicated
three times to ensure the reproducibility of test result. The
wear properties of the cutting tools were investigated using
scanning electron microscope (SEM) and energy dispersive
X-ray analysis (EDX) to study the mechanism of the ST tool.

3 Results and discussion
3.1 Cutting temperature

The average value of the highest cutting temperatures during
cutting process was obtained using the infrared thermal imaging
system at 10 s intervals. Figure 3 illustrates the cutting tempera-
ture distribution of chip with ST tool in dry cutting hardened
steels at speed of 140 m/min, and the maximum cutting temper-
ature of chip under this cutting condition was about 510 + 5 °C.

(1500.0)

(150.0)

Fig. 3 Cutting temperature distribution of chip with ST tool in dry
cutting hardened steels (a, = 0.2 mm, f'= 0.1 mm/r, v = 140 m/min)

(©

Micro-holes ' embedded wit

Figure 4 shows the average cutting temperature of chip as a
function of cutting speeds with the ST and CT tools. It was
obvious that the cutting temperature increased with the in-
creasing cutting speed, and it was higher than 500 °C when
the cutting speed was above 140 m/min for the two kinds of
tools. The cutting temperature of chip with the ST tool em-
bedded with graphite was reduced by 15-20% in comparison
with that of the CT one under the same cutting condition.

3.2 Tool wear on the rake face and flank face

Figure 5 exhibits the flank wear of the ST and CT tools in dry
cutting of hardened steel at conditions of a, = 0.2 mm,
f=0.1 mm/r, and cutting time = 5 min. It was indicated that
the flank wear of two kinds of tools increased with the growth
of cutting speed, and the ST cutting tool possessed the smaller
flank wear compared with the CT carbide tools. It meant that
the ST tool had played a role in improving flank wear resis-
tance during cutting process.

Wear morphology and composition analysis test on the tool
face are usually conducted to compare the tribological properties
of the tested tools. Figure 6 shows SEM micrograph of the worn
tool face and the corresponding EDX composition analysis of the
conventional CT tool. As shown in Fig. 6a, b, c, it was clearly
evident that there existed serious abrasive wear on the rake face
and flank face, which was characterized by mechanical plowing
grooves in the direction of tool sliding against chip and work-
piece. Significant adhesion wear could also be seen on the rake
face, which was identified to be Fe element of chip by EDX
composition analysis as shown in Fig. 6d, e. It was noted that
the Fe element was stripped from the chip and transferred to the
tool rake face, and then adhered to the tool rake face. The repeat-
ed adhesion and flaking of the chip to the tool could accelerate
the friction and wear of the tool rake face.

Figure 7 illustrates SEM micrograph of the worn face and the
corresponding EDX composition analysis on the worn surface of
the ST tool after 5 min dry cutting at speed of 140 m/min. From
Fig. 7a, b, and c, it was obvious that there existed plows and
abrasive wear on the rake face and flank face, yet the tool wear
for the ST tool was relatively mild compared to that of the CT
tool under the same test condition. Figure 7d—g exhibits the
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corresponding EDX composition analysis of point A-D in
Fig. 7a, b. It indicated that there was adhesion wear on the rake
face owing to high cutting temperature and severe friction. To
better evaluate the mechanism of worn rake face, EDX maps of
C and Fe element distributions on the tool rake surface are shown
in Fig. 8. The analysis results indicated that graphite could be
released from the micro-holes and unevenly smeared on the rake
face. The graphite film was propitious to alleviate the adhesion
and abrasive wear on the rake face of the ST tool. Moreover, it
could be seen that the Fe element of chip was entrapped in the
micro-holes, and the micro-holes could act as storage for chip
powder to reduce the abrasive wear on the rake face.

4 Discussion
4.1 Cutting temperature distribution

The temperature rise in cutting process is mainly composed of
three parts [29]: the chip elastic and plastic deformation on the
shear plane, the friction at the tool-chip interface, and the friction
at tool-workpiece interface. The cutting thermal created on the
shear plane transfers into the chip and then through the tool-chip
interface into the tool substrate, hence the cutting heat produced
on the shear plane influences the temperature rise of both tool and
chip. It is usually considered that the temperature rise caused by
tool-workpiece friction on the flank face is too small to be ig-
nored for one new tool with smaller tool radius. Therefore, the
cutting heat distribution produced in cutting process can be sim-
plified representation in Fig. 9. The average value of maximum
cutting temperature on the rake face is applied to evaluate cutting
temperature owing to the complexity of cutting process, and it
consists of the heat caused by chip deformation on the shear
plane and the heat caused by chip friction on the rake face

[29-31]. As a result, the cutting temperature rise can be
expressed as follows:

et:05+§f (1)

Oy = 9ﬁ (2)

where 6; and 6y are the average cutting temperatures of chip
and tool respectively, 6 is the average temperature rise of chip
due to chip deformation on the shear plane, f; and @ﬁ are the
average temperature rises of chip and tool owing to the tool-
chip friction on the rake face.

4.2 Cutting temperature distribution on the shear plane

The power consumption of chip per unit time on the shear
plane can be obtained by [29]:

U, = F,v, (3)
VCosy,

VS = ———— 4

cos(¢—,) )

where ug is the consumed power per unit time on the shear

plane, Fj is the shear force of chip, v is the shear speed, v is

the cutting speed, ¢ is the shear angle, and , is the rake angle.
The heat flux on the shear plane can be indicated by:

U, Fyvy
qs = =

AcAwCSCH Ay

sing (3)

As shown in Fig. 9, R, ¢ is the heat transfer into chip on the
shear plane, (1-R;)qgs is the heat flow into workpiece, ay, is the
cut depth, and a. is the cut width. Then, the average temper-
ature of chip on the shear plane can be expressed as follows:

_ R F .
0, = 0y + _ s qf = 0o + _ sYs sing

c1p,vsing c1pvsing aca,, (6)
0y + R VEOSY,  Tsdclw _ 0, + Ry7scosy, RyT4cosy,

€19 VA, cOS(p—y,) sing

=g+
cipcos(@)sing "

c1py (sin(2¢—y) + sinyg)

where R; is the ratio of heat flow into the chip to the
total heat on the shear plane, ¢, is the chip heat capac-
ity at temperature of (6o + ;) /2, p; is the workpiece
density, 7, is the shear strength of the workpiece, and 6,
is the ambient temperature.

4.3 Cutting temperature distribution on the rake face

As shown in Fig. 9, ¢, is heat flux at the tool-chip interface,
and it is expressed by [31]:
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_ Fyven

(7)

qr = lfaw

where v, can be obtained by vy, = v/&, and Fy is the

friction force on the rake face, v, is the chip flow

speed, Ir is the actual contact length between tool and

chip, and ¢ is the chip deformation coefficient.
Then, friction power per unit u, can be given by:
~ Frva

.=
Ve Qy
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© 300 and ¢, are the chip density and heat capacity respectively at
temperature of (26, + 0) /2.
200 A A A A . Then, the average temperature rise of chip and tool caused

60 80 100 120 140 160 180
Cutting speed (m/min)

Fig.4 Cutting temperature of CT and ST tool in dry cutting of hardened steel
at different cutting speeds (a, = 0.2 mm, f'= 0.1 mm/r, cutting time 5 min)

Applying Eq. (8) to satisfy (7), it is obtained as:

uva,

9 T )

From Fig. 9, the tool substrate is so large that the part B could
be assumed to move to part A to form an approximate semi-
infinite body surface. Then, the cutting heat conduction could
be simplified to move on the semi-infinite body as shown in
Fig. 10. R»q; is the heat flow into chip in the tool-chip contact
area, and R, is the ratio of heat flow into the chip to the total heat
generated by the tool-chip friction. The average temperature rise
at the tool-chip interface caused by friction can be calculated by:

_ ql
¢ =0.7524 —— 10
£ /L (10)

On the basis of Egs. (7)—(9), Eq. (10) can be expressed as
follows:

0.7524R2q,*
koI

0.6

5 = (1)

0.5
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0.3

Flank wear (mm)

0.2

0‘1 1 1 1 1 1
60 80 100 120 140 160 180

Cutting speed (m/min)

Fig. 5 Flank wear of CT and ST tools in dry cutting of hardened steel
(ap = 0.2 mm, /= 0.1 mm/r, cutting time 5 min)

by tool-chip friction can be determined as follows:

ly
0.7524-=
— _ kzvawlf
¢ = ———==Ryq, = 0.7524R, T, - 14
kov/Ly 20§ (14)

— kzvawlf
05 = 0.7524(1-Ry ) Tpy | ——2L 15
z (1=Ra)Tey [~ (1)

where £ is the deformation coefficient of the chip and 7. is the
average shear stress at the tool-chip interface, which can be
expressed by:

Te = ko + (1-k)7¢ (16)

where £ is the proportion between real contact area and ap-
pearance contact area, 7. is the shear stress of chip material,
and 7¢is the shear stress of lubricating film formed on the rake
face.

Therefore, the average cutting temperature of chip and tool
can be obtained from the formula as follows:

- - _ R 7scos7,
0y =0+ 0¢ =0y + - —
e c1py (sin(2¢—y,) + siny)

kavayl;
+0.7524R, 7o | 220 (17)
SY218
_ _ — R Tsc087,
O =0, + 045 =0y + : £
e c1p1 (sin(2¢—g) + sin,)
kova,l s
1 0.7524(1-R,)7 : 18
(1o 222 9

As shown in Egs. (17)—(18), the cutting parameters such as
cut width «,, cutting speed v, rake angle ~,, chip heat capacity
c1, workpiece density p;, ambient temperature 6, chip density
P2, and heat capacity ¢, have been given in practical cutting.
The workpiece shear stress 75, the shear angle ¢, the ratio of
heat flow Ry, and the ratio of heat flow R, keep constant under
the same cutting conditions [29-31]. According to
Egs. (17)—(18), the cutting temperature variation of chip and
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Fig. 6 SEM micrographs and EDX composition analysis of the CT tool
surface at speed of 140 m/min. a SEM micrograph of the worn rake face.
b Enlarge micrograph corresponding to a. ¢ SEM micrograph of the worn

tool keep in accordance with the average shear stress 7. and
actual contact length /¢ at the tool-chip interface.

As an extensively applied solid lubricant in the industry,
graphite owns much lower shear stress compared with that of
chip. Due to the frictional extrusion of chip and high cutting
temperature in dry cutting process, the graphite solid lubri-
cants may be released from the micro-holes and smeared un-
evenly on the tool face. Then, a discontinuous and/or contin-
uous graphite film may gradually create at the tool-chip inter-
face, and this is in accordance with the SEM and EDX anal-
ysis results as shown in Figs. 7 and 8. Therefore, the friction
and wear condition at the tool-chip interface is changed from
dry friction to boundary lubrication, the tool substrate carries
the load, the friction and wear behavior occurs on the lubri-
cating film between tool and chip, and results in the self-
lubrication performance. If the proportion & is about 80%,
the portion of contact area covered with graphite is about
20%. Because of the existence of graphite lubricating film at
the tool-chip interface, the average shear stress 7, will be
decreased by 20% from Eq. (16). Therefore, the average tem-
perature rise of chip and tool caused by tool-chip friction will
be reduced by about 20% according to Egs. (17)—(18).
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flank face. d and e Corresponding EDX composition analysis of point A
and Bin b

In addition, the reduction of average shear stress 7. can
influence shear angle and cutting temperature on the shear
plane by reducing the friction angle 3 [29]. On the basis of
Lee and Shaffer shear angle formula (¢ + 3 — 7, = C) [30], the
reduced friction angle 3 makes for the increase of shear angle
¢, which is beneficial to reduce the cutting temperature of the
chip and tool according to Eq. (16)—(17).

Moreover, the micro-holes at the tool-chip interface can
reduce the actual contact length /ras shown in Fig. 9, and then
the actual tool-chip contact length /¢ can be calculated as:

Iy =1,—nd (19)
where d is the diameter of the micro-hole, /, is the theoretical
contact length, and # is the number of the micro-holes at the
tool-chip interface.

If the tool-chip contact length is 1.0 mm, and there are
two micro-holes with diameter of 0.15 mm at the tool-
chip interface, the actual tool-chip contact length /; will
be reduced by 30% (see Fig. 9). Then, the average tem-
perature rise of chip and tool caused by tool-chip friction
will be reduced by 16% according to Eqgs. (16)—(17). At
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Fig. 7 SEM micrographs and EDX composition analysis of the ST tool
surface after 5 min dry cutting at speed of 140 m/min. a SEM micrograph
of the worn rake face. b Enlarge micrograph corresponding to a. ¢ SEM

the same time, the micro-holes can store more graphite
and entrap chip debris, which are also helpful to reduce
the friction and wear on the rake face.

At the same time, owing to the higher thermal con-
ductivity (120 W/(mK)) [19], the graphite film at the

micrograph of the worn flank face. d, e, f, and g Corresponding EDX
composition analysis of point A, B, C, and D in a and b

tool-chip interface contributes to the reduction of cutting
temperature of chip. Therefore, the ST tool embedded
with graphite can effectively reduce the cutting temper-
ature of chip and tool wear, and these are in line with
the test results in Figs. 4 and 5.

Fig. 8 Micrographs and EDX maps analysis of the ST rake surface tool after 5 min dry cutting at speed of 140 m/min. a SEM micrograph of the worn
rake face. b and ¢ Corresponding EDX maps of C and Fe element distributions in a
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Fig. 9 Schematic diagram of heat distribution in orthogonal cutting
5 Conclusions

Textured micro-holes were fabricated using micro-EDM on
the rake face of cemented carbide inserts, and graphite was
embedded into the micro-holes to form self-lubricating tool.
Dry cutting tests on hardened steel were carried out with the
ST tool and CT one. The cutting temperature of chip and tool
wear were investigated and compared. Through test results
and cutting temperature theoretical analysis, the following
conclusions were obtained:

1. The cutting temperature of the carbide tool embedded
with graphite (ST) was lower by 15-20% than that of
the conventional carbide tool (CT).

2. The tool wear of both rake face and flank face for the ST
tool were smaller and milder than that of the CT one. The
flank face revealed serious abrasive wear, while rake face
exhibited abrasive wear and adhesion wear.

3. The primary mechanisms responsible for the reduced cut-
ting temperature are put forward: first, owing to high

aw

2l

Fig. 10 Schematic of the heat conduction on semi-infinite body
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cutting temperature and chip friction, graphite may be
released from the micro-holes, and formed a thin discon-
tinuous lubricating film at the tool-chip interface, which is
beneficial to decrease the temperature of chip and tool
caused by tool-chip friction and chip deformation. The
second one is attributed to the reduced actual contact
length at the tool-chip interface due to the micro-holes,
which is propitious to lower the temperature of chip and
tool caused by tool-chip friction, supply more graphite,
and store chip debris. The decreased cutting temperature
contributes to reducing carbide tool wear.
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