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Abstract

Al/SiCp composites machining is considerably difficult, owing to the presence of hard particles that result in severe tool wear.
The application of different cooling and lubrication methods can offer a favorable change in the tool used in machining of Al/
SiCp composites. To study the effects of different cooling and lubrication conditions on the tool wear in the machining of Al/
SiCp composites, turning experiments under dry, liquid nitrogen (LN2), minimum quantity lubrication (MQL), cutting oil
(Oil), and emulsion environments were conducted, and the mechanisms of tool wear with respect to boundary wear, major
flank wear, adhesive wear, and tool breakage were discussed. The results indicate that the MQL and LN2, which exhibit
excellent flushing performance, could wash away the chips and SiC particles from the boundary zones of the minor flanks,
thus reducing the boundary wear. However, the use of Oil and emulsion promoted the formation of an abrasive slurry that
enhanced the three-body abrasion at the boundary zones. In addition, the MQL and LN2, which show excellent lubricating
and cooling properties, promoted the reduction of the major flank wear. The formation of worn pits and built up edge(s)
(BUE) on the rake faces confirmed the presence of adhesive wear in the turning of the Al/SiCp composite using polycrys-
talline diamond (PCD) tools, and the cooling effect of MQL and LN2 could not prevent the workpiece material from
accumulating in the worn pits and giving rise to the BUE. When turning Al/SiCp composites under LN2 and Oil conditions,
the tool breakage was accelerated. The application of LN2 increased the thermal impact and the scratch effect of the SiC
particles on the tool faces, aggravating the tool breakage. The rapid tool breakage caused by Oil cutting could be attributed to
the reduction of the cutting edge strength that bore the alternating load and thermal impact. Therefore, it is concluded that the
use of MQL, which assists in reducing the boundary wear, tool breakage, and major flank wear, is suitable as the preferred
cooling and lubrication mode in the turning of Al/SiCp composites.

Keywords Al/SiCp composites - Cooling and lubrication - Tool wear - Boundary wear - Tool breakage - Adhesive wear - Major
flank wear

1 Introduction the development of lightweight and high-strength materials.

Among modern composite materials, the silicon carbide

A need for lightweight and high-strength materials in advanced
weapon systems, aerospace, electronic packaging, and other
industrial fields grows with the development of technologically
advanced industries [1, 2]. Composite materials, known as the
“materials of the future” in the 1970s, play an important role in
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particle-reinforced aluminum matrix composite (Al/SiCp com-
posite) has excellent comprehensive properties, such as high
specific strength, high specific stiffness, high wear resistance,
corrosion resistance, and a light weight [3, 4]. However, Al/
SiCp composites machining is very difficult owing to its het-
erogeneity, and the reinforcements are extremely abrasive,
resulting in severe tool wear [5—8]. The hardness of SiC parti-
cles in an Al/SiCp composite is close to that of many cutting
tool materials and higher than that of an Al matrix, and thus
their abrasive nature increases the cutting tool wear and severe-
ly affects the quality and integrity of the machined surface [9].

Cooling and lubricating liquids are widely used in cutting
operations, and significantly influence the tool life,
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dimensional accuracy, and surface quality of the machined
parts [10, 11]. Some studies showed that the tool wear in
Al/SiCp composites machining was influenced by different
cooling and lubricating conditions. Sankar et al. [12] devel-
oped and applied a minimum quantity cutting fluid (MQCF)
technology for enhancing the machining performance and
maintaining eco-friendly conditions. They conducted a series
of machining experiments on Al/SiCp composite using
cemented carbide tools under MQCF and flood cooling and
concluded that the MQCF reduced the forces, surface rough-
ness, and flank wear by 17%, 5%, and 12.5%, respectively, as
compared to flood cooling. Sadik et al. [13] studied the in-
fluence of the coolant and cooling strategy on the machin-
ability of Al/SiCp composites with respect to tool life and
wear development in the drilling process. The results showed
that drilling with an internal supply of CO, significantly re-
duced the tool wear as compared to the other cooling strate-
gies. Ding et al. [6] conducted turning experiments to study
the performance of various cutting tools during Al/SiCp com-
posite machining, and reported that the using coolant resulted
in an increase in notch wear on the flank faces of the cutting
tools, and a deterioration of the surface finish. A study from
Kannan et al. [14] showed that the influence of coolant on
flank tool wear was more significant at higher cutting speeds
than at lower cutting speeds in Al/SiCp composite machining.
They attributed this phenomenon to the lack of formation of a
lubricating layer/film at higher cutting speeds. The previous
studies [15—-17] presented improvements in various aspects of
cutting machinability, either by cryogenically freezing the
workpiece, or by spraying LN2 to the general cutting area.
In addition, LN2 is safe for the environment, and requires no
disposal facilities. Thus, the use of LN2 has great potential
for improving tool life, and can realize an environmentally
friendly manufacture in the machining of Al/SiCp composite.

The studies mentioned in the previous section on tool wear
in Al/SiCp composite machining were primarily focused on
the flank wear. However, owing to the existence of harder
particles as a reinforcement in the matrix, the Al/SiCp com-
posite machining can produce more complex tool wear, in-
cluding serious flank wear, adhesive wear, and rapid tool
breakage. The flank wear promotes the adhesion of the work-
piece material because of the high pressure and temperature
between the flank face and workpiece. The adhesive wear
further reduces the quality and integrity of the machined sur-
face [18, 19]. The tool breakage caused by high-frequency
abrading and hitting from the SiC particles against the tool
surface increases the manufacturing cost of the parts [5, 20].
Therefore, to provide a more comprehensive understanding of
the mechanism of tool wear in AI/SiCp composite machining,
in addition to the flank wear, the tool breakage and adhesive
wear should also be studied in detail.

Coolant is utilized during the cutting process to reduce the
thermal load of the cutting edge and the flank wear of the
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cutting tool [21]. However, owing to the abrasive reinforce-
ments mixed with the matrix, the effects of the abrasive par-
ticles on the tool wear become more prominent than those of
the thermal load in AI/SiCp composite machining [6].
Lubricating fluid can build the protective and lubricating
layers at the tool-chip and tool-workpiece interfaces to reduce
the friction, and it can also flush away the particles to result
in lower abrasive wear [1, 14]. Therefore, to comprehensively
analyze the influence of cutting fluid on the tool wear in Al/
SiCp composite machining, in addition to the cooling, the
effects of the lubrication and flushing in the cutting zone
should also be examined. However, most investigations only
showed the effect of cooling on the tool wear when machin-
ing an Al/SiCp composite [1, 6, 12, 22]. The mechanism of
tool wear during Al/SiCp composite machining under differ-
ent cooling and lubrication conditions has not been sufficient-
ly explored, but it is required to improve the machining per-
formance of the Al/SiCp composite.

This paper presents the findings of experimental investiga-
tions into the effects of cooling and lubrication conditions on
tool wear during the turning of Al/SiCp composite. The con-
tributions of this research are as follows: (1) the cooling and
lubrication environments of Al/SiCp composite turning com-
prehensively consider MQL, LN2, Oil, and emulsion condi-
tions; and (2) the complex tool wear mechanism during turn-
ing of Al/SiCp composite under different cooling and lubri-
cation environments is revealed from the flank wear (includ-
ing the boundary wear of major and minor flanks), adhesive
wear, and tool breakage.

2 Experimental procedures

The turning experiments were performed on a CA6140 lathe,
using cylinder workpieces under different cooling and lubri-
cation conditions. 2024Al was used as the matrix material,
and SiC particles of 50 vol% with an average size of 15 um
were used as the reinforcement. To verify the Al/SiCp com-
posite with 50 vol% of SiC, microstructure photographs of
Al/SiCp composite at different cross-sections were taken for
image processing. The microstructure photograph was
binarized, so that the photograph appeared in black and white,
as shown in Fig. 1 b. Subsequently, the ratio of the area of the
black area to the entire area of the photograph was calculated.
The average value of the area ratios at different cross-sections
of Al/SiCp composite is 52.38%. This verifies that the vol-
ume fraction of SiC particles approximates 50%. The 2024
aluminum alloy contains 0.5% SiC, 3.8~4.9% Cu, 1.2~1.8%
Mg, 0.25% Zn, 0.15% Ti, and balance Al. Figure 1 a shows
the microstructure of the Al/SiCp composite, as manufactured
by a stir casting process. To purify the pores and inclusions in
the molten aluminum alloy, the molten aluminum alloy was
filtered using a ceramic filter before the molten aluminum
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Fig. 1 Experimental material. a
Microstructure of the Al/SiCp
composite, b the image
binarization corresponding to a,
and c the shape of Al/SiCp
composite workpieces

alloy was poured. On the other hand, before the stir casting of
Al/SiCp composite, the SiC particles were preheated at high
temperature for a certain period of time to absorb gases from
the SiC surface. The physical and mechanical properties of
the Al/SiCp composite are listed in Table 1. The external
diameter, internal diameter, and length of the cylindrical
workpiece are 120 mm, 100 mm, and 150 mm, respectively,
as shown in Fig. 1 c. These cylindrical workpieces were
directly obtained by casting.

The previous studies demonstrated that the PCD diamond
tool is most preferred cutting tool in Al/SiCp composite ma-
chining [1, 2]. Thus, a PCD tool insert was selected as the
turning tool, with a principal cutting edge angle (k) of 90°,
rake angle () of 5°, relief angle («,) of 7°, and tool edge
radius of 0.4 mm. To minimize the influence of tool wear on
the investigated quantities, a new PCD insert was used for
each cooling and lubrication method. To guarantee better ma-
chined surface quality and achieve longer tool life in the
turning of Al/SiCp composite, the cutting speed, cutting
depth, and feed rate were set as 120 m/min, 0.2 mm and

0.1 mm/rev, respectively. To obtain the morphology of tool
wear, the used cutting tools were cleaned in 10 wt% NaOH
solution to remove adhesion materials. The micromorphology
of tool wear was observed by a FEI (Q45) scanning electron
microscope (SEM). The chemical composition of the rake
faces was analyzed by energy dispersive spectrometry
(EDS). The flank wear that includes boundary wear of major
and minor flanks near the tool nose was measured using a
VTM-3020F tool microscope at each 137.5 m of cutting dis-
tance. The total cutting distance of each cooling and lubrica-
tion condition was 1375 m. All tests were repeated at least
two times. The cooling and lubrication conditions used in
turning experiments are as follows:

I. Dry: no cooling and lubricating substances were used in

the cutting process.

II. Oil: HOUGHTON MACRON 400 M-22 was added, but
we did not add water to dilute it when cutting. Its kine-
matic viscosity was 22 mmz/s, and the amount of fluid
supply was 36 L/h.

Table 1 The physical and

mechanical properties of AI/SiCp Material Density Yield strength Compressive Elastic modulus
composite (kg/m?’) (MPa) strength (MPa) (GPa)
AV/SiCp composite 2915 395 425 80.1
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III. Emulsion: HOUGHTON HOCUT 5759 AL-S was
added, the mixing ratio of oil and water was 1:10, and
the amount of fluid supply was 36 L/h.

IV.  MQL: minimum quantity lubrication (MQL) is formed
by mixing oil and gas with a certain pressure. The oil
used in MQL is the lubricant. Thus, the lubricant name is
HOUGHTON MACRON 400 M-22. The mixing pres-
sure of oil and gas was 0.4 MPa. The diameter of the
nozzle was 2 mm. The distance between the nozzle and
cutting zone was 10 cm, and the oil consumption was
83 ml/h.

V. LN2: a self-pressurized LN2 tank with a 165 L effective
volume was used for liquid supply. The experimental flu-
id supply pressure was 0.4 MPa, and the diameter of the
nozzle was 2 mm. The distance between the nozzle and
cutting zone was 10 cm, and the calibration temperature
of the corresponding target distance was — 165 °C (room
temperature is 25 °C).

Figure 2 shows the schematic of tool wear in turning of Al/
SiCp composite. Because the tool edge radius is larger than
the cut depth in turning of Al/SiCp composite, the tool nose is
mainly responsible for the removal of Al/SiCp composite, as
shown in Fig. 2 a. However, the violent impact on the tool
nose leads to the flank wear concentrated on the boundary
zone of the minor flank and the tool nose zone of the major
flank. Simultaneously, no obvious uniform wear zone appears

Fig. 2 Schematic of flank wear in a
turning of Al/SiCp composite. a

The schematic diagram of the

turning experiment, b the

geometry of flank wear, and ¢ the

schematic of the BUE

in the middle part of the major flank. Thus, VN (the width of
boundary wear at the minor flank) and VC (the maximum
width of the wear zone of the major flank near the tool nose)
under different cooling and lubrication conditions were ob-
served and recorded as the wear parameters to evaluate the
flank wear in the turning of Al/SiCp composite, as shown in
Fig. 2 b. To study the adhesive wear, the height of the BUE H,,
under different cooling and lubrication conditions was record-
ed, as shown in Fig. 2 c.

3 Results and discussion
3.1 Boundary wear of minor flank

During the cutting of Al/SiCp composite, the reinforced par-
ticles acted as an abrasive between the tool flank and the
workpiece, which caused high flank wear [23-25]. The worn
flank promoted the softening matrix to adhere to the tool sur-
face owing to the high pressure at the tool-workpiece interface
[1]. This further reduced the quality and integrity of the ma-
chined surface [18, 19]. Therefore, the study of flank wear is
essential to improve the quality and integrity of the machined
surface. The effects of cooling and lubrication conditions on
the boundary wear of the minor flank are discussed in the
following sections.
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3.1.1 Formation mechanism of boundary wear

To remove the adhesion materials and obtain the wear mor-
phology at the boundary zones of the minor flanks, the PCD
inserts used under different cooling and lubrication conditions
were etched and observed when the total cutting distance
reached 1375 m. The SEM images of the boundary wear pat-
terns of the minor flanks after Al/SiCp composite turning un-
der dry, MQL, LN2, Oil, and emulsion conditions are shown
in Fig. 3. As shown in Fig. 3 a, d, and f, during the turning of
Al/SiCp composite under dry, oil, and emulsion conditions,
the abrasive notches appear in the boundary zones of the mi-
nor flanks. However, under MQL and LN2, the boundary
wears of the minor flanks are reduced, as shown in Fig. 3 b
and c. In addition, from Fig. 3 e, severe groove wear is formed
in the boundary zone of the major flank during turning of Al/
SiCp composite under the Oil environment. Under the LN2
cooling environment, severe tool breakage is observed at the
minor cutting edge, as shown in Fig. 3 c.

The two-body abrasion can be formed by abrading between
the softer surface and hard surface, and the three-body abra-
sion is caused by hard particle rolling between two sliding
surfaces [9]. Figure 4 shows the wear morphology of the
PCD tool inserts when the total cutting distance reached
412.5 m in AI/SiCp composite turning under the dry environ-
ment. As shown in Fig. 4, the grooves parallel to the direction

Abrasive
notch

Yo ,
Minor flank

P

100um

of chip flow and workpiece material movement indicate that
the two-body abrasive wear occurred. According to the study
of Fang et al. [26], the three-body abrasion could create
scratches at a low wear rate or the craters at a high wear rate.
The scratches and craters on the wear surface of the rake face
and flank as shown in Fig. 4 confirm the occurrence of three-
body abrasion. To provide an insight into understanding the
boundary wear in turning of Al/SiCp composite, the process
of boundary wear at the minor flank was modeled, as shown in
Fig. 5. At the initial stage, the contact area between the new
cutting edge and workpiece is small, as shown in Fig. 5 a. At
this stage, the hard SiC particles abraded and hit the tool sur-
face with high frequency, which is a dominant wear mode, and
resulted in microchipping in the tool nose as shown in Fig. 4 b.
As the cutting distance increased, the microchipping expand-
ed on the cutting edge and the contact area at the tool-
workpiece interface increased, as shown in Fig. 5 b. Then,
owing to the increase of the contact area between the tool
and workpiece, more hard particles abraded the tool surface
by two-body sliding and three-body rolling. Thus, the domi-
nant wear mode became two-body and three-body abrasive
wears, and grooves, scratches, and craters were produced in
the tool surface, as shown in Fig. 4 b. The SiC particles
constrained in the workpiece abraded the PCD insert surface,
leading to the two-body abrasion. A proportion of debonded
SiC particles rolled between the tool and workpiece surface as

ST e PR 5 -G

Groove
wear

Fig. 3 a—f SEM images of the boundary wear patterns of the minor flank of the PCD inserts when the total cutting distance reached 1375 m in AUSiCp

composite turning, under dry, MQL, LN2, Oil, and emulsion conditions

@ Springer



1472 Int J Adv Manuf Technol (2019) 103:1467-1479
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inserts when the total cutting
distance reached 412.5 m in Al/
SiCp composite turning under the
dry environment. a The rake face
and b the minor flank

shown in Fig. 5 b, leading to the three-body abrasion.
Therefore, the abrasive wear, which includes the two-body
and three-body abrasions, is regarded as the mechanism deter-
mining the boundary wear during the turning of Al/SiCp
composite.

According to the above analysis, two ways are advised to
reduce the boundary wear of the minor flank in Al/SiCp com-
posite turning:

(1) Producing lubrication layer. The effective lubrication
layers formed by lubricating fluid can reduce the actual
contact area at the tool-workpiece interface, resulting in
the reduction of two-body abrasion.

(2) Reducing the number of rolling SiC particles. The three-
body abrasion can decrease with a decrease in the num-
ber of rolling particles between the tool and workpiece.
Under certain cooling and lubrication conditions, the cut-
ting fluid can flush out a proportion of rolling particles in
the cutting zone to reduce the three-body abrasion.

3.1.2 Effects of cooling and lubrication conditions
on boundary wear

Figure 6 shows the growth of the boundary wear at the minor
flanks, VN with cutting distance during Al/SiCp composite
turning under dry, MQL, LN2, Oil, and emulsion conditions.
From Fig. 6, the LN2 and MQL used in Al/SiCp composite

Fig. 5 a, b Wear process of a
boundary zone of minor flank in
AV/SiCp composite turning
%

SiC

»

‘ Grooves

C 10

turning helped to reduce the boundary wear of the minor flank
as compared to dry turning. However, the use of Oil and
emulsion resulted in a significant increase in the boundary
wear. The Oil and emulsion supplied by pouring fluid into
the cutting zone restricted the SiC particles and chips to be
flushed out from the tool-workpiece interface. Moreover, the
volume fraction of particles in the experiment material is high,
and the chips and debonded particles were mixed with the
cutting fluid and gathered around the cutting zone to form
an abrasive slurry containing the SiC particles, as shown in
Fig. 7 a and b. Meanwhile, the mixing of cutting fluid with
SiC particles increases the viscosity of the abrasive slurry,
which makes it easier for the particles to stay in the cutting
zone. Obviously, the retention of SiC particles caused by the
abrasive slurry in the cutting zone led to severe three-body
abrasive wear. Although Oil and emulsion have excellent lu-
brication properties, the lubricating condition did not show a
remarkable effect on reducing the boundary wear. This can be
attributed to the formation of the abrasive slurry. During turn-
ing of Al/SiCp composite under Oil and emulsion conditions,
the effect of the abrasive slurry on the tool wear is more prom-
inent than that of the lubricating fluid, leading to an increase in
the boundary wear. Compared with the emulsion, the Oil with-
out diluting increased the kinematic viscosity in the abrasive
slurry. The thicker abrasive slurry resulted in a larger number
of SiC particles that gathered around the cutting zone and
caused the enhancement of the three-body abrasion.
Therefore, the Al/SiCp composite turning under the Oil

Tool \

Contact area

Cutting
direction
&

\\

Workpiece

Particle scratches
the workpiece
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Fig. 6 Variation of boundary wear with cutting distance in turning of Al/
SiCp composite under dry, MQL, LN2, Oil, and emulsion conditions

environment led to a faster boundary wear as compared to
emulsion. A study showed that using coolant that led to a
more difficult shear of workpiece material could cause an
increase in the severity of abrasion between the flank face
and the machined surface and exacerbate the tool wear [6].
However, the Al/SiCp composite turning under emulsion has
a better cooling effect on tool wear than that of the Oil, but
results in the reduction in the boundary wear. Therefore, in the
turning process of Al/SiCp composite, the effect of cooling is
not the dominant factor for determining the boundary wear. As

Fig.7 a—d Flushing effects on the
tools in turning of Al/SiCp
composite under MQL, LN2, Oil,
and emulsion conditions

stated above, during the Al/SiCp composite turning under
emulsion and Oil conditions, the boundary wear of the cutting
tool was dominated by the abrasive slurry that was formed by
mixing of SiC particles and cutting fluid.

The flushing effects of different cooling and lubrication
conditions on the PCD tools in SiCp/Al composite cutting
are shown in Fig. 7. As compared with Oil and emulsion,
the MQL and LN2 supplied by pressure injection significantly
improved the flushing effect of the cutting fluid. During the
Al/SiCp composite cutting under MQL and LN2, the chips
and debonded particles could be rapidly washed away from
the cutting zone by the pressurized fluid, and the retention of
chips and SiC particles was reduced. This prevented the for-
mation of the abrasive slurry and reduced the three-body abra-
sion, as shown in Fig. 7 ¢ and d. Consequently, the boundary
wear under MQL and LN2 conditions was significantly lower
than that obtained under Oil and emulsion conditions. The
application of MQL and LN2 played the role of the second
method to reduce the boundary wear of the minor flank pro-
posed in Section 3.1.1. Furthermore, for MQL cutting, it was
easier for the pressurized and atomized micro-lubricating fluid
to enter the contact area of the tool face and the machined
surface, and then the lubricating layer was produced, which
reduced the actual contact area at the tool-workpiece interface.
The minor flanks were protected by the lubricating layers
against further abrasion. The application of MQL provided
excellent lubrication performance, and further limited the for-
mation of the abrasive slurry. Therefore, the boundary wear

Abrasive slurry
¥ '

~’-b

Emulsion

@ Springer



1474

Int J Adv Manuf Technol (2019) 103:1467-1479

VN under the MQL condition shows the minimum value, as
shown in Fig. 6. The use of LN2 with excellent cooling per-
formance, which reduced the thermal softening tendency of
the machined surface, resulted in an increase in the strength
and hardness of the workpiece, and finally, the tool wear
should have been increased. Nevertheless, the boundary wear
VN under LN2 condition maintained a relatively low value
that is close to the VN value of MQL, as shown Fig. 6. This
phenomenon may be attributed to two points. First, because
the supplied pressure is the same (0.4 MPa), the flushing per-
formance of LN2 is close to that of MQL that reduced the
three-body abrasive wear. Second, the cooling of LN2 could
effectively maintain the hardness of the PCD insert, and there-
fore, the wear resistance of the tool was increased. The fore-
going analysis indicates that in the turning process of Al/SiCp
composite under different cooling and lubrication conditions,
the performances of cooling and lubrication cannot signifi-
cantly affect the boundary wear, but the effect of flushing
becomes a dominant factor for determining the boundary
wear.

3.2 Major flank wear

The wear acceleration at the major flanks can result in a rapid
tool breakage that aggravates the tool failure. Therefore, a
detail investigation of major flank wear is needed for the im-
provement of tool life in machining of Al/SiCp composites.
Because the wear zone at the major flank frequently appears
near the tool nose in the turning process of Al/SiCp compos-
ites, the investigation into major flank wear should concen-
trate on the tool nose region.

Figure 8 shows the variation of the major flank wear, VC,
with cutting length during the Al/SiCp composite turning un-
der dry, MQL, LN2, Oil, and emulsion conditions. From the
figure, in the Al/SiCp composite turning under LN2 and

0.12
—a— Emulsion
010 —o—oi
—— N2
—>— MQL
_008f —FDry
g
g
o
< 0.06
0.04 |
0 500 1000 1500

Cutting distance, L(m)

Fig. 8 Variation of major flank wear with cutting distance in cutting of
Al/SiCp composite under dry, MQL, LN2, Oil, and emulsion conditions
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MQL, the major flank wear is lower as compared with other
cutting fluids. In addition, comparing Fig. 6 and Fig. 8, the
difference of VC values between the different cooling and
lubrication conditions is decreased as compared with VN
values. The major flank face near the tool nose bore the high
pressure from the machined surface, which limited the number
of three-body rolling particles at the tool-workpiece interface.
This indicates that the three-body abrasion is not the main
mechanism determining the major flank wear during the turn-
ing of Al/SiCp composite. Therefore, the flushing of the cut-
ting fluids offered no significant influence to the major flank
wear, leading to the decrease in the difference of VC values
between the different cooling and lubrication conditions. With
the decrease in the effect of three-body rolling on the major
flank wear, two-body abrasion became the dominant mecha-
nism in determining the major flank wear in the cutting of Al/
SiCp composite.

The major flank near the tool nose endured high tempera-
tures because of the poor heat dissipation capacity in the cut-
ting zone. Owing to the rising cutting temperature near the
tool nose, the cutting fluid entering the cutting zone formed
a steam film between the major flank and machined surface,
which prevented the fluid from entering the cutting zone and
weakened the convection heat transfer intensity and the effects
of cooling and lubrication on major flank wear. Therefore, the
Oil and emulsion, with general cooling and lubrication prop-
erties, did not show a remarkable effect on reducing the major
flank wear as compared to dry cutting, as shown in Fig. 8.
However, for MQL cutting, the pressurized atomizing micro-
lubricating fluid was sprayed out in the form of mist, and then
the lubricating fluid with high-pressure broke through the
steam film and produced a lubricating layer at the tool-chip
and tool-workpiece interfaces. The lubricating layer reduced
the actual contact area in the cutting zone, and consequently
reduced the probability of SiC particles abrading the PCD
insert. Additionally, LN2, with its excellent cooling perfor-
mance, reduced the cutting temperature and limited the for-
mation of steam film. Subsequently, the water vapor that con-
densed on the workpiece surface at low temperature infiltrated
the cutting zone and improved the lubricating property in ma-
chining of Al/SiCp composite under the LN2 environment.
Simultaneously, the cooling of LN2 effectively maintained
the hardness of the PCD insert, thereby enhancing the wear
resistance of the tool. Therefore, MQL with its excellent lu-
bricating property and LN2 with its exceptional cooling per-
formance promoted a reduction in the major flank wear during
the cutting of Al/SiCp composite.

3.3 Adhesive wear
Adhesive wear frequently occurs when two smooth surfaces

slide over each other. Owing to the relative movement be-
tween the tool face and machined surface, fragments are
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removed from the machined surface and adhere to the tool
face, and then these fragments detach from the tool face and
either get transferred back to the machined surface or form
loose wear particles [19, 27]. The fragments removed from
the tool faces can drag out the tool material, causing the ad-
hesive wear. The adhesive wear gives rise to the formation of a
BUE that has a significant effect on the cutting force, cutting
temperature, surface roughness, and geometric dimensions of
machined products [28, 29]. Therefore, adhesive wear is an
important research subject for improving the tool perfor-
mance. The adhesive wear mechanism and the effect of
cooling and lubrication conditions on adhesive wear in ma-
chining of Al/SiCp composite are discussed in the following
section.

3.3.1 Formation of adhesive wear

The workpiece material that adheres constantly to the rake
face can produce the BUE. Formation of the BUE is a
cyclic-dynamic process, including the initiation of the BUE
at the rake face, the growth of the BUE to a certain size with
irregular shape and geometry, and the BUE debonding from
the rake face. With the continuous growth and breaking of the
sticking material and BUE, the material of the rake face were
removed gradually by those adhesive materials until severe
adhesive wear was caused on the rake face [20, 28]. For ad-
hesive wear, one major influencing factor is temperature [18].
During turning of the workpiece, the plastic deformation and
friction induced a temperature increase in the contact zone
between the rake face and the chip internal face. The adhesion
was predominantly generated in the areas of local stress peaks
with the highest temperatures [18]. Another significant influ-
ence on adhesive wear is the tool property [1]. For instance,

Fig. 9 Adhesive wear E
morphology and energy
dispersive spectrometry on the
rake face in turning of Al/SiCp
composite under dry condition. a
The morphology of the rake face
before etching and b the
morphology of the rake face after
etching. ¢ The chemical
composition in the rake face of
the unused PCD insert and d the
chemical composition of
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owing to the higher hardness of the diamond tools and the
lower chemical affinity with the MMC material, the PCD tool
used in turning of the low content composite presented better
wear resistance and produced a lower propensity for work-
piece material adhesion [6, 30-32]. However, during the ma-
chining of Al/SiCp composite reinforced with a high content
of SiC particle exceeding 40 vol%, the enhancement of the
effect of particles on the rake face increased the tendency for
workpiece material to adhere to the diamond tools. The large
number of hard particles causes severe abrasive wear,
resulting in the formation of worn pits and grooves on the tool
face. In contrast, the worn pits and grooves on the tool face
increase the adhesion property of the PCD tool. Figure 9 a and
b show the wear morphology of the rake face in dry turning of
Al/SiCp composite. In the Fig. 9 a, a BUE is found. After the
PCD insert shown in Fig. 9 a is etched, many worn pits and
grooves appear on the rake face, as shown in Fig. 9 b. To study
the formation mechanism of the pits and grooves on the rake
face, the EDS spectrums on the rake face are shown in Fig. 9 ¢
and d. Compared to the unused PCD tool, the worn pits on the
rake face of the tool used under dry conditions contain a large
number of Si and Al elements from the workpiece material
(Al/SiCp composite). This confirms the presence of atomic
adsorption between the rake face and workpiece in cutting
AV/SiCp composite, and verifies that the workpiece material
is strongly bonded to the rake face. During the cutting of Al/
SiCp composite with a high-volume fraction of SiC particles,
the high-frequency hard particles abraded and hit the tool sur-
face, and the bond strength between the PCD grains was re-
duced, resulting in the grains falling off from the rake faces of
PCD tools, thereby producing the worn pits and grooves.
These worn pits and grooves increased the adhesion property
of diamond tools and afforded the Al/SiCp composite a
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greater tendency to adhere to the tool face. Therefore, several
Si and Al elements from the workpiece material were found in
the pits and grooves. This phenomenon confirms that the
workpiece material adhered to the tool face. When the adhe-
sive material thickness increased to a certain value, a visibly
thick BUE appeared on the tool surface, as shown in Fig. 9 a.
The BUE as a protective film between the tool and chips also
indicates that adhesive wear was formed on the PCD tool
surface.

Based on the foregoing analysis, the appearance of BUE
and worn pits confirmed that adhesive wear was developed on
the PCD tools. In addition, a larger number of worn pits and
grooves were produced on the rake faces owing to the reduc-
tion of bond strength between the PCD grains, thereby gener-
ating a greater tendency to adhere to the tool face during the
turning of Al/SiCp composite with a high particle content.

3.3.2 Effects of cooling and lubrication conditions
on adhesive wear

Figure 10 a shows the wear morphology of the rake face
before etching. A visible BUE is shown on the rake face under
LN2 cutting in Fig. 10 a-LN2, and the adhesive material is
found on the rake face under MQL and Oil cutting. In fact, the
application of MQL also formed the BUE during turning of
AV/SiCp composite, but the BUE fell off from the rake face
when the cutting distance reached 1375 m, and thus, only a
small amount of material attached to the rake face under MQL
cutting, as shown in Fig. 10 a-MQL. Although the use of Oil
gave rise to rapid tool breakage, almost no workpiece material
was attached to the rake face before the tool breakage. After
the tool breakage, the adhesive material was presented on the

rake face under the Oil cutting, but the BUE was not pro-
duced, as shown in Fig. 10 a-Oil. In addition, during Al/
SiCp composite turning under the emulsion environment, a
significant adhesion was not formed on the rake face through-
out the cutting process, as shown in Fig. 10 a-emulsion.
Figure 10 b shows the wear morphology of the rake face after
etching. The worn pits on the rake face under different cooling
and lubrication conditions observed in this figure are the con-
sequence of the adhesive wear. Figure 11 shows the variation
of BUE height in the turning of Al/SiCp composite under dry,
MQL, and LN2 conditions. The height values of BUE under
dry, MQL, and LN2 conditions follow a periodic variation
with a similar trend. This is because that the formation of
BUE in the cutting of Al/SiCp composite also follows a
cyclic-dynamic process, similar to that of monolithic metal.
Ding et al. [6] concluded that the use of coolant in the cutting of
AV/SiCp composite could reduce thermal softening and result in a
significant reduction in the amount of workpiece material adhering
to the tool surface. However, in the cutting of Al/SiCp composite
with high-volume fraction particles, the cooling effect of MQL and
LN2 could not prevent the workpiece material from the accumu-
lation of worn pits, resulting in the formation of a BUE, as shown
in Fig. 10 a and Fig. 11. The flushing effect of MQL and LN2
could wash away a proportion of the debonded particles from the
cutting zone and reduce the three-body abrasion, and the SiC par-
ticles firmly constrained in the workpiece could also abrade the
PCD inserts and form the worn pits and grooves. As a result, these
worn pits and grooves promoted the adhesion of workpiece mate-
rial on the rake face, and finally gave rise to the formation of the
BUE. The tool grains were dragged by the adhesive material that
resulted in the formation of the worn pits when the BUE debonded
from the rake face. With respect to the application of Oil and
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Fig. 10 Wear morphology of the rake face in turning of Al/SiCp composite under MQL, LN2, Oil, and emulsion conditions. a The tools used before

etching and b the tools used after etching
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Fig. 11 Variation of BUE height with cutting distance in cutting of Al/
SiCp composite under dry, MQL, and LN2 conditions

emulsion, the formation of the abrasive slurry led to hard SiC
particles continuously abrading the tool surface, and the workpiece
material was difficult to adhere to the rake face for a long time. The
hard particles in the abrasive slurry caused the worn pits and
grooves on the tool face, which still facilitated the workpiece ma-
terial adhering to the tool surface. However, the adhesive material
on the tool surface could also be removed by these hard particles,
making it difficult to form the BUE. Therefore, adhesion pits ap-
pear on tool surface, but the process does not form the BUE in the
cutting of Al/SiCp composite under Oil and emulsion environ-
ments. Under MQL and LN2 conditions, it is difficult to form
the abrasive slurry in the cutting zones, and meanwhile, the wom
pits and grooves caused by SiC particles abrading facilitated the
adhesion of workpiece material to the rake faces.

3.4 Tool breakage

Tool breakage represents the tool failure. The rapid flank wear
and severe adhesive wear can accelerate the tool breakage, and
results in the failure of the cutting tool to produce an accept-
able workpiece [33]. Therefore, to delay the tool breakage and
increase tool life, it is worthwhile to study the tool breakage
mechanism and the effects of cooling and lubrication condi-
tions on the tool breakage in cutting of Al/SiCp composite.

3.4.1 Formation mechanism of tool breakage

During the cutting of Al/SiCp composite under dry, LN2, and
Oil conditions, breakage zones were formed at the cutting
edge of PCD inserts before the total cutting distance reached
1375 m, as shown in Fig. 12. From Fig. 12, no obvious dam-
age occurred around the cutting edges before tool breakage,
and the breakage zones suddenly generated on the flanks near
the tool noses in the latest observations. The tool breakage was
formed abruptly at a certain cutting time during the cutting of

AV/SiCp composite. The microcracks were found on the rake
faces away from the tool noses, as shown in Fig. 4 a, and this
confirms that the tool breakage abruptly occurred without
gradual and progressive wear. The formation of microcracks
at the interface between the binder and tool grains could be
attributed to the high-frequency hitting of the SiC particles on
the tool surface, and the severe cutting vibration. During the
cutting of Al/SiCp composite with 50% SiC particle, a high-
volume fraction of particles in the workpiece caused more
violent scraping and hitting of the reinforced particles on the
tool surfaces, and thus promoted the microcrack initiation. An
investigation on the chip formation mechanism in machining
of Al/SiCp composite [34] suggested that the inhomogeneous
distribution of the SiC particles in the machined surface re-
sulted in the formation of segmented chips, which led to the
violent cutting vibration. This vibration resulted in the cutting
tool bearing an alternating load that further led to the mechan-
ical fatigue cracks produced on the tool surfaces. The cracks
caused by the particle impact and the mechanical fatigue gave
rise to instability propagation on the tool faces, resulting in the
tool breakage [35]. Therefore, the variation of load on the tool
faces and the hitting effect of SiC particles on the tool noses
are the main factors that aggravate the tool breakage during
the cutting of Al/SiCp composite.

3.4.2 Effects of cooling and lubrication conditions on tool
breakage

Although LN2 cutting had an excellent flushing performance
that reduced the three-body abrasive wear in the cutting of Al/
SiCp composite, it presented a faster tool breakage than the
dry cutting, as shown in Fig. 3 ¢ and Fig. 12 b. The reason for
the rapid tool breakage under the LN2 condition can be ex-
plained in terms of the cooling effect of LN2 on the tool faces.
The cooling temperature reached — 165 °C during the Al/SiCp
composite turning under the LN2, which was responsible for a
violent temperature variation on the cutting tools. The tool
faces suffered the enhancement of thermal impact because of
the violent variation of temperature. Meanwhile, the low tem-
perature also reduced the thermal softening tendency of the
workpiece material, and strengthened the support of the alu-
minum matrix for SiC particles. Then, this matrix strengthen-
ing effect increased the scratch and impact strength of the SiC
particles and resulted in the complete shedding of the BUE
from the rake faces, as shown in Fig. 12 a-LN2. The shedding
of'the BUE reduced the protection of tool nose, and caused the
severe cutting vibration, and strengthened the mechanical im-
pact. Therefore, the application of LN2 was found to promote
the tool breakage near the tool noses. For the Oil cutting, the
severe boundary wear that arose at the initial stage of the
cutting process further reduced the strength of the main cutting
edge that bore the alternating load and thermal impact, and
resulted in rapid tool breakage. As compared with Dry, LN2,
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Fig. 12 Microphotograph of tool breakage of PCD inserts used in turning of Al/SiCp composite under Dry, LN2, and Oil cutting conditions. a The tools

before breakage and b the tools after breakage

and Oil conditions, the MQL and emulsion cutting, with the
moderate cooling effect and smooth boundary wear, are ben-
eficial for reducing the cutting vibration and thermal impact
on the tool noses. Therefore, during the cutting of Al/SiCp
composite under MQL and emulsion conditions, the tool
breakage caused by the thermal impact and cutting vibration
was not formed before the total cutting distance reached
1375 m. According to the above analysis, the LN2 with the
enhancement of the cooling effect and the Oil with severe
three-body abrasion aggravated the tool breakage, while the
MQL and emulsion with moderate cooling effect and smooth
boundary wear could reduce the probability of tool breakage.

4 Conclusions

This study gives details of tool wear during turning of Al/SiCp
composite under different cooling and lubrication conditions.
The investigation results of this study can provide a guideline
for selecting cooling and lubrication methods to extend tool
life during machining of Al/SiCp composite. Based on the
above analysis, the following conclusions are drawn.

The flank wear (including the boundary wears of major and
minor flanks), adhesive wear, and tool breakage were obviously
controlled by different wear mechanisms during turning of Al/
SiCp composite. The boundary wear mechanism of the minor

@ Springer

flank was abrasive wear, including two-body and three-body
abrasive wears, in turning of Al/SiCp composite. Meanwhile,
the major flank wear was predominantly caused by two-body
abrasion. The fast tool breakage in the turning of Al/SiCp com-
posite was found to be caused by the load variation and thermal
impact on the tool faces, and the hitting effect of SiC particles
on the tool noses. The formation of the worn pits and BUE on
the rake faces confirmed the presence of adhesive wear in the
turning of Al/SiCp composite when PCD tools were used.

On the other hand, it was found that the variation in
cooling and lubricant environments has a significant impact
on the flank wear, adhesive wear, and tool breakage. The
MQL and LN2, with excellent flushing performance as well
as excellent lubricating and cooling properties, helped to
reduce the three-body abrasion at the boundary zones of
the minor flanks and the major flank wear. The application
of Oil and emulsion with a poor lubrication effect led to
hard SiC particles continuously abrading the tool surfaces,
which could avoid the adhesion of the workpiece material
on rake face. However, the cooling effects of MQL and LN2
could not prevent the workpiece material from accumulating
in the worn pits, resulting in adhesive wear of the PCD tool.
The MQL and emulsion cutting, with moderate cooling ef-
fect and smooth boundary wear, limited the formation of
tool breakage. Nevertheless, the LN2 and Oil could acceler-
ate rapid tool breakage.
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In general, MQL, with an excellent flushing property, sig-

nificantly improves the performance of cooling and lubrica-
tion and reduces the abrasive wear. In addition, MQL also
gives some advantages in reducing the boundary wear, tool
breakage, and major flank wear. Therefore, MQL is suitable as
a preferred cooling and lubrication mode in turning of Al/SiCp
composites.

Funding information This work was supported by the National Nature
Science Foundation of China [grant number 51775083].

References

10.

11.

12.

15.

Hakami F, Pramanik A, Basak AK (2017) Tool wear and surface
quality of metal matrix composites due to machining: a review. Proc
Inst Mech Eng Part B J Eng Manuf 231(5):739-752

Paulo Davim J (2012) Machining of metal matrix composites.
Springer, London

Das DK, Mishra PC, Singh S, Pattanaik S (2014) Fabrication and
heat treatment of ceramic-reinforced aluminium matrix composites
- areview. Int ] Mech Mater Eng 9(1):1-15

Gopalakannan S, Senthilvelan T (2013) Application of response
surface method on machining of AI-SiC nano-composites.
Measurement 46(8):2705-2715

Yanming Q, Zehua Z (2000) Tool wear and its mechanism for
cutting SiC particle-reinforced aluminium matrix composites. J
Mater Process Technol 100(1):194-199

Ding X, Liew WYH, Liu XD (2005) Evaluation of machining
performance of MMC with PCBN and PCD tools. Wear 259(7):
1225-1234

Li Z, Huang ST, Wang D, Yu XL (2011) Finite element and exper-
imental studies of the cutting process of SiCp/Al composites with
PCD tools. Int J] Adv Manuf Technol 52(5-8):619-626
Ghandehariun A, Kishawy HA, Umer U, Hussein HM (2016)
Analysis of tool-particle interactions during cutting process of met-
al matrix composites. Int ] Adv Manuf Technol 82(1-4):143—-152
Li X, Seah WKH (2001) Tool wear acceleration in relation to work-
piece reinforcement percentage in cutting of metal matrix compos-
ites. Wear 247(2):161-171

Leppert T (2011) Effect of cooling and lubrication conditions on
surface topography and turning process of C45 steel. Int J Mach
Tools Manuf 51(2):120-126

Busch K, Hochmuth C, Pause B, Stoll A (2016) Investigation of
cooling and lubrication strategies for machining high-temperature
alloys. Procedia CIRP 41:835-840

Sankar MR, Ramkumar J, Aravindan S (2011) Machining of metal
matrix composites with minimum quantity cutting fluid and flood
cooling. Adv Mater Res 299-300:1052-1055

Sadik MI, Grenmyr G (2016) Application of different cooling strat-
egies in drilling of metal matrix composite ( MMC ). Mater Sci
Forum 836-837:3—12

Kannan S, Kishawy HA (2008) Tribological aspects of machining
aluminium metal matrix composites. J Mater Process Technol
198(1):399-406

Dillon OW, De Angels RJ, Lu WY, Gunasekera JS, Deno JA (1990)
Some results from cryogenic cutting processes. J Mater Shap
Technol 8(1):23-29

16.  Zhao Z, Hong SY (1992) Cryogenic properties of some cutting tool
materials. J Mater Eng Perform 1(5):705-714

17.  Hong SY, Ding Y (2001) Cooling approaches and cutting temper-
atures in cryogenic machining of Ti6Al4V. Int J Mach Tools Manuf
41(10):1417-1437

18.  Trober P, Weiss HA, Kopp T, Golle R, Volk W (2017) On the corre-
lation between thermoelectricity and adhesive tool wear during
blanking of aluminum sheets. Int J Mach Tools Manuf 118:91-97

19. Goémez-Parra A, Alvarez-Alcon M, Salguero J, Batista M, Marcos
M (2013) Analysis of the evolution of the Built-Up Edge and Built-
Up Layer formation mechanisms in the dry turning of aeronautical
aluminium alloys. Wear 302(1-2):1209-1218

20. GeY, XuJ, Yang H (2010) Diamond tools wear and their applica-
bility when ultra-precision turning of SiC p /2009Al matrix com-
posite. Wear 269(11):699-708

21. Klocke F, Sangermann H, Kramer A, Lung D (2011) Influence of a
high-pressure lubricoolant supply on thermo-mechanical tool load
and tool wear behaviour in the turning of aerospace materials. Proc
Inst Mech Eng Part B J Eng Manuf 225(B1):52-61

22. Barnes S, Pashby IR (2000) Through-tool coolant drilling of
aluminum/SiC metal matrix composite. J Eng Mater Technol
122(4):384-388

23.  Monaghan J, O’Reilly P (1992) The drilling of an Al/SiC metal-
matrix composite. ] Mater Process Technol 33(4):469—480

24. Mubaraki B, Bandyopadhyay S, Fowle R, Mathew P, Heath PJ
(1995) Drilling studies of an Al203-Al metal matrix composite -
Part I Drill wear characteristics. J Mater Sci 30(24):6273—6280

25. Ramulu M, Rao PN, Kao H (2002) Drilling of (A1203)p/6061
metal matrix composites. J Mater Process Technol 124(1):244-254

26. Fang L, Zhou QD, Li YJ (1991) An explanation of the relation
between wear and material hardness in three-body abrasion. Wear
151(2):313-321

27. Dwivedi DK (2010) Adhesive wear behaviour of cast aluminium-
silicon alloys: overview. Mater Des 31(5):2517-2531

28. Fang N, Pai PS, Mosquea S (2010) The effect of built-up edge on
the cutting vibrations in machining 2024-T351 aluminum alloy. Int
J Adv Manuf Technol 49(1-4):63-71

29. Nakayama K (1966) Relationship between cutting forces, temper-
atures, built-up edge and surface finish. Ann CIRP 14:211-223

30. Hooper RM, Henshall JL, Klopfer A (1999) The wear of polycrys-
talline diamond tools used in the cutting of metal matrix compos-
ites. Int J Refract Met Hard Mater 17(1-3):103-109

31. Chambers AR (1996) The machinability of light alloy MMCs.
Compos Part A Appl Sci Manuf 27(2):143-147

32. El-Gallab M, Sklad M (1998) Machining of Al/SiC particulate
metal-matrix composites: part I: tool performance. J Mater
Process Technol 83(1):151-158

33. Cakir MC, Isik Y (2005) Detecting tool breakage in turning aisi
1050 steel using coated and uncoated cutting tools. J Mater Process
Technol 159(2):191-198

34. Dabade UA, Joshi SS (2009) Analysis of chip formation mecha-
nism in machining of Al/SiCp metal matrix composites. J Mater
Process Technol 209(10):4704-4710

35. XulJF, De SZ, Li YZ, Liu F (2013) Research of wear mechanisms
of PCD cutting tools in sand mold milling. Adv Mater Res 774—
776:1164-1169

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Effects of cooling and lubrication conditions on tool wear in turning of Al/SiCp composite
	Abstract
	Introduction
	Experimental procedures
	Results and discussion
	Boundary wear of minor flank
	Formation mechanism of boundary wear
	Effects of cooling and lubrication conditions on boundary wear

	Major flank wear
	Adhesive wear
	Formation of adhesive wear
	Effects of cooling and lubrication conditions on adhesive wear

	Tool breakage
	Formation mechanism of tool breakage
	Effects of cooling and lubrication conditions on tool breakage


	Conclusions
	References


