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Abstract Austempered ductile iron alloys (ADI) are an inter-
esting class of materials because of their unique microstruc-
ture and mechanical properties. When subjected to
austempering treatment, ductile iron transforms to a micro-
structure consisting of ferrite and stabilized austenite rather
than ferrite and carbide as in austempered steels. Because of
the presence of stabilized austenite, austempered ductile iron
(ADI) exhibits an excellent combination of strength and duc-
tility together with good fatigue and wear properties.
Accordingly, there is a growing interest in using ADI in sev-
eral applications due to its mechanical properties. However, as
with difficult-to-cut materials, the machinability rating of ADI
is low and there is still a need to understand the impact of the
cutting process parameters. Machinability of a material de-
pends not only on its properties and microstructure, but also
on the proper selection and control of process variables. The
current work is focused on performing a machinability analy-
sis of ADI in order to understand the effect of the cutting
process parameters on the machined surface quality and tool
life. It also studies the effect of different coolant strategies.
Thus, the motivation of this study is to develop a better un-
derstanding of the influence of cutting parameters and cooling
strategy to be able to machine ADI directly with acceptable
tool life and cycle time. The design of experiments technique
and response surface methodology is employed to analyze and
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model the measured responses. In addition, the cutting tool
wear mechanisms are identified and discussed.
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1 Introduction

Machinability rating of a material is an indication of the diffi-
culty or ease with which it can be machined [1]. It can be
assessed by the magnitude of cutting forces, cutting parame-
ters, material removal rate, tool life, and surface roughness [2].
From machining viewpoint, when cutting any material, its
properties should be taken into account. Such properties in-
clude high hardness, toughness, low thermal conductivity, and
high strength-to-weight ratio which negatively influence the
machinability of material. Materials are hence termed
difficult-to-cut materials [3]. Several studies focused on ma-
chining difficult-to-cut materials as they are associated with
low productivity and high machining cost due to the excessive
heat generation, difficulties in chip formation, and heat dissi-
pation at the cutting zone in the presence of high material
hardness and strength. The main problems during machining
difficult-to-cut materials are short tool life, poor surface integ-
rity, and longer cycle time [4].

Austempered ductile iron (ADI) is an example of difficult-
to-cut materials. ADI is a cast iron that is heat-treated provid-
ing the designer with high strength-to-weight ratios at a com-
petitive price in comparison to steel. Recently, ADI has
attracted research attention due to remarkable properties such
as wear resistance, tensile strength (1000—1500 MPa), elonga-
tion (3—15%), and fatigue strength [5, 6]. Mechanical proper-
ties of ADI can be attributed to the high presence of carbon
austenite in its ausferritic matrix (ferrite+ carbon enriched
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Table1 ASTM 897 Property of ADIs [12]

Grade Tensile strength (MPa/Ksi) Yield strength (MPa/Ksi) Elong. (%) Impact energy (J/1b.-ft) Hardness (BHN)
1 850/125 550/80 10 100/75 260-321

2 1050/150 700/100 7 80/60 302/363

3 1200/175 850/125 4 60/45 341-444

4 1400/200 1100/155 35/25 366/477

5 1600/230 1300/185 N/A N/A 444-555

austenite) formed after the austempering treatment.
Furthermore, some researchers reported that alloying elements
added during casting, austenitizing, and austempering temper-
atures contribute to the variation ADI’s mechanical properties
[7-9]. ADI components offer a high level of properties over
other materials. Table 1 presents the ASTM standard proper-
ties of ADI. The table classifies ADI to different grades based
on their properties. It can be seen from this table, that all
grades have improved strength in comparison to conventional
ductile iron. ADI grades are based on the content of the
alloying elements added and the selection of both heat treat-
ment temperature and time [5, 10, 11].

On one hand, grades 1, 2, and 3 are assumed the structural
grades of ADI; they are often used for applications that require
high strength and toughness while keeping a reasonable im-
pact resistance and ductility. These grades are commonly used
in manufacturing automotive parts such as suspension com-
ponents, linkages, crankshafts, and many other dynamic ap-
plications. On the other hand, grades 4 and 5 excel in wear and
abrasion resistance due to their high hardness. Grades 4 and 5
are used in the replacement of white irons and hardened steels.
These grades are commonly utilized to fabricate some con-
structions and agriculture equipment such as diggers, rollers,
and wheels [10]. However, machining grades 4 and 5 is typ-
ically accomplished prior to heat treatment due to their ex-
treme hardness.

As seen in Table 1, the hardness of ADI is relatively high
which would pose a challenge for any machining process.
Despite the hardness of the softer grades of ADI at a value
0f300-350 BHN, 40% of the ADI matrix structure is retained
austenite. In practice, the austenite phase rapidly transforms to
the martensite phase when ADI is subjected to strains, thus
contributing to the high hardness [13, 14]. Therefore, these
phenomena decrease the ADI machinability in comparison
to steel which has the same hardness. Enhancing ADI

Table 2 Assignment of levels to cutting process variables

machinability is crucial due to its increased applications for
automotive parts and agricultural rotary machines. Most of
ADI machining is done under dry conditions considering the
graphite in ADI acts as a good lubricant due to its small coef-
ficient of friction. This results in a longer tool life and reduc-
tion the tool wear.

Okazaki et al. [15] reported that the y-pool (a large amount
of austenite which is created on the boundary of the eutectic
cell) average area in ADI structure affects the tool wear in
drilling. The flank wear of the drill is reduced with the de-
crease in y-pool average area and hence, it is significant to
reduce the y-pool in order to improve the machinability. This
can be done by re-heating the ductile iron over the martensitic
temperature during the tempering process. The double tem-
pering of ductile iron provides a good opportunity for austen-
ite to transform [16]. The results also pointed out that ADI tool
wear phenomenon is characterized by extreme crater wear
located close to the cutting edge which destabilizes the cutting
edge and leads to fracture of the crater lip. The unusual com-
bination of abrasive and adhesive wear mechanisms is due to
the special ausferrite microstructure of ADI [15].

Polishetty et al. [17] studied the wear characteristics of
ultra-hard cutting tools when machining ADI and its effect
on machinability. Turning tests of ADI (ASTMGrade3) using
PCBN and ceramics tools were conducted using both
roughing and finishing cutting conditions. For roughing, a
constant cutting speed (425 m/min) and depth of cut (2 mm)
combined with variable feed rates 0of 0.1, 0.2, 0.3, and 0.4 mm/
rev were selected. For finishing, a constant cutting speed
(700 m/min) and depth of cut (0.5 mm) combined with vari-
able feed rates 0f 0.1, 0.2, 0.3, and 0.4 mm/rev were used. Tool
wear evaluation, surface roughness, and cutting force were
used to compare different cutting inserts performance. The
results indicated that when machining ADI material, inserts
having high toughness and efficient thermal conductivity are

Symbol Level 1 Level 2 Level 3 Level 4
Cutting process variables Feed rate (mm/rev) A 0.2 0.3 - -
Cutting speed (m/min) B 120 180 240 -
Lubrication strategy C Dry Flood MQL MQL with nanofluid
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Fig. 1 Experimental setup

- Cutting insert;
schematic

(CNMG120416MR)
(nose radius of 1.6 mm)

MaL

Air pressure of 0.5 Mpa

I

Cutting fluid (veg.oil);
ECOLUBRICE200 with Al,O,

appropriate selection. Reduction in cutting forces was ob-
served in finish machining due to thermo-softening effect in
the shearing zone.

Different studies have focused on employing and modeling
new techniques to improve the difficult-to-cut materials ma-
chinability [18-20]. Rotary tools were utilized in machining to
reduce the induced wear since a short segment of cutting edge
is only engaged with the workpiece [18]. Furthermore, a force
model is developed for self-propelled rotary and good agree-
ment has been noticed between the predicted and

Table 3 L240A experimental result

Bar turning of ADI
The studied design parameters are;
Cutting speed
Feed rate
Lubrication strategy:
(Dry, flood, MQL, MQL-nanofluid)

Machining performance
indicators;
Tool wear behavior
Surface quality

experimental results using a varied range of cutting conditions
[19]. Also, Kishawy [20] provided a comprehensive study on
the effects of various cutting variables on the generated cutting
temperature when cutting difficult-to-cut material.
Additionally, Davim and Figueira [21] employed standard
orthogonal array and analysis of variance (ANOVA) in order
to study the surface quality when hard turning of cold work
tool steel (D2) with ceramic tools. It was found that average
surface roughness of 0.8 pm could be achieved by considering
appropriate machining parameters on hard turning without

Run # Lubrication technique Feed rate Cutting speed Tool life (min) Average surface
(mm/rev) (m/min) roughness (pm)

1 Dry 0.2 120 2.72 0.952
2 Dry 0.2 180 1.98 0.895
3 Dry 0.2 240 12 0.857
4 Dry 0.3 120 2.29 1.614
5 Dry 0.3 180 1.48 1.634
6 Dry 0.3 240 0.88 1.769
7 Flood 0.2 120 341 1.257
8 Flood 0.2 180 2.31 1.016
9 Flood 0.2 240 2.19 1.761
10 Flood 0.3 120 345 1.468
11 Flood 0.3 180 23 1.126
12 Flood 0.3 240 1.04 1.053
13 MQL 0.2 120 3.01 0.695
14 MQL 0.2 180 227 1.005
15 MQL 0.2 240 1.7 0.735
16 MQL 0.3 120 227 1.775
17 MQL 0.3 180 1.86 1.564
18 MQL 0.3 240 1.4 1.69
19 Nanofluid 0.2 120 3.55 0.85
20 Nanofluid 0.2 180 2.68 0.88
21 Nanofluid 0.2 240 2.3 0.625
22 Nanofluid 0.3 120 2.85 1.467
23 Nanofluid 0.3 180 2.42 1.98
24 Nanofluid 0.3 240 1.2 1.55
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Fig. 2 Tool life results

any need of extra grinding operations. Gaitonde et al. [22]
applied the response surface methodology (RSM) in order to
investigate the effect of different cutting parameters on ma-
chinability of high chromium AISI D2 cold work tool steel
using wiper ceramic tools. RSM provided appropriate details
about the optimal cutting parameter levels for minimum sur-
face roughness and flank tool wear. Also, Gaitonde et al. [23]
investigated the effects of different cutting tools when hard
turning of AISI D2 cold work tool steel using full factorial
design experimentations. It has been found that wiper ceramic
inserts show better results in terms of surface roughness and
tool wear; however, CC650 conventional inserts offer better
results in reducing the power consumption.

Ahmet et al. [24] studied the influence of depth of cut and
cutting speed on machinability of ADI. They evaluated ADI
machinability by measuring surface roughness, cutting forces,
and flank wear. The response surface methodology (RSM)
approach was used to study the influences of machining fac-
tors on ADI machinability. The results suggest that depth of
cut has insignificant influence on the surface roughness but it
has a significant influence in terms of cutting forces. Seker
et al. [25] studied the effect of ADI microstructure and prop-
erties on its machinability in terms of cutting forces and sur-
face roughness. Six different specimens were prepared under
different austempering times with the addition of Cu and Ni at
various contents. Cutting tests showed that austempering heat
treatment resulted in considerable improvement in the ma-
chined surface quality and 20% increase in cutting forces
when compared to as-cast specimens.

Klocke et al. [26] developed a finite element simulation for
machining of ADI to optimize cutting insert geometry. When
machining ADI, discontinuous chip formation in combination
with the strong tendency of hardening of the austenitic-ferritic
matrix was identified as a major wear mechanism. This result-
ed in extreme peaks of cutting forces and high specific me-
chanical load on the insert edge. Using the developed tool, the
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effects of variation in tool geometry on the alternating tool
load were investigated and the optimum geometries were ex-
perimentally validated. Tool life was increased by 70% in dry
turning and by 100% in wet conditions. Klock et al. [27]
revealed that a better understanding of the interactions of mi-
crostructure, chip formation, machining properties, cutting
material, and wear mechanisms is crucial for optimizing the
cutting parameters when machining ADI. Authors stated ex-
treme crater wear located near to the cutting edge is the aspect
oftool wear of ADI. In order to understand this wear phenom-
enon, a more understanding of the machinability behavior of
ADI is required. A combination of adhesive and abrasive wear
mechanism is also detected in this study which caused by the
special austenitic-ferritic microstructure of ADIL.

The main aim of this research is to develop a better under-
standing of the influence of cutting parameters linked with
machining ADI and cooling strategies to be able to machine
ADI directly with acceptable tool life and cycle time.

2 Methodology

In this paper, a well-defined test matrix was developed to
evaluate the process outputs such as machined surface quality
and cutting tool performance when machining ADI grade 2
under different machining parameters (i.e., feed, speed, and
coolant strategy). The data collected from these experiments
were analyzed to gain a better understanding of the impact of
changing parameters on different process outputs such as tool
wear, tool life, and surface roughness. In the context of this
work, nanofluids refer to a cooling-lubrication system
consisting of (a) gamma Al,O5; nanoparticles and (b) base
fluid. The nanoparticles are mixed with base fluid, rapeseed
oil, using volume fraction of 4.0% as suggested in the litera-
ture [28-33]. In order to ensure the homogeneity of the
nanofluid, a magnetic shaker was used to shake the nanofluid

2
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0

Average surface roughness (pm)

Al1B1
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Cutting conditions
Hdry H flood mQL B MQL with nanofluid

Fig. 3 Average surface roughness results
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Table 4 ANOVA results for average surface roughness (Ra)

Sources Statistical summation Degree of freedom Variance F calculated Results

Lubrication technique 0.099 3 Pooled factor

Feed rate (f) 1.909 1 Pooled factor

Cutting speed (v) 0.013 2 Pooled factor

Lubrication*v 0.250 6 Pooled factor

Lubrication*f 2.981 3 0.99 200 Significant at 99% confidence level
vEf 1.951 2 Pooled factor

Error 0.099 20 0.00495 Pooled factor

Total 1.909 23 Pooled factor

coolant before each cutting pass. The nanofluid efficiency as a
coolant relative to classical coolant is assessed. Tool wear
progress and mechanisms are examined and evaluated by op-
tical and scanning electron microscopy (SEM). The effects of
these strategies on the surface quality are also studied.

3 Experimental setup and design

In this work, austempered ductile iron (ADI) grade 2 is used as
the workpiece. The mechanical properties of ADI grade 2 are
shown in Table 1. Coated carbide tool (CNMG120416MR)
with 1.6 mm nose radius is used for the cutting tests. Four
different coolant strategies are utilized in this study, namely,
dry machining, flood cooling, MQL with vegetable oil, and
MQL with nanofluid. Al,O3 nanoparticles, are dispersed into
MQL 4% as suggested in the literature [28—33]. Turning ex-
periments are conducted at a depth of cut (DOC) of 0.5 mm
and length of cut of 50 mm, while different levels of cutting
speeds and feeds are utilized as shown in Table 2. The 24
cutting experiments are conducted using L.24 mixed orthogo-
nal array based on the design of experiments technique. Each
run is performed twice to evaluate the results replicability. The
cooling strategies are evaluated at different levels of high and
low cutting speed and feed, which have been chosen based on
the ranges of recommended cutting parameters by the insert
manufacturer.

The administration of both MQL and nanofluid cooling is
provided using an external booster pump, mixed with a com-
pressed air. The vegetable oil used is rapeseed oil,
ECOLUBRIC E200. The oil is confirmed as friendly envi-
ronmental and has a biodegradability of 90% in 28 days. The
machining tests were conducted on a HASS CNC-lathe ma-
chine. A Mitutoyo surface roughness profiler is used to mea-
sure the surface roughness values. In addition, a digital cam-
era mounted on a tool maker’s optical microscope is used for
tool wear measurement. FEI INSPECT S50 SEM is
employed to take SEM images along with XT microscope

server program for insert images analysis. The experimental
setup schematic is presented in Fig. 1.

4 Results and discussions

The findings of this study are discussed in this section. A
maximum flank tool wear of (VB = 0.5 mm) is used as the
tool life criteria. The tool life and average surface roughness
results are shown in Table 3. The test matrix is developed with
the aim of relating the influence of input parameters to all
measured responses.

The best performance of the cutting tool in terms of'tool life
is recorded at cutting speed of 120 m/min, feed rate of 0.2 mm/
rev using MQL nanofluid technique as shown Fig. 2. The 4%
volume nanofluid coolant showed the highest tool life in com-
parison to the other employed techniques. The MQL-
nanofluid shows improvement percentages in tool life of
19.4, 4.1, and 30.5% in comparison with tests performed at
same cutting conditions using MQL, flood, and dry tech-
niques, respectively. Flood coolant shows better results only
at cutting speed of 120 m/min and feed rate of 0.3 mm/rev;
however, it is still not an environmentally friendly technique

5.5
5k

w »
w o~ W»
TTT

Sum of Ra (um)
N
(9]

=
N
T

A1.C1 A2.C1 AlC2 A2C2 ALC3 A2.C3 AlLCA A2C4

Level number

Fig. 4 The interaction effect between the lubrication strategy and feed
rate for the average surface roughness results
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Table 5 ANOVA results for tool life results

Sources Statistical summation Degree of freedom Variance F calculated Results

Lubrication technique 2.164 3 Pooled factor

Feed rate (f) 1.44 1 Pooled factor

Cutting speed (v) 8.48 2 Pooled factor

Lubrication*v 10.96 6 1.82 14 Significant at 99% confidence level
Lubrication*f 3.69 3 Pooled factor

vEf 10.10 2 Pooled factor

Error 221 17 0.13 Pooled factor

Total 13.18 23 Pooled factor

while MQL-nanofluid is considered as a sustainable technique
as it offers an optimal amount of cutting fluid (environmen-
tally friendly system).

Several studies have shown that the use of MQL results in a
better surface than dry machining [34-36] which is relatively
consistent with that shown in Fig. 3. The MQL also reduces
the cutting temperature, cutting forces, tool wear, and friction
coefficient in comparison with dry machining. However, the
average surface roughness results suggest that the nanofluid
appears to be the best choice when operating at a low feed rate;
however, the flood coolant appears to provide relatively better
results at higher feed rate values.

Additionally, from Figs. 2 and 3, it can be seen that the
shorter tool life and the coarser surface finish are obtained
when machining ADI at the highest levels of cutting speed
and feed (240 m/min and 0.3 mm/rev) for all employed
cooling strategies. Thus, compared to the tests performed
using lowest levels of cutting speed and feed rate, the tool life
values are decreased by 65, 64, 52, and 63% for dry, flood,
MQL, and nanofluid, respectively. Consequently, the surface
roughness values are increased by 46, 58, and 51% for dry
machining, MQL, and nanofluid, respectively under using the
highest levels for both cutting speed and feed rate.

Generally, the appropriate chip breaking features and po-
tential low machining temperatures make cast iron materials
proper for machining processes, which are conducted under
dry condition. However, Klocke et al. [37] pointed out that in
many cases the use of cooling strategy is significant in ma-
chining ADI and is associated with some substantial benefits
which agrees with the results shown in Fig. 2. The flood cool-
ant has an advantage in terms of chip clearing as the high
liquid pressure at the cutting zone helps to move the chips
away of the cutting tool, thereby avoiding the recut chips
phenomenon and eliminating a crater wear which could dam-
age the machined surface and dull the cutting tool faster.

Many researchers [38—40] have reported that adding nano-
particles into a base fluid offers a reasonable reduction in
friction and greatly enhances its wettability. Different mecha-
nisms were discovered to clarify the enhancement in lubricity
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of nanofluids, including effect of ball bearing, tribo-film for-
mation, mending, and polishing effects [38]. In this work, the
nanofluid enhancements can be attributed to the thermal con-
ductivity improvements of the MQL due to the proper disper-
sion of Al,O5 nanoparticles into the base cutting fluid which
enhances the resultant thermal conductivity value in compar-
ison with the base lubricants because of the remarkable prop-
erties of the added Al,O5 nanoparticles (e.g., wear resistance,
and excellent thermal conductivity) as have been discussed in
a previous study [41].

The resultant nanofluid is atomized in the MQL system
through the applied compressed air, forming a fine mist
surrounded with a base cutting fluid film [27]. This mist has
the ability to penetrate into the chip-tool interfere zone and
forming a tribo-film which helps in absorbing the generated
heat and reducing the induced friction. The mentioned char-
acteristics enormously improve the cooling and lubrication
properties and retain the cutting tool hardness for a longer time
as have been confirmed by Khandekar et al. [40]. In addition
to the previous point, using MQL-nanofluid reduces the fric-
tion more effectively since the dispersed nanoparticles serve

Sum of tool life (min)
o

B1.C1 B2.C1 B3.C1 B1.C2 B2.C2 B3.C2 B1.C3 B2.C3 B3.C3 B1.C4 B2.C4 B3.C4

level number

Fig. 5 The interaction effect between the lubrication strategy and cutting
speed for the tool life results
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Table 6  The coefficient of correlations results

Coolant Tool life results at Average surface results
strategy feed rate 0f 0.2 mm/rev  at cutting speed of 180 m/min
Dry - 094 0.99

Flood - 091 0.91

MQL - 0.86 0.97

Nanofluid -0.84 0.92

as spacers, eliminating the contact between tool and work-
piece [42]. Thus, the MQL-nanofluid offers promising results
in terms of tool life improvement (ranging between 15 and
21%) in comparison with tests done using classical MQL.
Furthermore, an important point to be considered is that in
most machining levels, when 4% gamma-Al,O; nanoparticles
are dispersed into vegetable oil, the surface roughness values
are decreased.

This improvement is at a value higher than that of pure
MQL, except in the case of low-feed-low-speed level where
the levels of improvement for both cases are the same as
shown in Fig. 3. The findings show that the best surface
roughness is 0.625 um for MQL + 4% gamma-Al,O5; nano-
particles at cutting speed of 240 m/min and feed rate of
0.2 mm/rev. The MQL-nanofluid shows improvement in sur-
face quality of 15, 58, and 27.1% in comparison with tests
performed at same cutting conditions using MQL, flood, and
dry techniques, respectively. The main goal of the nanoparti-
cles is to enhance a heat transfer coefficient and thermal con-
ductivity of the base fluid as well as lubricate the cutting zone
during machining process. Because the nanoparticles have a
nanometric sizes and spherical shapes, they can be sprayed
into the cutting zone, and then be inset into fractured grooves
and pores in the cutting zone, as well as between the chips and
cutting tool. Then the nanoparticles lubricate the cutting zone
which can largely reduce the friction force, and then the

ADI-dry cutting experiments

1.8
1.6
1.4

1.2

Average surface roughness

0.8 .l
250

0.3 1

0.25
150 09

100 0.2

Cutting speed (m/min) Feed rate (mm/rev)

Fig. 6 ADI-dry cutting model for surface roughness results

cutting forces. The better surface obtained by using nanofluid
is probably due to the more effective lubrication and cooling
of the tool/workpiece interface and wettability of work
material.

Table 4 displays the ANOVA results for the average surface
roughness. It shows that the interaction effect between the
lubrication strategy and feed rate is the only significant vari-
able at 99% confidence level. Additionally, the interaction
effect between the cutting speed and feed rate, and the feed
rate effect separately are not significant above 90%; however,
they still have acceptable statistical summation about 1.9 and
1.95, respectively (Table 4). The lubrication technique only
does not show a significant effect on the resultant surface
roughness; however, it still has a promising combined effect
with the feed rate as their interaction provides the highest
statistical summation. Plot of the interaction effect between
the lubrication strategy and cutting feed rate for the measured
average surface roughness data shows the optimum level,
which provides the lowest summation of average surface
roughness as shown in Fig. 4.

It is observed that using MQL with nanofluid and cutting
feed rate of 0.2 mm/rev provides the optimal average surface
roughness performance (i.e., A1.C4).

Similarly, Table 5 shows ANOVA results for tool life. It is
found that the interaction effect between the lubrication strat-
egy and cutting speed is the only significant variables at 95%
confidence level. Similar to the surface roughness ANOVA
results, the lubrication technique only does not show a signif-
icant effect on the resultant tool life; however, it still has a
promising combined effect with the feed rate as their interac-
tion provides the highest statistical summation. The plot of the
interaction effect between the lubrication strategy and cutting
speed for the measured tool life shows the optimum level
which provides the highest summation of tool life as shown
in Fig. 5. It is observed that cutting speed of 120 m/min with
flood or MQL with nanofluid provide the optimal tool life
results (i.e., B1.C2 or B1.C4).

ADI-dry cutting experiments

3 24
25 22
£
£ 2] ¢
L 18
= 15
8 16
Ll

14
0.5 !
250 12

150 0.25

100 02

Cutting speed (m/min) Feed rate (mm/rev)

Fig. 7 ADI-dry cutting model for tool life results
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ADI-flood cutting experiments
35

Tool life (min)
N
N
o

Average surface roughness

250

150 0.25

Cutting speed (m/min) 100 0.2 Feed rate (mm/rev)

Fig. 8 ADI-flood cutting model for surface roughness results

Response surface methodology (RSM) is implemented in
order to build mathematical models for each lubrication strat-
egy in terms of cutting speed and feed rate to express the
predicted average surface roughness and tool life. Therefore,
analyzing the influence of the studied independent variables
can be demonstrated using this modeling technique as the
mathematical model relates the process responses to facilitate
the optimization of the process [43].RSM technique has been
employed in various machining processes (e.g., milling, turn-
ing, and drilling) to study the process variables effects on
specific machining quality characteristics (e.g., average sur-
face roughness, cutting forces, tool life) [44—46]. The predict-
ed mathematical models for the average surface roughness
using dry, flood, MQL, and MQL with nanofluid are provided
in Egs. 1-4, respectively. Similarly, the tool life models are
developed as shown in Egs. 5-8, respectively. Also, the coef-
ficient of correlations for the all studied cases have been de-
termined and results are listed in Table 6.

In order to validate the proposed mathematical models,
average model accuracy is calculated for each case as shown
in Eq. 9.

ADI-flood cutting experiments

-
@
/

-t
(=]
L

13

e
»

oy
n
L

Average surface roughness

No
8o o
M .

200 0.3

150 0.25
Cutting speed (m/min) 100 0.2 Feed rate (mm/rev)

Fig. 9 ADI-flood cutting model for tool life results
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ADI-MQL cutting experiments

1.5 4

0.5 >l
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Fig. 10 ADI-MQL cutting model for surface roughness results

Ra)dry = 7.71f + 0.000025v — 0.6856 (1)
Ra)flood = 12.945£-0.0118v—0.0765f + 0.000087>
+0.704 (2)

Ra)MQL = 10.521f

+0.00849v —0.0104 fv—0.00001681°—1.858
(3)
Ra)nanofluid = 4.18f—0.0078v + 0.0256fv + 0.28 4)

Tool life)dry = —4.166f—0.0121v + 4.9975 (5)

Tool life)flood = 14.11f~0.012v-0.0991f + 0.00006>
+3.455 (6)

Tool life)MQL = —11.43 F—0.021v + 0.0366fv
+ 0.0000083v* + 6.828 (7)

ADI-MQL cutting experiments
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Fig. 11 ADI-MQL cutting model for tool life results
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ADI-nanofluid cutting experiments
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Fig. 12 ADI-nanofluid cutting model for surface roughness results

Tool life)nanofluid = —0.086/—0.0037v—0.033fv
+4.89 (8)
Average Model accuracy

Abs(experimental value — predicted value)

n
T o1-
e experimental value (9)

n

The mathematical models developed under dry machining
technique for tool life, and average surface roughness show
average model accuracy about 97.28 and 95.97%, respective-
ly. For MQL strategy, the proposed tool life mathematical
model offers 98.78% average accuracy; while the average
surface roughness model shows about 90.72%. In terms of
flood technique results, the tool life model offers 94.33% av-
erage accuracy, and 93.21% average model accuracy is ob-
tained in terms of average surface roughness results. The av-
erage accuracy of the nanofluid models are 90.3 and 89.2% for
average surface roughness and tool life, respectively. 3-D sur-
face plots for the dry and flood mathematical models are pro-
vided as shown in Figs. 6, 7, 8, and 9 while Figs. 10, 11, 12,
and 13 show the MQL and nanofluid 3-D surface models.

5 Wear mechanisms analysis

Understanding the tool wear mechanisms is important
for optimization of the machining process. From a mi-
crostructure perspective, the austenite phase in ADI is
thermally stable due to its rich carbon content. It can
undergo a strain-induced transformation when the ADI
is locally subjected to stress; producing sphere particles
of hard martensite which enhances tool wear [47]. All
SEM images of worn phases were captured at the end
of the cutting tests.

The scanning electron microscope (SEM) images visibly
show that the flank wear is the dominated tool wear. Based on
the literature [48, 49], the flank wear is essentially caused by
abrasion, where the hard particles of the workpiece rub against
the tool surface. Furthermore, during chip deformation, parti-
cles are pulled out from the contact region of the cutting tool
and are taken away by the flowing chips. This act is respon-
sible for tool flank wear and results in shorter tool life. This
research evaluates the tool wear at the cutting speed of 120 m/
min and feed of 0.2 and 0.3 mm/rev for different coolant
methods. The results show that the dominant tool wear obser-
vation is the abrasion wear. It was also found that carbon and
magnesium particles stacked on the flank face are most likely
due to diffusion wear as can be seen from the energy-
dispersive X-ray spectroscopy (EDS) image in Fig. 14.

Generally, in all coolant strategies, a few spots of
work material adhesion were observed on the insert
flank face, which can be attributed to a high cutting
temperature at interface zone and the chemical reaction
of workpiece materials. Figure 15a presents the cutting
edge under dry machining at a cutting speed of 120 m/
min and feed of 0.2 mm/rev. It can be observed that
adhesion wear with a relatively large abrasion wear
appeared along the flank face (red circle). In the case
of flood coolant strategy (Fig. 15b), according to SEM
observations, less extent of abrasion occurred. An
amount of chipping (yellow) is also marked on the
cutting edge. As can be seen in Fig. 2, when using
the flood strategy, the cutting tool has longer life than
when using dry condition; however, it appears more
severely damaged than dry in SEM images due to the
oxidation, external black layer, resulting from flood
coolant Figs. 15b and 16b. The most important SEM
observation of the flooding strategy is the appearance
of thermal damage. As a chemical reaction wear, ther-
mal damage occurs when chemical compound are
formed by reaction of the cutting tool material with

ADI-nanofluid cutting experiments

15 4 14
13
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11

Average surface roughness

0.5 .l
250
0.3 0.9

150 0.25

100 0.2

Cutting speed (m/min) Feed rate (mm/rev)

Fig. 13 ADI-nanofluid cutting model for surface roughness results
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Fig. 14 EDS image for diffusion
on tool at dry machining
f=02mm/rev and V=120 m/

min

the workpiece material at high temperatures in the pres-
ence of oxygen [50]. As shown in Fig. 15b, oxidation
wear, which appears as a dark area, is marked on the
extremity of the tool edge (chip/tool contact region).
An oxide layer can act as a barrier against wear at
the tool surface; however, it can also accelerate the

Fig. 15 SEM images of inserts
after machining at V = 120 m/min
and /= 0.2 mm/rev under different
coolant strategies

@ Springer

wear rate. Usually, during the machining process, the
air is available in the chip/tool interface area. The pres-
ence of air, water (in flood coolant), and high temper-
ature is most likely producing the oxidation wear.
Moreover, as seen in Fig. 15c, the vegetable oil MQL
yields relatively small abrasion, which seen within the
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Fig. 16 SEM images of inserts
after machining at V = 120 m/min
and /= 0.3 mm/rev under different
coolant strategies

red circle. This could be attributed to the lubricant con-
ditions (i.e., forming a fine mist surrounded with a base
cutting fluid film) where the vegetable oil reduces the
rubbing effect between the hard particles and tool sur-
face, generating less friction and less heat.

The main purpose of dispersed gamma-Al,Oz nanoparti-
cles into MQL vegetable oil is to enhance the thermal conduc-
tivity and heat transfer coefficient of the coolant. Therefore, in
the case of nanofluid coolant (Fig. 15d), less abrasion wear is
observed, which is labeled by a red circle. These results indi-
cate that dispersion of gamma- Al,O3 nanoparticles into veg-
etable oil improves the performance of the MQL coolant.
Furthermore, Fig. 16a shows the insert cutting edge with abra-
sive and adhesive wear after dry machining at cutting speed of
120 m/min and feed of 0.3 mm/rev.

A clear chipping is observed in the case of flood cool-
ant as described in Fig. 16b, which could cause a tool
failure. The oxidation wear is also observed in the flood
strategy at a feed rate of 0.3 mm/rev. From Fig. 16D, it
can be seen that a large thermal damage is located very
close to the cutting tool edge. As mentioned previously,
the presence of oxygen and high temperatures could

THERMAL DAMAGE
(Oxidation Wear)

CHIPPING

FLOOD
COOLANT

COOLANT

cause this type of wear mechanism [50]. In the case of
MQL, a small chipping is detected as seen in Fig. 16c.
Meanwhile, the nanofluid cooling yields less abrasion
wear as shown in Fig. 16d. Ultimately, when machining
ADI at cutting speed of 120 m/min and feed of 0.3 mm/
rev, the extent of flank wear is slightly increased (9—-13%)
compare to feed of 0.2 mm/rev, and the amount of
chipping in the flood method is visibly observed.
Increasing the feed rate value mainly leads to increase
the induced generated heat, thus resulting into quick ther-
mal softening and rapid cutting edge wear.

6 Conclusions

In this work, machining of ADI grade 2 under four cooling
strategies (i.e., flood, dry, MQL, and MQL with nanofluid)
was investigated. Three levels of cutting speeds were used:
120, 180, and 240 m/min, and two feeds 0.2 and 0.3 mm/rev.
A constant depth of cut of 0.5 mm and length of cut of 50 mm
were used for each pass. L24 mixed orthogonal array based on
the design of experiments techniques was employed. MQL
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with nanofluid shows promising results for both average sur-
face roughness and tool life results.

ANOVA is implemented to study the cutting process vari-
ables effects on the measured responses. The interaction effect
between the feed rate and cooling strategy is the only signif-
icant variable, which affects the average surface roughness.
The tool life ANOVA results show that interaction effect be-
tween the cutting speed and cooling strategy is the only sig-
nificant variable. The RSM technique was employed to devel-
op mathematical models for tool life and average surface for
each cooling strategy and acceptable models accuracies are
observed. Regarding the tool wear mechanisms analysis, the
SEM examination revealed that abrasive and adhesive wear
mechanisms are dominant modes of tool wear when machin-
ing ADI at different cutting parameters, which can be attrib-
uted to the hardness and chemical reaction of ADI. Due to a
presence of air and elevated temperature at the cutting zone,
oxidation wear is noticed when using the flood coolant.
Among the four coolant strategies, the nanofluid provided
better results at different cutting parameters in terms of tool
life and surface quality. The performance of MQL vegetable
oil is improved after dispersing 4% gamma- Al,O; nanopar-
ticles, hence, increasing its thermal conductivity is observed.

Also, it can be concluded that using nanofluids can reduce
the induced friction at the cutting zone, and consequently that
could lead to a significant reduction in the cutting forces. The
enhancement in lubricity of nanofluids can be attributed to
effect of ball bearing, tribo-film formation, mending, and
polishing effects. The better surface obtained by using
nanofluid is probably due to the more effective lubrication
and cooling of the tool/workpiece interface and wettability
of work material.
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