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The research found that the surface texture applied to the cutting tool could improve the
frictional states of tool-chip and tool-workpiece effectively. In order to study the technology of
surface texture how to effect the cutting performance of the integral end milling cutter for cut-
ting titanium alloy (Ti6AlV).The longitudinal grooves, lateral grooves and pits were prepared by
laser processing technique on the rake face of milling tool made of YG6X, which was to explore
the cutting performance of non-texture tools and texture tools under the condition of dry and
lubrication. As the results, compared with the non-textured tools, the longitudinal micro-groove
and micro-pit could effectively reduce the milling force, increase the chip curl and improve the
anti-sticking properties of the tool, thereby the oxidation wear, adhesive wear of the rake face
and the abrasion wear of the flank face were alleviated as well. The experimental results dem-
onstrated that the milling force of the tool with longitudinal micro-groove was reduced by 62%
and the width of wear on rake face was reduced by 68%, the wear width on the flank face of the
micro-pits tool was decreased by 42.6%.The direction of micro-groove on the tool’s rake face had a
great influence on the anti-sticking properties, and the tools with longitudinal micro-grooves had
the best anti-sticking property. The fine medium played a major role in improving the friction
between the tool-chip friction pairs.
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WccnenoBamo BimsHME MOBEPXHOCTHON TEKCTYPHI TOPIIEBON (hpe3bl M3 THUTAHOBOTO CILIABA
(Ti6AlV) Ha ee mamocTorikocTh. [IpomosbHBIE KAHABKH, OOKOBBIE KAHABKH W YTJIyOJIEHUS OBLITH
TOJIy4YeHbl METOJIOM JIa3epHOH 00paboTKHU IepeqHed ITOBEPXHOCTH (Ppe3epHOro HHCTPYMEHTA.
WccnenoBanack  IpOM3BOAUTEIBHOCTH  PE3KHM  HETEKCTYPUPOBAHHBIX  HHCTPYMEHTOB U
MHCTPYMEHTOB C TEKCTYPOH B YCJIOBUSIX CYXOTO pe3aHus u cMa3ku. [lokasaHo, 4To 110 cCpaBHEHUIO
C UWHCTPYMEHTaMHU, He IIOJBEePTHYTHIX TEKCTYPUPOBAHUIO, IIPOJIOJIbHBIE MHKPOKAHABKU U
MHUKPOYTJIyOJieHUsT 9(PPEKTHBHO YMEHBIIAIT U3HOC WHCTPYMEHTA, YBEJIHUNBAIT CKPYYHBAHUE
CTPYSKKH U YJIYUIIAI0T AaHTUIIPUTAPHBIE CBOMCTBA MHCTPYMEHTA. JKCIIePUMEHTAIbHEIE Pe3YIbTATHI
OKA3aJIM, YTO TPEHNe HHCTPYMEHTA C IPOI0JIbHOM MUKPOKAHABKOM OBLIO YMEHbIIIeHo Ha 62%, a
IIMPHUHA U3HOCA HA IepeIHel IOBEePXHOCTH ObLIA yMeHbIIeHA Ha 68%, IMuprHa N3H0CA HAa GOKOBOMI
TOBEPXHOCTU WHCTPYMEHTA C MHUKPOYIJIyOJIeHuaMH yMeHbIuiach Ha 42,6%. Hampasienue
MUKPOKAHABKU HA IMepeaHedl MMOBEepPXHOCTH WHCTPYMEHTA OKa3bIBAeT OOJIBIIIOe BJIUSHUE Ha
AHTUIIPUTAPHBIE CBOMCTBA, 4 WHCTPYMEHTHI C IIPOIOJIBHBIMI MUKPOKAHABKAMU UMEJIH JIyJIlre
TIPOTUBO3aTUPOIHEIE CBOMCTBA.

Hocnig:xenns epekTuBHOCTI pidaHHsa i 3HOCY iHCTPYMEHTY [JI1 MiKpOi3MeIbYe HHUH
Ti6Al4V. SHEN Xiang-yu, GUO Xu-hong, DENG Da-song, LU Li-li, CHEN Ya-dong

,Z[ocmnmyBcha BILUIUB II0BEPXHEBOI TEKCTYPH TOPIIEBOI d)pesn 3 TUTAHOBOIO CILIABY
(Ti6AlV) ma ii criigictb. [lo3moBskHI KaHABKH, OlYHI KaHABKM 1 IIOTVIMOJIEHHS OyJIM OTPUMAHI
MeTO/IOM JIa3ePHOi 00pOOKH TIEepeIHBOT HOBerHl dopesepHoro 1HCprMeHTy HocmmryBanacs
MPOIYKTHUBHICTD p13aHHH HETEKCTYPOBAHUX lHCprMeHTlB i 1HCprMeHTlB 3 TEeKCTypol B
YMOBax Cyxoro pisanus i macruia. [Tokazano, 110 B MMOPIBHAHHI 3 IHCTPYMEHTAMU, HE ITITaHUX
TEKCTYPYBAHHIO, TIIO3I0BX¥KHI MIKPDOKAHABKM Ta MIKPOYryOJieHiss e(QeKTUBHO 3MEHIIYITh
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3HOC 1HCTPYMEHTY, 30LIBIIYIOTH CKPYUYYBAHHS CTPYKKH 1 MOKPAIIYIOTh AHTHUIPUTAPHI
BJIACTUBOCTI 1HCTpyMeHTy. ExcriepumMeHTaIbHI Pe3yIbTaTH MOKA3AJIH, III0 TEPTS IHCTPYMEHTY
3 IIO3/IOBYKHBOI0 MIKPOKAHABKAMU OyJi0 3MeHIIeHO Ha 62%, a ImupwHA 3HOCY HA IIepeIHii
moBepxHi OyJsia 3meHimeHa Ha 68%, mwupuHA 3HOCY Ha OIYHIA MOBEpPXHI 1HCTPYMEHTY 3
MiKkpoyriIyoJsieHis amenmuiaacsa Ha 42,6%. HanpsMmorx MikpokaHaBKM Ha MMEPEeIHIN MTOBEPXHL
IHCTPYMEHTY Jy:Ke BILJIMBAEe HA AHTUIIPHUTAPHI BJIACTHUBOCTI, & IHCTPYMEHTH 3 II03[OBKHIMU
MIKPOKaHABKAMU MaJIX KPAIIl IIPOTIBO3aIPOYHIE BJIACTUBOCTI.

1. Introduction

The traditional mechanical design and tri-
bology theory generally believe that smooth
surface helps to reduce friction and wear, so
the machining technology had been develop-
ing to the direction of the high precision and
low surface roughness. On the other hand, the
application of surface texture also has a long
history. The engine cylinder liner crossed the
texture pattern has been a successful example
since the 1940s [1]. With the deep research on
surface texture technology, domestic and for-
eign scholars had applied surface texture tech-
nology to the field of cutting tools. The related
research showed that the tool with smoother
rake and flank face was not more anti-friction,
but the surface with texture always had bet-
ter wear resistance. The study of the texture
morphology mainly included convex hull, pit,
groove and scaly. Over the past decade, the de-
velopment of micro-fabrication technology had
made it possible to control the shape precise-
ly. The scale and interface property of texture
could be optimized as well.

At present, the study shows that the high
quality of the cutting tool with the surface tex-
ture can achieve good anti-friction, anti-adhe-
sion and improve wear resistance, etc., thereby
it can also improe the cutting performance of the
tool. Lei S [6] and others found that the texture
tool reduced the cutting force and tool-chip con-
tact length. T. Enomoto [7] and N. Kawasegia
[8] also found that the trench texture tool could
reduce the tool-chip contact length, effectively
reduce the cutting force and improve the wear
resistance of the tool as well. T. Sugihara [9]
and others demonstrated that the trench-type
texture could improve the adhesion of the tool’s
surface, and that the micro-texture size would
affect the wear resistance of the tool. Then N.
Davi [10] and others proved that the tool with
texture had stronger the anti-stick property.
In addition, the study found that, the cutting
performance of the tool varied with the angle
between the texture and the cutting edge and
the density of the texture distribution although
it had the same specifications. W.L.Chang [11]
and others had found that the cutting force
and tool’s wear was minimum when the angle
between the texture and the cutting edge was
90 °. W. Silva [12] and others found that the
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cutting tool had the best cutting performance
when the texture was parallel to the main cut-
ting edge. T. Ling [13] and others found that
the drill with the texture had better chip break-
ing and higher durability. Similarly, Yang
Chao [14] and others found that the texture’s
diameter, depth, area occupancy rate and other
parameters affected the cutting performance of
the tool.

The existing studies have shown that a rea-
sonable surface microstructure can improve the
tool’s surface friction characteristics and cut-
ting performance. However, the micro-texture
technology applied to the cutting tool is still in
its infancy, and its application to rotating tool
is less studied. The main reason is that the
study about the mechanism of tool’s anti-fric-
tion and anti-wear is not enough, which needs
scholars to do more experimental research. The
main idea of this paper is that the micro-tex-
ture technique can improve the lubrication of
the contact friction pairs. We would process dif-
ferent types of texture on the tool’s rake face by
the laser technology, which is based on the sur-
face micro-texture technology and cutting flu-
id lubrication technology. The purpose of this
paper is to explore the cutting performances of
the tool with different textures and wear condi-
tions for cutting titanium alloy Ti6Al4V mate-
rial, which will make a certain foundation for
further study of surface texture cutters.

2. Texture tool fabrication
and test scheme

2.1 The design of tool’s surface

The cutting tool used for the experiments is
uncoated integral end mill which is made ce-
mented carbide (YG6X), and the hardness of
the tool surface is HRA91. The main param-
eters were showed in Table 1. The longitudi-
nal micro-grooves(parallel to the main cutting
edge), lateral micro-grooves (perpendicular
to the main cutting edge)and micro-pits were
prepared on the rake face of milling tool by la-
ser marking machine, which was respectively
called TA,TB and TC for short. The non-texture
tool was simplified as TW. The processed area
and types of texture were showed in Fig. 1.
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a) Schematic diagram of milling tool

b) TA type texture

¢) TB type texture

d) TC type texture

Fig.1 Processed area and types of texture

2.2 Tool texturing

The laser marking machine was TH-
FLMS10 which the main parameters were
showed in Table 2. Through experimental veri-
fication, the marking effect was the best when
the reasonable parameters of the laser were
chosen (V. = 100mm/s, f = 25KHz, P = 16W and
processed twice). In addition, the groove-texture

Table 1 Geometric parameters of the tool

was suitable for the back filling method, and the
pit-texture was suitable for non-filling method.
After the preparation of the texture, W5 metal-
lographic sandpapers were used to polish the
machined surface texture and the ultrasonic
cleaner was used to clean away the impurity for
15 min. Then, the texture was characterized by
super-depth microscope (VHX-1000) and the re-
sults were showed in Fig.2. The width and spac-
ing of the grooves were about 100 pm, the pits’
diameter and spacing were about 100 um. All of
the textures’ depth was about 35 pm, and the
parameters of the texture met expected design.

3. Test conditions and methods

Cutting experiments are conducted on tita-
nium alloys Ti6Al4V using a machining center
called HAAS VF-1. For the cutting parame-
ters, the cutting velocity Ve is 120m/min, the
feed rate fis 0.06mm/r, the cutting width ae is
0.5mm, the cutting depth ap is 1mm, the mill-
ing mode is down milling, lubrication conditions
are divided into dry and emulsion lubrication.
A dynamometer (Kistler 9257B) was set under

Number of Diameter Blade Helix Rake Relief
teeth /mm length /mm angle/(°) angle/(°) angle/(°)
Table 2 The main parameters of laser marking machine
Laser Pulse Minimum spot ..
Wavelength/nm power/W Frequency/KHz width/us diameter/um Precision/pm

a) TA textured milling tool b)

d) Groove texture

Fig.2 Morphology of textured tools and micro-texture
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the workpiece to measure three components of
the cutting forces after the cutting length of
2000 mm. Different types of tools were pre-
pared 3 and each tool’s cutting force data was
taken the average as the final result. A scan-
ning electron microscopy (SEM) and energy
dispersive spectrometer (EDS) ZEISS Axio
Observer were used to analyze the rake wear
and the chip morphology respectively. A metal-
lographic microscope ZEISS Axio Observer was
used to measure the flank wear.

4. Test results

4.1 Cutting force

Fig. 3 was the radial force Fx, the main
cutting force Fy, the axial force Fz and the re-
sultant force F of the mi-cro-texture tool and
non-texture tool measured under differ-ent lu-
brication conditions. It could be seen from the
figure that the texture with different shapes
had different effects on the cutting force for cut-
ting titanium alloy under dry cutting and wet
cutting conditions. The Fx, Fy and Fz of TA, TC
texture tool were significantly lower than that
of the non-texture tool, but the cutting forces of
the TB tool were much greater. Fig. 4 (d) was
the histogram about the resultant force F of dif-
ferent tools. Compared with the non-textured
tool, the cutting force of TA and TC tool respec-
tively de-creased by 62.0%, 38.1% and 53.9%,
7.1% under dry cutting and lubrication cutting
conditions, but the cutting force of TB tool in-
creased by about 8 times. The cutting force of
TA tool in dry cutting is 6.2% lower than which
in wet cutting , the TC textured tool is — 1.7%
(the force in dry cutting is less than that in the
wet cutting).

The results showed that the cutting force
of TA and TC tool decreased more than that of
the non-texture tool in the dry cutting condi-
tion, and the cutting force of TA texture tool
was the smallest under the two kinds of cutting
conditions; The TA tool’s cutting force in dry
cutting condition is higher than which in wet
cutting condition, but the TC tool’s force in dry
cutting condition was lower than which in wet
cutting condition, which indicated that TC tool
was suitable for cut-ting titanium alloy without
cutting fluid.

4.2 Chip morphology

Some representative chips of different cut-
ting tools were selected to analyze by electron
microscopy (SEM), as shown in Fig. 4. It can
be seen from the figure that the length of non-
texture tool’s chip was longer, the curl of the
chip was smaller. Compared with non-texture
tool’s chip, the chips’ morphology of TA and TC
tool were similar, they were spiral, more curly
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and the chip’s length was relatively shorter.
However, for the TB tool, the chip deformed ir-
regularly, the curl direction was uncertain, and
there was the adhesion between the chips, as
shown in Fig. 4 (c¢).

4.3 Wear pattern and mechanism

4.3.1 Rake wear and mechanisms

Fig.5 (a,b) were the SEM images of the non-
texture tool’s rake wear. It was obviously seen
that the wear occurred near the main cutting
edge of the non-texture tool (shown in area of
B) and a large number of adhesives were pres-
ent as well(shown in areas of A and C) in fig-
ure 6 (b). There was micro-pits whose surface
appearing some trench in the area of B, which
was in line with the characteristics of cres-
cent depression wear, so it indicated that the
non-texture tool’s rake face occurred crescent
depression wear. With the aid of the EDS com-
position, components in A, B and C were listed
in Table 3. The adhering substance on the area
of A, C looked different from the appearance,
and EDS showed the elements of the adhering
substance were also different. These incidents
suggested that the adhering substance in area
of A, C was not the same. The area of A mainly
contained O, W, Co elements, of which W and
Co were the main constituent elements of the
cemented carbide tool. According to literature
[15], YG6X carbide tool during the process of
cutting Ti6Al4V could occur oxidation reaction,
and the oxides were W03, TiO2 and Co304. It
can be deduced that the black adhering sub-
stance in area of A was WO3 and Co304. In
addition, there was no Ti, Al, V elements that
was the main constituent elements of Ti6A14V
in area of A, which indicated that the area of A
did not contain material bonding. Areas of B,
C contained O elements and Ti, Al, V elements
that was the elements in the cutting materials
proved that these areas had both oxides and
material bonding. In summary, the non-texture
tool could reacted oxidative wear and adhesive
wear when dry cutting.

Compared with non-texture tool, the adher-
ing substance near the main cutting edge of
TA and TC tool reduced obviously, as shown in
Fig.5(c)-(e). Especially, TA tool’s surface had no
material bonding basically. But the phenom-
enon of material bonding on TB tool’s surface
was still very serious. These Indicated that TA
and TC tool for cutting titanium alloy had anti-
sticking properties, while TB tool did not. It can
be seen from Table 3 that the proportion of O
element in area of D, E and F decreased, which
inferred that the degree of oxidization near the
cutting edge of the texture tool became low, so
oxidation wear on these texture tools’ rake face
was slowed. Fig.6 shown the wear width on the
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Fig.3 Cutting force of different tools

different tool’s rake face. Compared with the
non-texture tool, the wear width of TB tool’s
rake face was the largest, that of TA and TC
tools decreased by 68 % and 37.5 % respective-
ly, In summary, the TA and TC texture could
slow the oxidative wear and adhesive wear on
the tool rake face.

4.3.2 Flank wear and mechanism

T

Fig.4 SEM micrographs of different tools’ chip.
a) Non-textured tool’s chip.100x; b) TA-textured
tool’s chip.100x; c¢) TB-textured tool’s chip.100x;
d) TC-textured tool’s chip.100x

Functional materials, 24, 3, 2017

500 () Wet cutting

= b) ZZA Dry cutting
3 400 —7//’;
g 0l %
5 300 7
2 7
£ 200 /;:
(&)

100 / /

0 (L 1] i :ZL A 1‘ [; /H
TW TA TB TC
Tools
) Wet cutti
S00| b 22 Dry cutting
Z 400 [l
z 7,
"
S 300
L
2
£ 200
=}
(&)
N !—% 7 Y%
0 1 1 1
TW TA TB TC

Tools

Fig. 7 was the wear patterns of different
tools’ flank face under a metallurgical micro-
scope. It could be seen from the figure that a
large number of groove marks occurred near
the main cutting edge of the non-texture tool
and TC tool. These marks conformed to the
characteristics of the abrasive wear, which
manifested that the non-texture tool and TC
tool occurred the abrasive wear. The wear
width of the non-texture tool and TC tool was
418 pm, 240 pm respectively. Compared with
non -texture tool, the TC tool’s wear width was
reduced by 42.6 %, and the TA tool’'s wear was
not obvious. However, there was lots of adhe-
sion on the flank face of the TB tool because
of the material’s sintering. So, TA, TC texture
could slow down the abrasive wear on the tools’
flank face.

5. Discussion and analysis

The cutting result showed that the TA and
TC tool could reduce the milling force, increase
the chip curl and improve the anti-sticking
properties of the tool, thereby the oxidation
wear, adhesive wear of the rake face and the
abrasion wear of the flank face were alleviated
as well, which was compared with the non-tex-
ture tool. So, the cutting performance of the TA
and TC tool was better than the non-texture
tool. However, the TB tool not only increased
the cutting force, but also had serious bonding
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Fig.5 SEM micrographs of different tools’ rake face. a) Non-textured tool.40x; b) Non-textured tool.100x,;
c¢) TA-textured tool.100x; d) TB-textured tool.100x; e) TC-textured tool.100x.

and wear, and even discovered the phenomenon
of chip sintering during the cutting process.
For the TA tool, the chip’s flow direction was
perpendicular to the texture during the cutting
process, which was shown in Fig.7 (a).The tex-
tures placed on the rake face helped to add a
lot of cutting edges which could make a part

180

150

120F [/

90

Wear width/pm

60

30

N 777/ %77/ /7

TW TA TB TC
Tools

Fig.6. Wear width of tools on rake face

of the chip break into fine chip due to “second-
ary cutting” of the cutting edge when the chips
flowed through the texture friction pairs. As
shown in Fig.7 (c), the fine chips with combina-
tion of titanium alloy hard particles could be
reserved in the groove and the contact interval
of the chip and the rake face. These fine me-
dium played the same role with the rollers of
the bearing at the moment of cutting, which
could improve the friction of the tool-chip fric-
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tion pairs and decrease milling force; In addi-
tion, the chip parallel to the fiber direction was
higher in plasticity and tenacity than that ver-
tical to fiber direction due to the directivity of
the chip’s mechanical property[17] .So the TA
tool whose textures were vertical to the fiber
direction of the chip had the better chip break-
ing capacity, and their anti-sticking property
was the best. But the performance of the TB
tool was opposite to that of the TA tool because
of the direction of TB tool’s textures, as shown
in Fig.3. Because the micro-pit had the same
isotropy, and the forces around the pits were
uniform [18], so the TC tool showed good chip
breaking ability and anti-sticking effect.

For the TB tool, Fig.7 (c) showed that the
effective cutting edge’s length acting on the in-
ner surface of the chip was much smaller than
that of the TA, TC tool, which led to reduce the
relative number of fine chips. Furthermore,
the fine medium could be filled in the texture’s
trench with the chip flow instead of forming an
effective lubricating layer between the friction
pairs. In addition, the texture placed on the
tool’s rake face had increased the roughness
of tool’s surface and the lubrication condition
of frictional pairs became deteriorated without
the lubricating layer. So, the cutting force of
the TB tool increased sharply. During the test,
it was found that the cutting force of the TC
tool under the dry cutting was smaller than
that of wet cutting. First of all, the notch wear

Functional materials, 24, 3, 2017
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e

Fig.7. The wear patterns of different tools’ flank face under a metallurgical microscope. a) TW-textured
t00l.100x; TW-textured tool.50x; ¢) micro-chipping of TW.100x; D) TA-textured tool.100x; e) TB-textured

t00l.100x; f) TC-textured tool.100x

/—Clip

Textur
Jutting edge-
ting
tool
a)

Fig. 8. Schematic diagram of tool-chip contact during the cutting process of textured tools. a) The cutting
diagram of TA; b) The cutting diagram of TB; ¢) Lubrication diagram of the textured tool

was the main wear form on the flank face of
the tool mainly due to the repeated grind of the
abrasive particles during the high-speed cut-
ting process for the titanium alloy [19]. Fig. 8(f)
showed that there was lots of grooves near the
main cutting edge, which indicated that the TC
tool increases the possibility of hard particles’
formation. Secondly the micro-pit with circular
cross-section had lower ability to stay in fine
medium than TA-groove, therefore the fine
medium in the micro-pits were rushed to the
tool-workpiece contact area by the impact force
of cutting fluid and the centrifugal force. That
was why the notch wear of the TC tool got ag-
gravated and the cutting force became slightly
larger in the wet cutting. However, the TA-tex-
ture was better in the storage of fine medium,
so the possibility of notch wear became lower.
Under the action of the auxiliary lubrication
from the cutting fluid, the cutting force got low-
er in wet cutting than that in dry cutting. In
summary, the improvement of the lubrication
condition in the contact friction was mainly due
to the effect of the fine medium stored in the
tool-chip contact area.
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6. Conclusion

By comparing the cutting test of different
texture tool and non-texture tool, the conclu-
sions were as followed.

Compared with the traditional end mill, the
appropriate surface texture could improve the
cutting performance of the tool, mainly to re-
duce the milling force of the tool, increase the
chip curl, improve the adhesion condition of the
tool’s rake and flank face, slow down oxidation
wear, adhesive wear of the rake face and abra-
sive wear of the flank face. Especially the tool
with the longitudinal groove had the best cut-
ting properties.

The direction of the micro-groove placed on
the end mill affected the tool’s anti-sticking
performance. The micro-groove parallel to the
main cutting edge could effectively improve the
tool adhesion phenomenon. The micro-groove
perpendicular to the main cutting edge could
aggravate the tool’s adhesion, even it led to the
phenomenon of chip sintering during the cut-
ting process.

In the cutting process of the texture tool, the
fine medium played a major role in improving
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the friction condition of the tool-chip friction
pairs, in which the cross-sectional shape of the
texture affected the ability of the texture tool
to stay in the fine medium. The capacity of the
micro-pit to stay in the fine medium was poor.
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