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Introduction

Electrical Discharge Machining (EDM) is one of the 
most extensively used nonconventional manufacturing 
processes for shaping harder materials and to gener-
ate complicated geometries.  In this process, the heat 
generated due to an electric spark struck between a 
conductive work piece and a tool electrode is utilized to 
remove materials1).  

This process is carried out in a non-conductive 
dielectric fluid.  The different dielectric fluids used in 
the EDM process include hydrocarbon oils, mineral 
oil and deionized water.  High temperature and pres-
sure in the discharge channel of the EDM can lead to 

the generation of a number of reaction-products in the 
dielectric.  These reaction products can emit from the 
dielectric surface as aerosols or gases.  The operators 
in the working environment are exposed to these toxic 
substances2, 3).  Generally, the exposure assessment is 
considered as a standard method for analysing the risk 
involved in this process4).  The generation of hazardous 
substances from the EDM process is dependent on the 
rate of material removal, dielectric fluid, tool material 
and work piece material.  However, the other factors 
that influence the amount and composition of emission 
are the process parameters such as peak current, voltage, 
pulse-on time, flushing pressure and dielectric level.  
Even though there are many reported studies5, 6) on pro-
duction and quality aspects of the EDM processes, only 
few studies have been carried out considering the envi-
ronmental, safety and health hazards and a systematic 
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hazard profiling of the EDM process is not available in 
the literature.  Moreover, the reported information on 
the experimental investigation of emission, while using 
kerosene as a dielectric medium in the EDM process 
is limited.  Therefore, it is necessary to generate data 
on toxic releases with varying process parameters so 
that an appropriate control strategy can be applied.  In 
this paper, measurement of aerosol concentration at the 
breathing zone of the operator was carried out by vary-
ing the process parameter of EDM process.  Finally, 
the inherent hazards and fire risk of the EDM process 
were identified using a structured and exhaustive hazard 
evaluation technique known as Hazard and Operability 
Analysis (HAZOP).

Materials and Methods

EDM machine and operating conditions
The experiment was conducted using a conventional 

die sinking electrical discharge machine manufactured 
by Victory Electromech.  The machine is typically used 
for machining small and medium sized components.  
The specifications of the EDM machine are presented in 
Table 1.  The EDM machine was enclosed in a separate 
room of size 4 m × 4 m × 3 m.  A worst case scenario 
was considered in this study by measuring the concen-
tration of aerosol at the breathing zone of the opera-
tor without providing local exhaust ventilation for the 
machining process.  The work piece used in the study 
was mild steel piece of size 50 mm × 50 mm × 12 mm.  
A copper rod of 25 mm diameter was used as the tool 
electrode.  Commercially available kerosene was used 
as the dielectric fluid and side flushing was opted.  The 
EDM process parameters varied in this study were peak 
current, pulse duration, level of dielectric above the 
spark location and flushing pressure.  The gap voltage 
was kept constant at 100 V and duty factor was kept at 0.5.

Measurement of aerosol exposure
The schematic diagram of experimental setup used for 

the measurement of aerosol exposure (concentration of 
aerosol in the work atmosphere) is shown in Fig. 1.  A 
gravimetric analysis of the concentration of the aerosols 
in the breathing zone of the operator was carried out 
as per the standard procedures for analysis of “particu-
lates not otherwise regulated - respirable” developed by 
NIOSH (method no 0600)7).

Aerosols emitted during the process were sampled 
using SKC universal air sampler with cyclone attach-
ment (Fig. 2).  Air velocity of this instrument was 
calibrated using a soap bubble meter.  In this analysis 
the air velocity was kept at 2.5 l/min.  Air was actively 
pulled through glass fiber filter of 37 mm diameter 

to collect airborne hazards in particulate form.  The 
samples of the aerosol were taken at a sampling point 
of 200 mm vertical distance and 200 mm horizontal 
distance from the dielectric surface.  The sampling point 
was representative of an operators breathing zone in the 
worst case.  The sampling was carried out for a dura-
tion of 8 h.

Weight of the filter paper was taken before and after 
sampling with a sensitive balance (accuracy ± 0.01 mg).
The concentration of aerosols was calculated using the 
following equation.  
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Table 1.   Specifications of die sinking EDM machine

Parameter Value

Maximum current 12A

Open gap voltage 135V

Pulse duration 2 to 520 µs

Maximum flushing pressure 1.5 kg/cm2

Fig. 1.   Schematic diagram of experimental setup for aerosol sam-
pling in EDM process.

Fig. 2.   Components of air sampling system for respirable par-
ticulates.
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Where, 
CA – concentration of aerosols (mg/m3)
wa – weight of filter paper before sampling (mg)
wb – weight of filter paper after sampling (mg)
v – sampling speed (l/min)
t – sampling duration (min)

Hazard evaluation
Various techniques are used in the industry to iden-

tify and evaluate the significance of hazardous situations 
found in process operations and activities.  The com-
monly used techniques include Safety Review, Hazard 
and Operability Analysis (HAZOP), Checklist Analysis, 
Failure Modes and Effects Analysis (FMEA), What-
If Analysis, Event Tree Analysis (ETA), Fault Tree 
Analysis (FTA), Human Reliability Analysis (HRA) etc.  
Among these techniques, HAZOP is used in this study 
to evaluate the hazards of EDM process because of the 
following reasons.  

•  The EDM process is continuously operated for a 
long period of time.  A more detailed and better 
documented technique is needed for evaluating the 
process and operational deviations of continuously 
operated processes.

•  EDM workstation has many mechanical and electri-
cal controls viz., current, voltage, dielectric level, 
flushing pressure, pulse duration etc.  The HAZOP 
is suitable for performing a systematic search for 
every conceivable deviation in these controls from 
its normal operation using a set of ‘guidewords’.

•  The perceived risk of the EDM process is high 
and available hazard information is inadequate.  A 
highly structured and exhaustive hazard evaluation 
technique should be applied for such processes.  
HAZOP is the most structured method of hazard 
evaluation technique available.

Therefore, HAZOP is the most suitable method for 
identifying the hazards of EDM workstations due to 
process or operational deviations.  The HAZOP devel-
oped by ICI in the 1960s, is a powerful tool for iden-
tifying all potential risks connected to operation of a 
process or activity.  This technique uses a systematic 
methodology to examine carefully all possible operating 
deviations from design intention for each segment of 
which the equipment is constituted8) by a team drawn 
from different areas of expertise.

The process and instrumentation diagram of EDM 
workstation is shown in Fig. 3.  The objective of the 
HAZOP study was to identify the environmental and 
safety problems of this process.  During the HAZOP 
study, possible deviations were generated by rigor-
ous questioning, prompted by a series of “guidewords” 

applied to each design intention of the machining pro-
cess.  After the guideword was matched with a param-
eter, a deviation was generated.  Then the consequences 
and actions required to eliminate the problems were 
identified9, 10).  The HAZOP worksheet is presented in 
Fig. 4.

Results and Discussion

Exposure analysis of aerosols
Experimental results of aerosol concentration at the 

breathing zone for varying process parameters are pre-
sented in Table 2.  It was observed that the aerosol con-
centration varied when any one of the process parameter 
was changed.  This behavior showed that each param-
eter had a definite influence in aerosol emission.

Effect of peak current 
Figure 5 shows the variation of aerosol concentration 

with the peak current, while keeping the pulse duration, 
dielectric level and flushing pressure at their higher val-
ues (520 µ s, 80 mm and 0.7 kg/cm2 respectively).  It 
was observed that with an increase in the peak current, 
aerosol concentration was increased.  This was due to 
the fact that the increase in peak current increased the 
temperature in the processing location, which leads to 
higher material removal rate and subsequently to the 
generation of more fumes and particulate matters.

Effect of pulse duration 
The influence of the pulse duration on aerosol con-

centration was identified by keeping the other parame-
ters viz., peak current, dielectric level and flushing pres-
sure at their higher values (7A, 80 mm and 0.7 kg/cm2 
respectively).  Figure 6 shows the variation of aerosol 
concentration with the pulse duration.  It was evident 

Fig. 3.   Fig. 3. Process and instrumentation diagram of EDM 
workstation.
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                                  Fig. 4.   HAZOP work sheet.



482 M JOSE et al.

Industrial Health 2010, 48, 478–486

that the aerosol concentration increased with increase 
in pulse duration.  This was due to the fact that an 
increase in the spark energy caused increase of tempera-
ture in the working gap.

Effect of flushing pressure
Figure 7 depicts the variation of aerosol concentration 

with change in the flushing pressure at higher values of 
peak current (7A), pulse duration (520 µs) and dielec-
tric level (80 mm).  It was seen that an increase in 
flushing pressure caused a decrease in aerosol concen-
tration.  This was due to the turbulence in the medium 
as a result of increased flushing pressure, which in turn 
influenced the diffusion of fumes in the dielectric fluid.  
It was also evident from the literature11, 12) that decrease 
in the flushing pressure could result in unstable machin-

ing conditions and arcing around regions with high con-
centration of debris.  Therefore, this study indicated that 
the generation of aerosol from the EDM process can be 
decreased by keeping the flushing pressure at a higher 
value.  This is one of the significant findings of this 
study which has not been reported before.

Effect of dielectric level 
Figure 8 shows the influence of dielectric level on 

the aerosol concentration at the breathing zone at higher 
values of peak current (7A), pulse duration (520 µ s) 
and flushing pressure (0.7 kg/cm2).  It was theoreti-
cally expected that the emission may decrease with an 
increase in the dielectric level i.e., the more dielectric 
fluid stands above the spark location, the more sub-
stances will be solved, precipitated and/or condensed 

Table 2.   Variation of aerosol concentration at breathing zone with process parameters

Sl No Peak current (A) Pulse 
duration (µs)

Dielectric 
level (mm)

Flushing 
pressure 
(kg/cm2)

Aerosol 
concentration 

(mg/m3)

 1 7 520 80 0.7 5.19

 2 7 520 80 0.5 6.12

 3 7 520 80 0.3 7.2

 4 7 520 60 0.7 4.2

 5 7 520 40 0.7 3.3

 6 2 2 80 0.3 0.437

 7 2 2 60 0.3 0.435

 8 2 2 40 0.3 0.44

 9 7 250 80 0.7 1.83

10 7 2 80 0.7 0.62

11 4.5 520 80 0.7 2.89

12 2 520 80 0.7 0.56

Fig. 5.   Experimental results showing the effect of peak cur-
rent on concentration of aerosol (respirable) at breathing zone 
of the operator.

Fig. 6.   Experimental results showing the effect of pulse dura-
tion on concentration of aerosol (respirable) at breathing zone 
of the operator.
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in the dielectric fluid before actually emitting into the 
atmosphere.  On the contrary, in this study, at higher 
peak current and pulse duration (higher discharge 
energy) the aerosol concentration showed an increasing 
tendency with increase in the dielectric level.  This may 
be attributed to the fact that the higher discharge energy 
generated more heat content at the processing location 
resulting in a temperature gradient between the dielec-
tric surface and spark location.  It was hypothetically 
inferred that as the level of dielectric medium increased, 
more vapours condensed to form metallic particulates, 
which in turn increased the emission of particulates.  
However, this effect was not significant at lower dis-
charge energy (peak current = 2A; pulse duration = 
2 µs; flushing pressure = 0.3 kg/cm2) as shown in Fig. 9.  

This trend clearly indicated that the temperature gener-
ated at the spark location greatly affected the aerosol 
emission.

Summary of HAZOP study
The HAZOP study for the operation of EDM process 

has revealed the following:

1   An increase in the peak current or dielectric tem-
perature increases the risk of fire hazard as well as 
toxic emission from the process.  A worst case sce-
nario such as explosion could be recognized when 
the dielectric temperature rose above the flash point 
of dielectric medium.  The flash point is primarily 
used as an index of fire hazards for flammable and 
combustible fluids.  At flash point temperature the 
fluid can evaporate to form a combustible mixture 
in the air, that will ignite and burn when exposed to 
a spark or flame.  Therefore, it is cautioned that the 
temperature of dielectric medium should be operated 
below the flash point of the dielectric fluid.

2   A proper choice of dielectric medium with high 
flash point is very important while fixing the process 
parameter of the EDM process, as the present study 
indicated that less flash point dielectric medium has 
the risk of fire hazard.

3   Either decrease in the level of dielectric or no flow 
of dielectric fluid through pump could also cause fire 
hazard and increased emission.  An alarming scenario 
could be foreseen when the dielectric level is below 
the spark location between tool and work piece.

Fig. 9.   Experimental results showing the effect of dielectric 
level on concentration of aerosol (respirable) at breathing 
zone of the operator (At low discharge energy).

Fig. 7.   Experimental results showing the effect of flushing 
pressure on concentration of aerosol (respirable) at breathing 
zone of the operator.

Fig. 8.   Experimental results showing the effect of dielectric 
level on concentration of aerosol (respirable) at breathing 
zone of the operator (At high discharge energy).
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4   Contamination and long usage of dielectric medium 
will increase the emission rate and risk of fire.

The results of emission analysis and HAZOP study 
indicated that the EDM process is vulnerable to fire 
and emission hazards.  The risk of these hazards can be 
minimized by selecting proper process parameters and 
employing appropriate precautionary measures.  The fire 
hazard is associated with the use of hydrocarbon based 
dielectric fluids.  Dielectric level is an important param-
eter to be monitored for safer operation.  Therefore, it 
is suggested that level indicators or sensors linked with 
alarm can be used to ensure that dielectric level should 
reach the required height above the spark location.  The 
fire risk can also be minimized if a dielectric liquid of 
high flash point is employed.  Fire may also be caused 
due to an increase in the dielectric temperature and 
presence of electric spark near the dielectric surface.  
Open flames and electric sparks near the EDM worksta-
tion should be avoided completely and a spark arrester 
is recommended around the dielectric tank.  Safety 
interlocks may be provided to shut down the process 
when the temperature of the dielectric rises to 15°C 
below its flash point3).  Proper earthing of the equip-
ments and electric discharge machines should be done.  

The EDM facility should be located in an isolated 
area and the building walls should be a fireproof one 
equipped with an automatic fire extinguishing system.  
Fire generated from the EDM process will come under 
class B, C and E.  Dry powder extinguishers are most 
suitable in such situations.

There is a tendency in the present manufactur-
ing industry to increase the discharge energy (current 
and pulse duration) to increase the production rate.  
However, this study revealed that the increase in peak 
current or pulse duration would lead to fire hazard and 
increased emission.

The experimental study showed that at higher val-
ues of peak current and pulse duration (7A and 520 µs 
respectively), the concentration of aerosols was above 
the permissible exposure limit values of particulates 
(5 mg/m3)7).  However, the limit values for particu-
lates generated from EDM process are not available.  
Optimum values of process parameters need to be 
selected to minimize the emissions for a specific materi-
al removal.  Further research is being carried out at our 
laboratory to identify the composition of fumes emitted.  
The health effects due to exposure of hazardous sub-
stances emitted from the EDM process are presented in 
Table 3.

Table 3.   Health effects of hazardous emissions

Component

Exposure limits (ppm)

Roots of entry
Carcinogenic 

potential
Health effectsOSHA 

PEL
NIOSH 

REL
STEL 

(15 min)

Benzene 1 0.1 5 Ingestion, inhala-
tion absorption 
through the skin

Known human 
carcinogen 
(Leukemia)

Drowsiness, dizziness, rapid heart rate, headaches, 
tremors, confusion, unconsciousness, vomiting, irrita-

tion of the stomach, convulsions, anemia13).

Toluene 200 100 300 Ingestion, inhala-
tion absorption 
through the skin

Not identified as 
carcinogen

Tiredness, confusion, weakness, drunken type actions, 
memory loss, nausea, loss of appetite, hearing and 
color vision loss, unconsciousness. High levels of 

toluene may affect the nervous system and kidneys14).

Ethyl 
Benzene

100 100 125 Ingestion, inhala-
tion absorption 
through the skin

Possible human 
carcinogen

Eye and throat irritation, Irreversible damage to the 
inner ear and hearing and kidney damage have been 

observed in animals15).

Xylene 100 100 150 Ingestion, inhala-
tion absorption 
through the skin

Not identified as 
carcinogen

Headaches, lack of muscle coordination, dizziness, 
confusion, changes in one’s sense of balance, irritation 
of the skin, eyes, nose, and throat; difficulty in breath-
ing, problems with the lungs; delayed reaction time, 
memory difficulties, stomach discomfort, changes in 

the liver and kidneys, unconsciousness16).

PAH 0.2 mg/m3 0.1 mg/m3 15 Ingestion, inhala-
tion absorption 
through the skin

Known human 
carcinogen

Lung cancer, skin cancer and stomach cancer17).

Nickel 1 mg/m3 15 µg/m3 Inhalation and 
skin contact

Anticipated as 
carcinogen

Skin rash, bronchitis, reduced lung function18).

Chromium6+ 0.1 mg/m3 1 µg/m3 Breathing, inges-
tion, skin contact

Chromium6+ in 
a known human 

carcinogen

Runny nose, nosebleeds, ulcers and holes in the nasal 
septum, stomach upsets and ulcers, convulsions, kid-

ney and liver damage, skin ulcers19).
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Conclusions 

Gravimetric analysis of the concentration of aerosols 
in the breathing zone of the EDM operator was carried 
out and its variation with the process parameters was 
studied.  The hazard potentials of the EDM process 
were identified using HAZOP.  The causes and remedies 
of fire and emission hazards of this process were pre-
sented.  Following were the major conclusions evolved 
from this study.

1.   The effect of process parameters on concentration 
of aerosol showed that the emission from the EDM 
process increased with increase in the peak current, 
pulse duration & dielectric level and decreased when 
the flushing pressure was increased.

2.   At higher values of peak current and pulse duration, 
the concentration of aerosols at the breathing zone 
of the operator was just above the permissible expo-
sure limit value for respirable particulates (5 mg/m3).  
However the limit values for particulates generated 
from the EDM process are not available.

3.   HAZOP study of the EDM process with hydrocar-
bon based dielectric fluid reveals that this process is 
vulnerable to fire and explosion hazards.  The fire 
hazard can be prevented by: 

        •  using dielectric fluid of high flash point
        •  providing a spark arrestor around the dielectric 

tank 
        •  providing a safety interlock to shut down the 

process when the temperature of the dielectric 
fluid rises to 15°C below its flash point

        •  providing automatic fire extinguishing system 
     A detailed discussion on preventing fire hazard is 

presented in the previous section.

4.   The toxic nature of the dielectric fluid and ero-
sion of slurry has to be studied in detail in order to 
understand the possibility of contact dermatitis to 
the operators.
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