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Summary. For all dry machining process, temperature generated in the cutting zone is the major challenge. It causes tool failure and
results in unsatisfactory surface finish. Application of flood coolant method during machining processes can significantly reduce the
temperature and consequently extend the cutting tool life. However, it has serious concerns regarding environmental pollution, operator
health and manufacturing cost. These issues are usually attempts to be overcame by using minimum quantity lubrication (MQL) tech-
nique. This method merges the advantages of both dry cutting and flood cooling by spraying a small amount of lubricant to the cutting
zone using vegetable oil. In this paper, another technique is proposed in order to further enhance the machineability of the stainless
tool steel (STAVAX ESR 48 HRC). This involves using of nitrogen gas (N2) and air as cooling medium in combination with oil mist
lubricant (MQL). The results show that the combination between nitrogen and oil-mist lubricant much more prolonged the tool life
and improved the surface finish than the air-oil mist lubricant medium.
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Introduction

Dry hard turning has become an alternative
machining process to grinding due to its ability to
increase material removal rate, reduce production
cost and enhance of material properties. However,
dry hard turning has several issues such as high
temperatures at the tool-chip and tool-workpiece
interfaces, which are negatively affects the quality
of the machined parts and terminates the tool life.
Using conventional cutting fluid methods (flood
coolant) can improve machining performance by
reducing the temperature in the cutting zone, how-
ever, it causes environmental pollution, has haz-
ardous effect on operator health and increases the
capital cost of the machined products. These issues
have encouraged the researchers to replace the con-
ventional cooling method by another one. Re-
cently, machining with minimum quantity lubrica-
tion (MQL) has been introduced as a replacement
to the traditional one. Itis considered as green
manufacturing processes since only very little
guantity of lubricating oil mixed with compressed
air is delivered at the tool-workpiece interface.
However, the suitability of this technique in en-
hancing the machineability of hardened stainless
tool steel is still under investigation. In reported lit-
erature an appreciable efforts have been made in
investigating this new technique and compare with
dry cutting when machining different hard materi-
als. EImunafi et al [1] investigated the use of MQL
in turning AISI 420 stainless steel and compared
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the results with dry cutting. They concluded that
that MQL has offered a better surface roughness
and extended the tool life by reducing the tempera-
ture at the cutting zone. In another report, Rahim
etal. [2] stated that applying of MQL technique
using vegetable oil resulted in better machining
performance when compared with dry cutting
where the cutting force and temperature have been
reduced. The good experimental results obtained
by using MQL, make it as an alternative technique
to flood cooling method when machining hardened
steels and aluminum alloys [3]. For machining
other materials and steel grades, this new technique
was also investigated. It was found that applying
MQL when machining Inconel 718 at high speed
resulted in extending the tool life and reducing cut-
ting forces [4]. Sharma et al [5] reported that tem-
perature was significantly decreased and surface
finish was improved when machining AISI D2
alloy steel using MQL with vegetable oil and tung-
sten carbide cutting tool. For further machineabil-
ity enhancement of different materials, a combina-
tion between nitrogen and oil-mist (MQL)
has been used. Handawi et al [6] conducted their
experiments under nitrogen-oil mist and air-oil
mist lubricant conditions during high-speed turning
of stainless steel (AISI 420). The result shows that
the machining performance with nitrogen-oil mist
was better than air-oil mist in terms of tool life and
surface finish. Shizuka et al [7] investigated the use
of nitrogen-oil-mist when turning carbon
steel (AISI 1045) using both cemented carbide and
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cermet tools. Itwas found that N. significantly
reduces the oxidation that occurs at the chip and
the tool interface, and the tool wear took place by
different wear mechanisms such as adhesion, chip-
ping and abrasion. Wear by oxidation was not no-
ticed, and only some micro cracks were found at the
flank face near the cutting edge. However, the later
lubricant techniques were not investigated when ma-
chining stainless tool steel (STAVAX ESR-48 HRC)
using wiper coated carbide cutting tool.

In general, finish machining is meant to
accomplish smooth level of surface texture, which
is usually depicted with low feed and depth of cut.
Wiper geometry cutting tools is another modifica-
tion on the machining process to achieve better fin-
ish and increase the metal removable rate by in-
creasing the feed rate as well [8]. Surface
roughness has significant influence upon the tool
life. For manufacturing parts by machining,
low surface roughness is required since it will lead
to reduce the friction and wear rate, and thus,
improves the corrosion resistance [9]. Therefore,
in this work both air-oil-mist and nitrogen-oil-mist
cutting conditions with biodegradable vegetable oil
were investigated, and the results were compared
with dry machining.

Experimental Details

Workpiece Materials, Cutting Inserts and
Experimental Procedure

Turning tests were performed on hardened
stainless tool steel (STAVAX ESR) using Alpha
1350 S CNC lathe machine. The chemical compo-
sition of this workpiece material was 0.38% C,
0.9% Si, 0.5% Mn, 13.6% Cr and 0.3% V, having
hardness of 48 HRC as labeled by the manufac-
turer. Experiments were conducted using tungsten
carbide coated with single-layer TiAIN. The coated
carbide tool has an ISO designation of CNMG
120408, with wiper geometry and 0.8 mm nose ra-
dius. The inserts were mounted on tool holder 1ISO
designation (MCLNR 1616H12). The insert with
the tool holder has the following angles: side cut-
ting edge angle is -5°, entering angle 95°, end and
back rake angles is 5°, end and side relief angles is
5° and end cutting edge angle is 5°. Flank wear
growth was monitored at regular cutting time inter-
vals (30 seconds). The measured responses are the
main cutting force, tool life and surface roughness.
The criteria for tool failure was set at maximum
flank wear of 0.12 mm, when the tool is bro-
ken (catastrophic failure) or if the surface rough-
ness of the machined workpiece is beyond 1.6 um.
Optical Microscope (Zeiss, Type Stemi 2000-C)
and FEI QUANTA 200 FESEM were used to capture
and evaluate the wear on flank surfaces. For measuring
the centerline average (CLA) surface roughness
values (Ra), Mitutoyo profile meter, type: SJ-301 was
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used. The surface roughness measuring length on the
machined surface was kept at 0.8 mm.

Cutting Parameters

The machining parameters (cutting speed,
feed and depth of cut) were selected based on tool
manufacturer's recommendation for finish machining
of hardened stainless steel using coated carbide
tool as tabulated in Table 1.

Table 1.
Cutting parameters
C{’/tcti(ﬁ/fnpi‘;e)d’ 100 135 170
( rEen?/?eL) 0,16 0,2 0,24
Dep('::; n(ig cut 0.2

Coolant and Lubricant Conditions

In air-oil mist system (MQL), a compressor
was used to supply air at pressure of 5 bar with flow
rate 50 ml/h using vegetable oil (castor oil) which
was supplied by MQL system (Unist type)
as shown in Fig. 1. For nitrogen-oil mist system,
nitrogen cylinder with suitable pressure regulator
was used to supply the nitrogen gas at pressure of
5bar at 50 ml/h flow rate as shown in Fig. 2.
Two nozzles were used to target the face and flank
surfaces of the tool. Dry cutting with the same
parameters was also conducted as control.
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Figure 2. Schematic diagram of nitrogen-oil-mist
condition
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Results and Discussion

In this section, main results were detailed
and discussed. Graphics showing the surface
roughness, tool life and wear mechanism at three
different conditions of dry, air-oil-mist and nitro-
gen-oil-mist were presented.

Tool Life

The tool life values obtained from dry, air-
oil-mist and nitrogen-oil-mist cutting machining
conditions are presented in Table 2. As it was ex-
pected, varying the cutting speed and feed rate af-
fected the cutting tool life (Fig. 3). Thus, increas-
ing cutting speed and feed rate in dry cutting
resulted in decreasing the tool life. However, when
air-oil-mist was employed the tool life was signifi-
cantly extended by 90%, 50% and 66% for low, me-
dium and high cutting conditions (cutting speed and
feed) respectively. Comparing these tool life results
of the nitrogen-oil mist with the air-oil mist, it was
found that the tool life was moderately prolonged at
the three combinations of speed and feed. This indi-
cates that the later lubricant method (nitrogen-oil-
mist) is very practical lubrication for extending the
tool life. These good results is attributed to the fact
that nitrogen gas atmosphere retards oxidation due to
the developed heat at cutting zone during machining,
which leads to reduce the cutting temperature and ex-
tend the tool life [7]. Tool life of nitrogen-oil-mist at
high level of cutting speed and feed rate seems
to be moderately extended. The reason is that at high
machining conditions, the temperature generated
at the cutting zone was high enough to cause cata-
strophic failure for both lubrication methods.
Fig. 3 illustrates the tool life obtained from the three
different machining conditions.

Table 2.
Tool life at different machining conditions
Cutting conditions Tool life (min)
. Air- N,-
Cutting . -
. Feed (mm/rev) | Dry | oil- | oil-
speed (m/min) mist | mist
100 0,1 17,7 33,7 [443
135 0,20 55 83 [981
170 0,24 0,9 15 |1,75
50
45
40 m 100, 0.16
z 35
E 30 m135,0.20
2 25
; 20 170,0.24
£ 15
10
5
0]
dry Air-oil-mist Nitrogen-oil-mist

Figure 3. Histogram of tool life for different machining
conditions
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Wear Mechanism under Air-Oil Mist and
Nitrogen-Qil Mist Conditions

The comparative experiments were also used
to investigate tool wear when turning stainless tool
steel (STAVAX ESR) under air-oil-mist and nitro-
gen-oil-mist machining conditions. Fig. 4 shows
the progression of flank wear (VBmax) on the minor
flank face of the coated carbide tool under dry, air-
oil-mist and nitrogen-oil-mist conditions respec-
tively. It’s obvious that the flank wear (VBmax) un-
der dry condition grew rapidly (Fig. 4). While it’s
rate of growth decreased by air-oil-mist and nitro-
gen-oil-mist lubricants. After 17 minutes of ma-
chining time, the micro drops of oil-mist were
evaporated because of the rise in cutting tempera-
ture that caused by the tool wear. This prevented
the oil film to interact at tool-workpiece interfaces.
However, the tool wear rate in the case of nitrogen-
oil mist was less. This is due to the reduction of
oxidation wear, which led to extend the tool life by
reducing the propensity to progressive wear at the
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Figure 4. Progression of tool wear (VVB) versus cutting
time under dry, air-oil mist and nitrogen oil mist
conditions

On the other hand, crater wear which was
formed due to the coating material loss, indicated
that the flank face was affected by less loading than
the rake face [10]. Fig. 5 represents the SEM and
EDS analyses of the coated carbide tool flank.
The SEM images shows the flank wear at low con-
dition of cutting speed and feed (100m/min and
0.16 mm/rev) for dray and both lubrication meth-
ods (air-oil-mist and nitrogen-oil-mist). It can be
noticed that the cutting tool tested in the medium
of nitrogen-oil-mist served for longer time. In this
case, the tool was failed by abrasion wear mecha-
nism, while the tool tested in air-oil-mist medium
failed by diffusion wear mechanism. This explains
for the higher percentage of adhered workpice mate-
rial that detected by EDS on the tool surface. In addi-
tion, the damage of coating substrate was found to be
less under nitrogen-oil-mist compared to air-oil mist
conditions as shown in Figures 5A and 5B.
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Figure 5. SEM of rake face and EDS analysis of typical area: (A)
air oil mist (B) nitrogen-oil mist at 100 m/min, 0.16 mm/rev

Surface Roughness

Table 3 presents the values of surface roughness
for dry and both lubricant methods. In general, the sur-
face roughness values for dry machining were higher
than the air-oil-mist and nitrogen-oil-mist lubricants.
Nitrogen-oil-mist machining medium showed better
surface finish than air-oil-mist one at condition of high
speed and feed. This is attributed to the good penetra-
tion and better cooling effect of the lubrication
method [11], and the less contact area between the tool
and chip interface. Thus, it enabled the nitrogen to re-
duce the friction at the interface between the tool and
the chip [12]. Furthermore, the high nitrogen gas pres-
sure led to improve the surface quality of the machined
workpiece and prolong the tool life when it was used
with the oil-mist [13, 14]. This could be due to the fast
cleaning of metal residual left on the surface of the
workpiec by the chip during machining. Figure 6
shows the variation in surface roughness measured
during turning STAVAX ESR by coated carbide cut-
ting tools under dry and the two lubrication methods at
different cutting parameters. It can be concluded that
the smoother surface finish of the machine surface was
obtained by using nitrogen-oil-mist lubrication me-
dium at high condition of cutting speed and feed.

Table 3.
Results of dry, air-oil-mist and N»-o0il-mist
conditionsin terms of surface roughness

Cutting speed Feed Surfa%rr_%?ﬁhne:ﬁt% gl)n_
(m/min) (mm/rev) | Dry mist oil-mist
100 0,16 041] 0,38 0,43
135 0,20 0,44 ] 0,38 0,35
170 0,24 055| 043 0,37

0.6
m100,0.16
0.5 m135,0.20
= 170, 0.24
204
§‘O 3
__,_% 0.2
- 0.1
O ,
Dry Air-oil-mist  Nitrogen-oil-mist

Coolant/Lubricant Conditions

Figure 6. Histogram of surface roughness for air-oil mist
and nitrogen oil mist at different cutting parameters
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Cutting Forces

The measured main cutting force when turning
hardened tool steel (48HRC) under the dry, air-oil-
mist and nitrogen oil mist conditions was illustrated
inFig. 7. Itis in the ranges of (269-323N) for dry,
(210-300N) for air-oil-mist and (247-294N) for nitro-
gen-oil mist machining conditions. Itis evident that
mean cutting force increased when cutting speed and
feed were increased for all three machining conditions.
However, the main cutting force is higher in dry ma-
chining at all cutting conditions of speed and feed.
When the two lubricant methods were used, the cutting
force was reduced for all employed cutting parameters.
This is due to the lower rate of tool wear when lubri-
cants were used and thus, reduced the cutting force.
However, the main cutting force at low speed and feed
was lower under air-oil-mist condition. This could be
due to the low temperature generated at the cutting
zone, and the ability of oil film to penetrate to the cutting
area in contact. Whereas at high speed, cutting force is
slightly lower under nitrogen-oil-mist condition. This is
probably due to the evaporation of the oil film in the case
of air-oil-mist lubricant because of temperature rise at
higher cutting speed, and thus this lubrication method
became less effective. The situation is different when
machining was performed using nitrogen-oil-mist lubri-
cation method at high condition of cutting speed and
feed. Although the developed high temperature led to
evaporate the oil film, the nitrogen stood alone to per-
form the cooling action at the cutting zone [11].
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100-0.16 135-0.20 170-0.24(100-0.16 135-0.20 170-0.24|100-0.16 135-0.20 170-0.24
Adr-oil mist Nitrogen oil mist

Figure 7. Cuttlng force at dlfferent speed and feed
under dry, air-oil-mist and nitrogen-oil-mist conditions

Conclusion

Hardened AISI 420 stainless steel (48 HRC)
was turned under dry, air-oil-mist and nitrogen-oil-
mist conditions using wiper-coated carbide cutting
tools at various cutting speed and feed rate.
The tool life under nitrogen-oil-mist machining
condition was appreciably prolonged compared to
dry and air-oil-mist cutting conditions. Flank and
crater wear are the dominant failure modes when
hard turning STAVAX ESR. Nitrogen reduced ox-
idation wear on tool faces and provides better cool-
ing effect compared to air-oil-mist condition. Ni-
trogen-oil-mist machining condition showed better
surface roughness than air-oil-mist one. At high speed,
cutting force is slightly lower under nitrogen-
oil-mist condition. Therefore, itcan be suitable

Main cutting farce (N)
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