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Particulate matter – monitoring during end milling under different
cooling-lubrication strategies
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Many lubrication strategies have been applied in cutting processes. The main purpose is to reduce heat generated
and to lower friction on the cutting tool thus improving the surface quality of the workpiece. However, the quality
of indoor air has become a major health and safety issue. This study explains the effects of cooling, lubrication
strategies and cutting parameters on particulate matter emission. The experiments involved the use of TiCN CVD
coated carbide with varying cutting speeds (Vc), feed rates (fz), and cooling-lubrication strategies (dry, chilled air,
chilled MQL, MQL, flood-coolant and pulsating lubrication) for both Aluminium alloy 6061 and Inconel 718. Design
of experiment and analysis of variance (ANOVA) were used to examine the effects of the input parameters on the
PM2.5 value. Based on ANOVA, it was found that the chilled MQL and MQL exhibited high PM2.5 readings, while
the other coolant strategies yielded results which were within an acceptable exposure limit.
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1. Introduction

Metal cutting is the most widely used process in various
sectors of manufacturing. Aluminium alloy 6061 (al-alloy
6061) grade is broadly utilise in various fields of aerospace,
automotive, petrochemical, marine, electrical, domestic prod-
ucts, etc. owing to its medium-to-high strength, availability,
low cost and high strength-to-weight ratio [1]. Inconel 718 is
use in a variety of jet engine components and high-speed air
frame parts due to its good mechanical and chemical resis-
tance properties [2], which is why this material is commonly
used in harsh environments. The drawback of having these

good properties is that these materials are hard to machine.
The abrasiveness of the carbide particles and poor conduc-
tivity causes extreme heat to be produced at the vicinity of
the cutting region which is prone to producing excessive heat
and wear on the cutting tool [3]. Wear mechanisms such as
diffusion, adhesion, and abrasive wear are associated with
poor cooling and lubricating effects on the cutting tool [4].

Many investigations have been carried out to identify the
best solutions to reduce cutting temperature and to improve
lubrication. The application of conventional flood-coolant
raised the question of handling cost, health problems for the
machinist and environmental issues during disposal [5, 6].
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Some new strategies for cooling and lubrication have been
widely explored and studied such as minimum quantity lu-
brication (MQL), cryogenic process, intermittent lubrication,
etc. These strategies have emerged as sustainable manufac-
turing techniques. Najiha et al. [7] investigated the MQL
solution during machining of AL 6061 T6. The viability of a
new approach in improving the machinability of aluminium
alloy 6061 using a pulsation strategy was investigated by
Hafiz et al. [8]. Hadi et al. [9] studied the effect on machin-
ability during sub-zero temperature end milling of Inconel
718 . Sulaiman et al. [10] used MQL during the turning pro-
cess. These findings have been very promising in terms of
prolonging of tool life and improvement of surface integrity.

Nowadays, sustainability in cutting processes is of
paramount importance. The issue is not only related to soil
contamination during coolant disposal but also related to par-
ticulate matter emission (PM2.5) during cutting operations.
However, there is a lack of information related to PM2.5 from
literature. This is very important since numerous epidemi-
ological studies have linked PM2.5 with significant health
problems [11]. Particulate matter (also called particle solu-
tion) refers to fine particles or droplets in the air which have
a diameter or width of less than 2.5 micrometres. This size is
3% of the diameter of a human hair [12].

Based on US EPA regulations, the average daily limit expo-
sure for particle pollution is 35 µg/m3 [13]. Studies done by
R. Miller showed that the cardiovascular system encounters
dysfunctional problems when exposed to air pollution [14].
Severity rating of revised PM2.5 air quality index (AQI) can
be segregated into six clusters: 0-50 is consider good, 51-100
is moderate, 101-150 is unhealthy for certain sensitive groups,
151-200 is unhealthy, 201-300 is very unhealthy and 300+ is
deemed to be hazardous [15].

In the cutting process, the source of pollution comes from
the material debris, fog from cutting fluid vaporization and
mist from MQL as well as flood-coolant [16]. In these op-
erations, health concerns and cost are important issues for
achieving environmental sustainability in manufacturing [17].
During MQL, the mist turns into small particles. These par-
ticles can be broken into micro sizes like a “Uranium chain
reaction”. As human pores are micro-sized, if the particles
come into contact with the skin, they can enter then cause
various problems to the skin and lungs. A study among ma-
chinists exposed to cutting fluids have shown increased rates
of cough and phlegm, shortness of breath and skin cancers
[18].

Djebara et al. [19] had investigated the effects of cutting
of titanium alloy on the PM2.5 emission during slot milling
under dry conditions. Based on the input parameter, they
reported that tool type was dominating the particulate matter
emission, followed by interaction between cutting speed and
feed rate. There are high concerns that cutting fluids can
pose significant health, safety, and environmental hazards.
Approximately 80% of all occupational diseases are reported
to be associated with skin contact with cutting fluids [20].

The main objective of this paper is to investigate the effects
of lubrication methods toward eco-friendly cutting processes
by using PM2.5 as indicator. This experimental study con-
ducted in end-milling process with ball end mill under varied
machining parameters (cutting speed, feed rate and material).
PM2.5 reading was recorded to evaluate the effect of the lubri-
cation method and machining parameter on the air quality.

2. Experimental procedures

2.1. Materials and cutting tool

The experiments were performed on al-alloy 6061 and Inconel
718. Table 1 and Table 2 show the chemical compositions for
al-alloy 6061 and Inconel 718. The alloys were supplied in
rectangular block form with measurements of 135 × 101 × 38
mm and 171 × 95 × 41 mm respectively. The selections were
based on the machinability index of these materials, which
were 3.2 and 0.16 respectively. Both materials have gummy
properties, so the PM2.5 value does not significantly affect
the material. The hardness of Aluminium was 103 HV and
the hardness for Inconel was 350 HV after testing them on a
Rockwell hardness tester (Series 810). The insert was TiCN
CVD coated carbide (ACK200 grade) from Sumitomo. A 6
µm of coating thickness with an insert with diameter of 10
mm was attached to the 20 mm diameter WRCX-E tool holder.
The tool was constantly overhung at 50 mm with the values
of axial and radial runout at 15 µm and 30 µm throughout
the experiments.

2.2. Experimental set-up

The experiments were conducted on a HAAS CNC 3-axis
milling machine with maximum speed of 7500 rpm and feed
rate of 12,700 mm/min. The cutting parameter setting was
as summarized in Table 3, while Figure 1 demonstrated the
experimental set-up. Room temperature was 26°C while hu-
midity was 91%. During the experimentation, PPE was used
as a safety measure and the machine’s door was closed to
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Table 1. Chemical composition of Aluminium alloy 6061 [21].

Element Mg Si Fe Cu Cr Zn Ti Mn Al
Wt% 0.81 0.64 0.32 0.22 0.18 0.02 0.02 0.01 Balance

Table 2. Chemical composition of Inconel [22].

Element Ni Fe Cr Nb Ta Mo Ti Al Co Mn
Wt% 53 18.7 18.3 5.05 3.05 1.05 0.49 0.30 0.23
Element Si C Cu B P S
Wt% 0.08 0.051 0.04 0.004 <0.005 <0.002

prevent escape of particle emissions during the metal cutting
process. The laboratory was equipped with a ventilator.

The machining was done with the slot milling process
with a total of 12 runs, where there were 6 runs each for the
al-alloy 6061 and the Inconel 718. Bechem Avantin 341 was
used as the cutting fluid under chilled MQL, MQL, flood-
coolant and pulsating lubrication conditions (Figure 2). The
coolant concentration was maintained at 5 ± 0.2% brix which
was measured with an Atago Master-α refractometer. The
chilled air was prepared by using a NEX FLOW vortex tube
(Model 58208) with an average nozzle temperature of 10°C.
The vortex tube was capable of producing mist by connecting
the lubrication tube to the vortex system (Figure 3).

Table 3. Experimental plan.

Cutting speed, Vc 100-120 m/min
Feed rate, fz 0.1 - 0.2 mm/tooth

Cooling-lubrication strategy

Dry
Chilled Air
Chilled MQL
MQL
Flood-coolant
Pulsating lubrication

Material Aluminium alloy 6061
Inconel 718

A particulate matter PM2.5 detector tester meter as shown
in Figure 4 was used to monitor air quality. The device was
controlled by an Advanced RISC Machines (ARM) 32-bit
processor for accurate detection and system fluency. It was
capable of measuring multi-range air quality in PM1.0, PM2.5,
PM10.0 with an accuracy of ±0.1. The air quality monitor was
placed 1 meter from the cutting region. The maximum read-
ing value was taken during machining time and classified

Fig. 1. Set-up of experimental configuration.
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Fig. 2. Pulsating lubrication experiment strategy.

Fig. 3. Vortex tube workflow.
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Fig. 4. Particulate matter PM2.5 detector.

based on National Ambient Air Quality Standards (NAAQS)
to identify the severity rating of PM2.5 air quality condition
(Table 4).

Data collected was then analyzed using Analysis of Vari-
ance (ANOVA) from Design Expert Software version 10
through the historical data method. The p-value was used to
determine the most significant factor affecting the quality of
air during the machining process. The p-value was not to ex-
ceed the alpha value of 0.05 which represented the confidence
level of the results.

3. Results

3.1. PM2.5 detection results

This section discusses the results obtained from the experi-
ment. The objective of the present work was to investigate the
effects of input parameters on the PM2.5 under six different
cooling-lubrication strategies: dry, chilled air, chilled MQL,
MQL, flood-coolant and pulsating lubrication. The results of
the experiment have been summarized in Table 5.

3.2. Analysis of Variance (ANOVA)

Table 6 shows the ANOVA result by employing the linear
model. This selected model is significant due to the P-value
and F-value of the model, of 0.0001 and 1549.04 respectively.
According to the ANOVA, the cooling-lubrication strategy
(C) is the only significant factor at 0.0001 (P-value) with the
F-value of 1745.64. The rest of cutting speed (A), feed rate (B)
and material type (D) were found to be insignificant with the

p-value exceeding 0.05. The fitness model was confirmed by
R2 and the adjusted R2 valued of 0.9998 and 0.9991 respec-
tively. Meanwhile, the adequate precision value of 90.090
indicated that the signal-to-noise ratio exceeded 4, which was
considered to be desirable.

3.3. Response graph

Interaction plots as shown in Figure ?? illustrated the effect
of cutting speed, Vc and cooling-lubrication strategy on the
PM2.5. It was found that the Vc followed a similar trend and
gradient for each of the cooling-lubrication strategies over
the PM index. An increase in Vc resulted in a decrease in
PM2.5 value, thereby implying better air quality. However,
the response surface graph (Figure 6) demonstrated the in-
significant factors on the interaction of the Vc, and fz (feed
rate). It appeared that the quality of the air was not influ-
enced by minimum and maximum Vc range, which were
100 m/min and 140 m/min respectively. The results were in
agreement with Djebara et al. [19], who clearly found that the
dust emission size remained the same even with the incre-
ment of Vc. The effects of cooling-lubrication strategy could
also be clearly observed.

Figure 7 shows the effect of PM2.5 for six coolant-
lubrication strategies. It was observed that the use of chilled
MQL and MQL resulted in higher emissions of particulate
matter. The results of using the other strategies fell under
“moderate” and “unhealthy to certain groups”. Therefore,
when MQL was used, the mist of the coolant was considered
to be an undesirable sub-product since they caused an in-
crease in air pollution. This finding may be attributed to the
fact that mist coolant yields higher particle concentrations
in ambient air. These were consistent with the study con-
ducted by Mia et al. [23]. This ambient emission particle can
induce short-term effects of discomfort such as irritation to
the throat, skin, eyes and nose. However, with long-term ex-
posure, this can lead to serious health problems, especially to
the human respiratory system. Unfortunately, rigid studies of
the relational effect of particles on the health of people during
the machining process have been less reported in academic
literature.

Based on these plots, it was noticed that the dry and chilled
air conditions resulted in the lowest PM during the machin-
ing process. This is because the process merely on cooling
process without lubrication sprayed. This appeared to show
that chilled air and dry conditions are good candidates for a
sustainable approach in terms of air quality. In term of cutting
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Fig. 5. The effect of cutting speed on particulate material emission for different cooling-lubrication strategies.

Table 4. Breakpoints for PM2.5 Sub-Index [15].

AQI Category Index values
Proposed breakpoints

(µg/m3, 24-hour average)
Good 0–50 0.0–12.0
Moderate 51–100 12.1–35.4
Unhealthy for Sensitive Groups 101–150 35.5-55.4
Unhealthy 151–200 55.5–150
Very Unhealthy 201–300 150.5–250.4
Hazardous 301–400 250.5–350.4

401–500 350.5–500.4

process, however, these strategies are not preferable due to
poor cooling effect at the work tool interface. From the exper-
iment., the cutting process involved lubrication droplet spray
(MQL and Chilled MQL) cause high pollution level (PM2.5

> 600) which fall under Hazardous AQI index. This phe-
nomenon causes by the lubrication stream was transformed
into scattered smaller droplet diameters with the higher spray
flows by the conical spray tip nozzle. Only few was targeted
to the cutting tool while the remaining mist disperse to the

airborne.

Another approach of flood-coolant and pulsating lubri-
cation appear to be more feasible sustainability strategies
compared to the others (dry, chilled air, MQL, chilled MQL).
From the graph in Figure 7, it shows the reading of AQI index
was less than 150 showing less contamination to the airborne.
Besides, these methods also provide good lubrication, effec-
tive heat dissipation and friction reduction during material
removal process.
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Table 5. Comparison among PM2.5 values for different cooling-lubrication strategies.

Exp Vc fz Cooling-lubrication
Material

PM2.5 Air quality condition
No. (m/min) (mm/tooth) strategy AQI
1 120 0.1 Dry Al-alloy 6061 40 Good
2 120 0.2 Flood-coolant Al-alloy 6061 135 Unhealthy for certain groups
3 100 0.2 Chilled air Al-alloy 6061 52 Moderate
4 100 0.1 Chilled MQL Al-alloy 6061 712 Extremely hazardous
5 120 0.1 MQL Al-alloy 6061 796 Extremely hazardous
6 100 0.2 Pulsating lubrication Al-alloy 6061 103 Unhealthy for certain groups
7 120 0.15 Dry Inconel 718 36 Good
8 120 0.15 Flood-coolant Inconel 718 125 Unhealthy for certain groups
9 100 0.1 Chilled air Inconel 718 47 Good
10 140 0.2 Chilled MQL Inconel 718 659 Extremely hazardous
11 120 0.1 MQL Inconel 718 763 Extremely hazardous
12 100 0.2 Pulsating lubrication Inconel 718 95 Moderate

Fig. 6. The response surface graphs showing the non-significant effects of both cutting speed and feed rate on particulate
material emission.

4. Conclusions

Readings of PM2.5 were collected during the milling process
of Aluminium alloy 6061 and Inconel 718. The important

findings throughout the process are as given below: • Based
on ANOVA analysis, cooling-lubrication strategy was shown
to be a significant factor due to the p-value < 0.05 which
proved that cutting speed, feed rate and materials do not
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Table 6. ANOVA table indicating the main effect of PM2.5 value.

Source/Factor Sum of Squares DF Mean2 F-value P-value
Model 1.16 x 106 8 1.45 x 105 1549.04 <0.0001 significant

A 301.57 1 301.57 3.22 0.1706
B 6.15 1 6.15 0.066 0.8142
C 8.17 x 105 5 1.63 x 105 1745.64 <0.0001 significant
D 344.82 1 344.82 3.68 0.1508

Residual 280.85 3 93.62
Cor Total 1.16 x 106 11

Fig. 7. The effect of cooling-lubrication on PM2.5 for aluminium and Inconel 718 material.

highly impact the air quality. • Chilled MQL and MQL strate-
gies had the highest reading of PM2.5 due to higher emission
of particulate matter, followed by flood-coolant, pulsating,
dry and chilled air strategies. • Based on the results, cut-
ting processes under flood-coolant and pulsating strategies
will be significantly beneficial in terms of clean processing,
which promotes the machining cooling-lubrication in terms
of sustainability. Future work will include the influence of
biodegradable and non-toxic oil on air quality. Additionally,
surface integrity and cutting force will be analyzed in future
study. This experimental study also can be conducted in

drilling and turning process.
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