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Abstract: Superalloys are grouped as hard-to-cut materials with relatively poor machinability. Tool wear is considered
one of the main machinability attributes in machining superalloys. Although numerous works have been reported on
factors governing tool life in machining superalloys, no study was found on the effect of nanoparticles stability on
nanofluid performance and consequently resulted tool wear morphologies. In the present work, the nanoparticles were
reinforced by means of improving the stability of the base fluid. To that accomplished, the surface active agent
(surfactant) was added to the base cutting fluid as a reinforcing element. The effects of new lubricant on the tool wear
morphology of A286 works parts were assessed.
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1 Introduction

Superalloys have high toughness, high strength,
corrosion resistance, resistance, and
excellent  creep-rupture  strength at  high
temperatures. They are widely used in strategic
manufacturing sectors, including aerospace industry,
nuclear, shipbuilding, and power plant, etc. In
addition, A286 is used in jet engines, superchargers
and various high temperature applications such as
turbine wheels and blades, frames, -casings,
afterburners parts and fasteners. According to
unique properties aforementioned, superalloys are
classified as difficult-to-cut materials which exhibit
poor machinability. Features such as low thermal
conductivity, high toughness as well as hard
abrasive particles lead to catastrophic tool wear
when machining superalloys [1-8]. Furthermore,
three other main categories are attributed to be

abrasion
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difficult to cut materials, including materials with
high toughness (e.g., nickels and titanium alloys),
high hardness (e.g., D2 tool steel with high-carbon
and high-chromium), and non-homogeneous
morphology (e.g., composites). Superalloys are the
first division aforementioned [9].

The very thermal conductivity of
superalloys is the main reason of a sudden rise of
cutting temperature. On the other hand, high
strength of these metals, especially at high
temperatures, increases the induced compressive
stress on the tool rake face. The first phenomenon
raises the possibility of adhesion wear, and the later
may lead to abrasion on the tool face. Also, the
presence of y intermetallic phase drastically
increases the strength of superalloys. Due to its
ordered nature and high coherency with the y matrix,
notch wear and consequently tool failure may occur.
As a result, those cutting tools used in machining
superalloys are subjected to various tool wear

low
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modes and limited tool life. Because of their
extensive applications in different industrial sectors,
it is beneficial to propose innovative strategies to
enhance the useful life of those cutting tools used in
machining superalloys [10-15].

The effects of different cooling-lubrication
strategies on tool wear reduction have been studied
in a large extent [14-21]. POLVOROSA et al [14]
studied the effects of different coolant based
pressures such as high-pressure cooling on the tool
wear when turning Inconel 718 and Waspaloy.
FANG et al [16] presented the cooling channels
constructed on the inserts under high-pressure jet
coolant when turning of Inconel 718. CANTERO
et al [17] evaluated the modes of tool wear in
finishing of Inconel 718 work parts under different
cooling-lubrication methods. HOIER et al [18]
supplied the high-pressure coolant to improve the
flank wear of WC-Co tools when turning Inconel
718. LIMA et al [19] studied the modes of wear in
the ceramic-based cutting tools in machining
Inconel 751 when both argon and oxygen were used
as the cooling gas. BEHERA et al [20] presented a
comparative study of different machining and
lubrications modes such as high-pressure jet,
cryogenic cooling, MQL and nano-based MQL to
evaluate the tool wear during turning of Ni-based
superalloys. TAZEHKANDI et al [21] investigated
the use of liquid nitrogen and the modes of
delivering biodegradable vegetable fluid towards
reducing the tool wear and cutting forces in turning
Inconel 740.

The use of coated carbide tools in machining
superalloys has been reported in Refs. [22-26]. It
was observed that friction coefficient
between the tool and work part and consequently
lower cutting temperature is expected when the
coated cutting tool is used. GRZESIK et al [22]
studied the effect of PVD-TIAIN, AITiN coated
carbide grades with the dissimilar percentage of Ti
and Al compounds on the tool wear in turning
Inconel 718. MARTINEZ et al [23] evaluated the
effects of coating on the flank wear when turning
Inconel 718. Also, the effects of coating layer loss
on the variation of wear rate in turning process were
determined. CALISKAN et al [24] investigated the
influence of CN/TiAIN coating on the tool wear,
cutting forces, surface quality and chip morphology
in machining titanium alloy. NIAKI et al [25]
presented a broad study on the influences of tool

lower

wear on surface quality, residual stresses and
dimensional integrity in machining of Inconel 718
when using TiAIN coated carbide tools. KOSEKI
et al [26] compared the performance of TiN coating
inserts using CVD and PVD operations during
uninterrupted cutting of nickel-based alloys. CHEN
et al [7] evaluated the wear morphology of PVD
TiN-based coating tools in turning of nickel-based
alloys by  different
cooling-lubrication methods.

Several treatment methods, such as
constructing textured surfaces on the insert, were
conducted to reduce the tool-chip contact.
SUGIHARA et al [27] established a novel CBN
cutting tool with a textured flank face. The effects
of textured surfaces on the tool wear were assessed
when turning Inconel 718. FANG et al [28] studied
the effects of micro-texture of the tool flank face on
the cooling strength and consequently on the tool
wear morphology and size. Orthogonal turning was
performed on Inconel 718 when wusing high-
pressure jet coolant. The last few decades have been
inspired with a new class of fluid, so-called
nanofluids, which nanoparticles
(nanometer-sized of solid particles). Nanofluids
which were initially presented by CHOI et al [29]
seem to generate a high rate of heat transfer as
compared to conventional cutting fluids.
Nanoparticles with low volume fraction are added
into cutting fluid. Nanoparticles are the additives in
nanofluids, and they play the main role in
increasing the lubrication and thermal transport
properties of nanofluids [30].

It has been observed that using nanofluid could
provide good cutting conditions and consequently
reduced tool wear is expected [31-34]. CHETAN
et al [31] evaluated the effects of nanofluids on the
tool wear and cutting forces during MQL turning of
Nimonic 90 alloy. Limited studies were conducted
to assess the effects of nanofluids on tool wear
reduction when machining superalloys. GUPTA
et al [32] optimized the cutting forces, tool wear,
cutting temperature and surface finish during MQL
turning of titanium alloy when using different
nanofluids. PADMINI et al [33] investigated the
effect of nanofluid as a potential cutting fluid in
turning of steels. The research work presented in
Ref. [33] mainly focused on evaluating the effects
of vegetable-based nanofluid on the tool wear,
cutting forces, surface roughness, and tooltip

and titanium-based

include



1052

J. Cent. South Univ. (2019) 26: 1050-1064

temperature during turning of AISI1040 steel. It
was exhibited that as compared to dry cutting tests,
the tool wear was reduced by approximately 44%
when MoS;-based nanofluid was used. NAJIHA
et al [34] examined the tool wear mechanisms in
machining alloy wunder different
operational conditions. The water-based nanofluid
(nano-TiO,) was used as the cutting fluid. It was
observed that the adhesion is the main wear mode
that can be significantly optimized when nanofluid
was used.

As mentioned earlier, limited studies are
available on machining A286 iron-based superalloy.
On the other hand, no work was found on
evaluating the effects of nanoparticles stability on
nanofluid performance and consequently on
machinability attributes when machining A286
superalloy. In the present work, the surface active
agent was used to increase the stability of
nanoparticles in the base cutting fluid, and its effect
has been studied on the tool wear morphology in
MQL turning operations with nanofluid without
surfactant (N.F), nanofluid with surfactant (N.F.S)
and conventional cutting fluid (C.F).

aluminum

2 Materials and equipment

2.1 Work part and cutting tool materials
Orthogonal cutting tests were performed on
the cylindrical block of the A286 superalloy. The
chemical compositions of work part in mass
fraction (%) are as follows: Ni 25, Mo 1.2, C 0.05,
S 0.025, V 0.2, A1 0.35, Mn 2, Ti 2.1, Si 1, Cr 14,
Fe base. Table 1 presents mechanical properties,
cutting parameters of A286 superalloy and part

Table 1 Specifications of A286 superalloy

geometry used in this study. The cemented SECO
carbide insert (SNMG 120404- GC1105) was used
in all cutting tests. It should be underlined that in
order to maintain the repeatability, a new insert was
used in each cutting test. The applied insert has high
wear resistance and good toughness which is
considered an ideal candidate for machining
superalloys.

The value of surface roughness was recorded
using a TR200 profilometer. In each test, five
different points parallel to the feed rate direction
were measured, and the average value was recorded
for experimental analysis.

2.2 Nanofluid

Copper-oxide and silicon-oxide nanoparticles
were used by means of suspension in the cutting
fluid. The mechanical properties of the nanoparticle
employed in this work are shown in Table 2. In
order to produce a dispersed solution of nanofluid
with high-stability of the nanoparticles, the
surfactant was used as an additive. Surfactants have
different categories which are selected with regard
to the solvent compositions. According to the polar
solvent of cutting fluid used in this study, the
sodium dodecyl sulfate (SDS) was used as the
proper surfactant. The surfactant with 10% volume
fraction of total nanoparticles was added to the base
cutting fluid. Prepared nanofluid from nanoparticles
and surfactant was placed in an ultrasonic bath for
an hour to produce a suitable suspension. Figure 1
shows the copper-oxide and silicon-oxide
nanoparticles, as well as surfactant used in this
study.

Mechanical property

Elastic Thermal conductivity/ Density/ Melting Elongation/  Ultimate tensile Yield
modulus/GPa (W-m K™D (kg'm™) point/°C % strength/MPa  strength/MPa
201 15.1 7920 1430 40 620 275

Cutting parameter Work part geometry
Cutting speed/ Feed rate/ Depth of Circular Diameter/ Length/ Length of
(m'min™) (mm'r ") cut/mm cross-section mm mm machining area/mm
45,70, 95 0.12,0.22,0.32 1 60 130 60
Table 2 Mechanical properties of nanoparticles used
Nanoparticle ~ Density/(g:cm™) Melting point/°C ~ Morphology Color Diameter/nm Purity/%
Silicon oxide 22 1600 Spherical White 20 98
Copper oxide 6.31 1200 Spherical Black 40 99
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Figure 1 Nanoparticles and surfactant: (a) Copper-oxide
nanoparticles; (b) Silicon-oxide

(¢) Surfactant (SDS)

nanoparticles;

2.3 Cooling-lubrication method

As noted earlier, the MQL system was used to
supply the cutting fluid to the cutting zone. The
presented MQL system in this work was designed
and manufactured at sustainable manufacturing
systems laboratory (SMSL) and the precision and
accuracy of the developed machine were confirmed
through preliminary experimental tests. Within the
MQL system used, the cutting fluid was mixed with

compressed air under a specific mechanism, and
their mixture is delivered to the cutting zone via
nozzles through an indirect embedded path. Under
such circumstances, the penetration ability of
cutting fluid particles to the cutting zone was
significantly improved [4, 20] and better cooling
performance is expected. In the present study, the
flow rate and injection pressure of cutting fluid
were adjusted to 150 cm’h and 600 kPa,
respectively. Also, in the flood mode, the flow rate
was low, and it was set on 1 L/min. Figure 2 shows
the experimental setup under both MQL and dry
modes.

Figure 2 Experimental setup: (a) Dry mode; (b) MQL
mode
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3 Results and discussion

Tool wear is one of the main machinability
index [35-38]. Complementary studies towards
better understanding the effects of nanoparticles on
machining performance are demanded [36—40].
This may tend to maximize the tool life and finish
quality of the products [41]. The main tool wear
modes are abrasion, adhesion, notch, diffusion,
chemical erosion, etc. [42]. Abrasion and adhesion
mechanisms are the main wear modes that appear
during machining high toughness materials such as
superalloys [43]. The adhesion mechanism can be
formed within a vast range of cutting temperature.
The built-up edge (BUE) and built-up layer (BUL)
are the main consequences of the adhesion.

Figure 3 shows the SEM image of the tool rake
face under MQL based conventional cutting fluid.
According to Figure 3, the typical tool wear modes
appear on the rake face when conventional cutting
fluids are used. Referring to high toughness and low
thermal conductivity as the unique properties of
A286 superalloy, the cutting temperature quickly
increases, and the chip particles attach to the tool
rake face. After a while, these materials detach, and
two phenomenon occur as follows:

1) When cutting tool temperature is increased,
the thermal softening occurs, and the removed
materials squeeze between tool flank face and
machined surface [44] (Figure 4).

2) At the second mode, due to high stiffness of
the welded zone in the tool face, several layers of
the tool rake face are removed with adhered
materials [42]. Under such circumstances, a cavity
is created on the cutting tool surface. Consequently,
the tool strength reduces and failure may occur.
These defects are shown in Figure 3 and Figure 4.

; Removed zone
of BUL

-

Figure 5 shows the SEM image of the tool rake
face with more details than presented in Figure 3(a).
Figure 5 clearly shows the presence of BUL
formation. As shown in Figure 5(a), a flat area can
be seen on the top of the BUE. When a BUE forms
near the cutting edge, the relative velocity of chip
leads to squeezing the attached particles that are
enclosed between tool rake face and underneath of
the chip surface. Due to severe friction, the high
generated heat at this region leads to BUE flow on
the tool rake face. Accordingly, the BUL appears.
This phenomenon sequentially occurs, and a thick
BUL is formed. The flat area on the top of the BUE
(Figure  5(a)) indicates the  phenomenon
aforementioned.

Figure 6 shows the SEM image of the tool rake
face when nanofluids with surfactant and
conventional cutting fluid were used. According to
Figure 6(c), there are three separated areas on the
tool rake face when big attached chips were
removed from its surface (e.g., Figure 4(a)). The
BUE, BUL and breakage regions can be recognized
on the tool rake face. Due to the fracture location
that is far from the cutting edge, this type of tool
wear is thought to be created due to the removal of
the attached chips (BUE) from the tool rake face.
The white region near the removed layer of the
cutting tool in Figure 6(b) shows the removed layer
of BUL. Figure 6(a) illustrates the advantage of
using nanofluid with surfactant as a perfect cutting
fluid which tends to improve the machining
performance and tool life. As a result, the enlarged
images of tool rake face, as shown in Figure 3(c)
and Figure 6(c), consist of BUE that it is the main
reason of adhered materials on the work part
surface, very similar to the observation made in
Figure 4(b). Also, the BUL is the main reason of the

Breakage® '(

o |

Figure 3 SEM images of tool rake face for MQL based conventional cutting fluid: (a) Breakage on tool rake face;
(b) BUL, BUE and edge breakage; (c) Enlarged image
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Cutting Attached chip
edge to tool face

face; (b) Adhered materials; (c) Enlarged image

BUE-flat

An unstable and
thin layer of BUL

Finished surface
of work part

BUL direction

Removed
zone of BUL

Adhered
materials

Cutting fluid
particle

Figure 4 SEM images of tool rake face and work part surface for MQL based conventional cutting fluid: (a) Tool rake

BUL region
Figure 5 SEM image of BUL formation on tool rake face: (a) Enlarged image of BUE; (b) Tool rake face; (c) Enlarged
image of BUL and fracture

Removed laye )
of tool

BUL BUE

Figure 6 SEM images of tool rake face when turning with nanofluid with surfactant and conventional cutting fluid:

(a)Nanofluid+surfactant; (b) Conventional cutting fluid; (¢) Enlarged image

removed zone, created on the tool rake face. A
similar observation was made in Figure 3(a) and
Figure 6(b).

Figure 7 shows the schematic overview of the
nanoparticles position at the tool-chip interaction.
The reason of tool wear improvement when using

nanoparticles can be discussed with Figure 7.
During the cutting process, chip with high speed
moves on the tool rake face, and these surfaces
contact generates a high rate of heat. However,
nanoparticles injection led to following four effects
as shown in Figure 7 [39]:
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Cutting operation

Chip

Cutting tool

Work part —»

Nanoparticles / >

Chip movement
»

-

<
Tool rake face

Nanoparticles

Tool movement
<

0000

Machined surface

Rolling effect

3D view of cutting zone  (a)

(b) (c)
Figure 7 Schematic overview of nanoparticles position at tool-chip interface (a) and 3D view of cutting zone (b)—(e):
(b) Rolling effect; (c) Protective film; (d) Mending effect; () Polishing effect

3.1 Rolling effect

The high concentration of nanoparticles with
fine size and spherical geometry at the tool-chip
interface causes the nanoparticles to act as the ball
bearings and chip rolls on the tool rake face.
Consequently, the direct contact between the
metal-metal surfaces (tool-chip) is prevented. By
reducing the contact area, the generated heat is
reduced, and consequently, the cutting edge
maintains sharp, and cutting mechanism proceeds
easier. As a result, better tool wear is achieved than
that observed by MQL methods without
nanoparticles

3.2 Protective film

Due to the high ratio of surface area-to-volume
of nanoparticles, these materials tend to attach to
each other, and intend to separate out the tool rake
face with chip beneath the surface.

3.3 Mending effect

In the presence of several scratches and holes
on the work part or tool surface, the nanoparticles
inter to these defects due to their small size and
consequently provide a flat surface that reduces
friction and cutting temperature.

(d) (e)

3.4 Polishing effect

Knowing that oxide nanoparticles have high
hardness and they are widely used in the machining
operation, therefore, sometimes these materials act
as an abrasive and polish the surface. Although this
factor is not effective as others, it can not be
ignored. The main reasons of tool wear
improvement from the viewpoint of physical
properties of nanoparticles were already stated. The
presence of a solid metal phase (nanoparticles) in a
liquid phase (cutting fluid) can be attributed to
another reason. In fact, metals have better thermal
conductivity than liquid. Adding this phase to base
cutting fluid increases the heat transfer rate of
cutting fluid. As a result, the exchanged heat
between the tool and cutting fluid tends to increase.

The chemical analysis was conducted to prove
that the adhered materials have the same chemical
compositions with the machined parts. Figure 8
represents the EDX examination of indicated points
in Figure 4(b). Both EDX examinations indicate
that the iron is the main element in their chemical
composition. As a result, the substances are
iron-based. According to the presence of chrome
and nickel elements with high percentage as
compared with other elements, it can be expressed
that the materials are A286 superalloy. The presence
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of carbon and chlorine with high volume fraction is
a very interesting point. To better understand this
phenomenon, the amounts of carbon and titanium in
compositions of A286 superalloy were compared in
Table 1 and Figure 8. The amount of titanium
(approximately 2.1%) is highly related to carbon
(approximately 0.05). However, both EDX
examinations as shown in Figure 8 prove that the
amount of carbon is more than titanium. This
phenomenon can be interpreted by the existence of
mineral-based cutting fluid. The cutting fluid used
in this work is mineral-based with commercial
name of carbon tetrachloride (CCL4). Because of
several layers of lubricant (carbon-based oil)
formed on the work part surface, the electron
emitted by X-ray spectroscopy device collided with
this layer and its chemical compositions were
detected. Since these layers contain a high volume
of carbon agent, the amount of carbon content
reported in EDX analysis (Figure 8) will be higher
than titanium ones. The other conclusion is related
to the high performance of MQL method. The
created lubricant layers on the work part surface
show that MQL technique is an ideal approach to
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Figure 8 EDX analysis of work part surface (a) and

adhered materials (b)

deliver the lubricants to the cutting zone. The
formed layer of Iubricant is presented in
Figure 4(c).

It is well known that the performance and
product quality directly depend on the surface
integrity induced from the last process. Surface
integrity  attributes are mainly grouped as
mechanical,  metallurgical and  topological
parameters (i.e., quality and
topological properties) of the work part [9]. Surface
integrity is an important element when dealing with
processes with high mechanical and thermal loads
[1]. Therefore, R, was studied as a criterion of
surface integrity. Figure 9 presents the SEM image
of the work part surface after MQL machining with
two types of cutting fluids, including nanofluid with
surfactant and conventional cutting fluid. The
prepared surfaces have the closest values of R,.
Although these surfaces have similar levels of R,,
their surface qualities are not similar.

This phenomenon shows the necessity of
studying  factors surface  quality
improvement in the machining process. The
removed zone on the work part surface under the
use of conventional cutting fluid indicates that the
machining process was conducted with no proper
cutting mechanism. In other words, due to
inappropriate lubrication and cooling performance
of conventional cutting fluid and high machining
temperature, the sharpness of cutting tool edge is
lost rapidly, and the work part materials (chip) are
removed under pushing mechanisms. In the other
words, rubbing took place rather than adequate
cutting process. Under these circumstances,
generation of a surface with a high volume of the
removed zone is not an unexpected phenomenon.
However, using nanofluid tends to improve the
lubrication conditions, and the high-quality
machined surface is achieved.

Figure 10 represents the SEM images of the
tool rake face under MQL machining with different
cutting speed and conventional cutting fluid. As
shown in Figure 10(c), the rounded edge cutting
tool was used under cutting speed 95 m/min.
Consequently, high abrasion wear was resulted. In
addition, as shown in Figure 10(c), the presence of
micro breakages on the cutting edge may also lead
to tool failure when cutting process continues.
Micro BUE as observed on the tool rake face of

surface other

governing
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Figure 9 SEM image of machined work part surface when turning by nanofluid with surfactant and conventional
cutting fluid: (a) NFS; (b) CF

Normal tool wear mechanism BUL and BUE Micro BUE  Round edge Micro breakage
Figure 10 SEM images of tool rake face under different cutting speeds: (a) 45 m/min; (b) 70 m/min; (c) 95 m/min

Figure 10(c) can be clearly seen in Figures 11(a) Figure 12(a) shows the SEM image of
and (b). Enlarged SEM images of micro breakage detached particles on the tool rake face. Knowing
as well as tool failure when using the cutting speed that welded region of the work part materials with
of 95 m/min are presented in Figures 11(c) and (d), the cutting tool has a very high strength as
respectively. compared with cutting tool materials, the increased
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cutting force may tend to remove the attached
particles from tool rake face. Under such
circumstance, a large region of tool rake face is
destroyed. Figure 12 represents the SEM images of
the other detached surfaces of BUE. These zones
consist of a common area of tool and materials
(zone 1 and zone 2), the removed surface of the
cutting tool (zone 3), and the lower surface of

Figure 12 SEM images of different
zones of detached BUE: (a) Detached
BUE; (b) Zone 1; (c) Zone 2;
(d) Zone 3; (e) Zone 4

detached BUE (zone 4).

To determine the residual particles on the tool
rake face and chip surface which seem to be
resulted from adhesion, the EDX mapping from
removed chip was prepared. As shown in
Figure 12(a), a significant broken area can be seen
on the tool rake face. Therefore, the chemical
analysis is encouraged to realize the chemical
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composition of different zones that were defined in
Figure 12. As shown in Figure 13, the EDX
mapping analysis of the zone 1 shows that the
dominant elements region 1 and region 2 were iron
and tungsten, respectively. It proves the significant
adhesion of the work part materials occurred on the
tool rake face when conventional cutting fluid (or
nanofluid without surfactant) was used.

The corresponding EDX map of the chip
surface cutting tool in Figure 13(c) reveals the
distribution of the tungsten, which is the primary
element of the cutting tool. The presence of cutting
tool elements on the detached area reveals that
adhesion wear is the dominant mechanism. White
points in Figure 13(a) indicate that iron element
distribution is the main element of the A286
superalloy. In order to examine the chemical
analysis of the noted surfaces (regions 1 and 2 in
Figure 13(a)), the complete EDX map analysis was
conducted. Figures 14 and 15 show the EDX map
analysis for zone 3 and zone 4 in Figure 12. The
presence of tungsten elements in chemical
compositions of chip materials can be subjected to
additional investigations. Referring to Table 1
(chemical compositions of A286) and EDX map
analysis in Figure 14, it can be interpreted that the
diffusion at high temperature (cutting zone
temperature) leads to transferring the tungsten
elements from cutting tool to the chip surface. On

the other hand, the generated high temperature in
machining superalloy intensifies the diffusion
phenomenon, and consequently, lack of tungsten in
cutting tool occurs. Under such circumstance,
detached zone on the tool rake face quickly grows.
Figure 16 shows the SEM image as well as
EDX mapping analysis of tool rake face with severe
abrasion mechanism. The cutting tool presented in
Figure 16 was used in a relatively long machining
time with nanofluid with a surfactant. According to
EDX analysis, the presence of iron, chrome, and
nickel indicate that the presence of work part
material in the wear region, although non-
significant BUE or BUL was observed. Therefore,
according to Figure 16, it can be exhibited that
abrasion is the dominant wear mechanism. A
comparative study of Figure 16 reveals the
destructive effects of adhesion than abrasion.

4 Conclusions

Considering that A286 iron-based superalloy is
known as a difficult-to-cut material, the appropriate
machining and cooling schemes to improve the
machining performance of A286 from different
perspectives have received very low attention in the
literature. Therefore, the proper selection of cutting
fluid in precision machining of A286 is the first
step for both industrial and academic sectors. Thus,

Region 1
Figure 13 SEM images of zone 1 (a) and its elements map (b, ¢)

Region 2

Region 1

Region 2

s i, st N e’

Figure 14 SEM image of zone 3 (a) and its elements map of tungsten (b) and carbon (c¢)
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several turning tests on A286 work parts were
conducted, and the effects of three modes of
lubricants, conventional cutting fluid, nanofluid
without surfactant (with copper-oxide and
silicon-oxide nanoparticles), as well as nanofluid
with surfactant (with copper-oxide and silicon-
oxide nanoparticles) were studied on the tool wear
morphologies of the machined parts. The main
conclusions of this study are as follows:

1) The surfactant has significant effects on the
stability of dispersed nanoparticles in nanofluid
solution. Machining performance after 2 h of
preparation of the nanofluid solution indicated that
the absence of surfactant in nanofluid tends to
change the nanofluid to conventional cutting fluid.

2) According to experimental characterizations
with SEM and EDX approaches, the adhesion was
observed as the dominant wear mechanism in
turning A286. The BUE and BUL resulted from
adhesion wear morphology may tend to rapid tool

Figure 15 SEM image of zone 4
(a) and its elements of iron (b),
nickel (c), tungsten (d) and carbon

(e)

failure, if not controlled adequately. No similar
defect was observed in the case of using nanofluid
with a surfactant. Other mechanisms of tool wear
such as severe abrasion and breakage were found in
the case of using conventional cutting fluid and
nanofluid without surfactant (after 2 h of nanofluid
preparation). Whereas the mechanisms
aforementioned did not occur when using nanofluid

wear

with surfactant.

3) Very high quality of the machined surface
was observed when using nanofluid with surfactant.
Contrary, the use of conventional cutting fluid or
nanofluid without surfactant led to machined
surfaces with several hindering problems such as
adhered materials, removed zones as well as
scratch.

4) The presence of tungsten agents in EDX
map from chip surface resembles the presence of
diffusion. Intensified diffusion may occur when
surfaces

temperature between two increases.
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According to the EDX map and SEM images, in the
absence of surfactant, the number of tungsten
agents on-chip underneath the surface
increased. Therefore, it can be concluded that the
use of surfactant led to less diffusion and
consequently decreased adhesion wear on the
cutting tool.

5) The SEM image of the tool flank face when
BUE was detached from tool rake face showed high
breakage on the cutting edge. This phenomenon led
to catastrophic of the cutting tool;
consequently, reduced tool life and work part
surface quality are expected. Using nanoparticles
with surfactant in the present study led to better
control of this defect.

6) On the basis of SEM images of the flank
face, it can be exhibited that the use of surfactant in
nanofluid could change the wear mode from
adhesion to abrasion. Consequently, better tool life
is expected in the machining of A286 superalloy if
the lower presence of adhesion is accomplished.

7) According to experimental observations,
adhesion has more destructive effects on the
iron-nickel based alloy than that observed from
abrasion mode. Therefore, the use of adequate
cooling strategies and cutting fluids is strongly
advised in the case of high precision machining of
iron-nickel based alloy where high quality and
precision are demanded.

8) Additional investigations should be
conducted on different surfactant including anionic,
cationic, nonionic, and amphoteric. In addition,
several potential of
turbidity measurement by
study

was

failure

models such as zeta
nanoparticles  or
spectrophotometer

nanoparticles stability.

can be used to
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