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Abstract
In the recent studies, the effects of different metal oxide nanoparticles addition in different dielectrics of
EDM process has been thoroughly investigated, showing that adding the nanoparticles improves the
material removal rate and surface roughness. The results illustrate that the parameters such as density,
particle size, particle concentration, and electrical and thermal conductivity of the nanoparticles can
affect the process performance. Compared to the other metal oxides, ZnO has lower thermal and higher
electrical resistance which makes it distinct from other nanoparticles used in EDM process in terms of
physical properties. In this paper, the effects of the variation of peak current,and ZnO particle mass on
MRR, surface roughness, and thermal conductivity of AISI1045  AISI4140, and AISID3 in EDM process are
investigated. The results illustrate that 4 grams of the ZnO nanoparticle mass increase the MRR up to
10.71%, 50%, and 45.55%, for rough machining of AISI1045, AISI4140, and AISID3, respectively. In �nish
machining, they show that the surface roughness can be improved 16.66%, 29.41%, and 56.25%,
respectively. It is observed that the amount of deposited particles on AISID3 is maximum followed by AISI
1045 and AISI4140. Therefore, in AISID3 both signi�cant improvement of surface roughness and ZnO
deposition can be achieved.

Introduction
Nowadays, the application of high-hardness materials with high mechanical and thermal resistances for
improving the performance of components in various industries, such as the biomedical, the aerospace,
and the oil and gas sectors, is extensively increased. Some of those materials can be mentioned as:
composites, tool steels, carbides, and ceramics. The electrical discharge machining (EDM) process has
been widely used in the manufacturing process of the mentioned materials thus its improvement through
modern approaches has been considered by many researchers. In this manufacturing technique, a strong
electric �eld is generated between the electrode and the workpiece to have the dielectric molecules
polarized and oriented, so that the electrons �ow in the form of a plasma discharge channel upon
discharging the peak current.

The generated heat and pressure during this process leads to material removal due to the release of the
kinetic energy from the existing electrons and ions [1, 2]. This extraordinary amount of heat tends to melt,
vaporize, and eventually wear the tool as well as the workpiece [3]. Although the EDM process has many
advantages, it has some disadvantages that have limited its widespread application. The most important
drawbacks are low material removal rate (MRR), surface instability due to thermal stresses and thermal
cracking, and failure to establish desirable workpiece surface quality [4]. As an approach to address some
of the mentioned disadvantages, the use of powdered mixtures of conductor and nonconductor materials
[5] in different liquids such as kerosene and deionized water [6] has been proposed since three decades
ago.

These approaches are focused on reducing the electrical resistance and increasing the thermal
conductivity of the dielectric liquid. Therefore, the presence of the nanoparticles cause to enhances the
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discharge frequency [7], accelerates the spark ignition and increases the overall MRR [8]. An important
remark is that different powders generate different effects on the EDM performance [9]. These effects
include improving on the surface quality and material removal rate, inhibiting or signi�cantly reducing the
formation of micro-sized cracks on the surface and reducing tool wear rate (TWR). The size, density,
material, electrical conductivity, and thermal conductivity of the powder are the main parameters
affecting the mentioned improvements of the nano powder-mixed electrical discharge machining
(NPMEDM) process.

Although the effects of the particle size are yet to be adequately evaluated, some of the investigations
reveal that the MRR decreases with increasing the nanoparticle size [10]. Moreover, adding nano powder
to the dielectrics of EDM process improves the surface quality of the manufactured workpiece [11]. The
effects of the added nanoparticle mass on the optimization of the machining performance in terms of the
MRR, the surface roughness, and the formation of microcracks and micro holes, under various operating
conditions (e.g., currency and pulse-on time) have been explored in the literature [12–14].

The effects of the various material powders such as aluminum oxide, titanium carbide, copper, carbon,
germanium, silicon, silicon carbide, chromium, and tungsten have been investigated considering the
kerosene, as the dielectric [15–22]. Although some of the above-mentioned materials have superior
performance, the cost of using them is a signi�cant restriction. Therefore, it is necessary to seek
workarounds to make them cost-effective. To address this problem, some nanoparticles such as SWCNT,
MWCNT and Al2O3 have been suggested and some studies about them have been summarized below.

The so-called single-walled and multi-walled carbon nanotubes (SWCNTs and MWCNTs) are among the
most discussed nanoparticles for machining AISI D2 [23], INCONEL 825 [24, 25], AISI H13 [26], and
NAK80 [27] steel alloys due to the development of uniform and excellent surface conditions at high
thermal and electrical conductivities. It is showed that the addition of the SWCNT at 4 g/L can improve
the MRR and the surface roughness of the AISI D2 by 80% and 67%, respectively [28]. The MWCNT
particles are used for machining the AISI H13, leading to lower tool wear along with better workpiece
surface morphology and MRR [26]. The effects of adding MWCNT are investigated in the machining of
NAK 80 steel alloy, where the focus is on the surface quality and MRR [27]. The results indicated that
adding 70% and 66% MWCNT improves surface quality and MRR, simultaneously.

Although all the previous mentioned research works have referred to the nanoparticles with high electrical
and thermal conductivity to improving the machining performance, studies on the low-conductive
nanopowders have also led to promising results. Among the nanoparticles with low thermal conductivity,
only a few research-works have considered the aluminum oxide (Al2O3) nanopowder particularly for the
EDM process [15, 29–31]. It has been shown that this nanoparticle can improve the machining
performance of the INCONEL 825 alloy in terms of MRR and surface roughness by 57% and 63%,
respectively [29]. The corresponding improvements for AISI D2, is reported as 43.5% and 33.7% better
MRR and surface roughness, respectively [24].
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A comparison between the results reported in literature implies that the MRR and surface roughness are
more favourable with the SWCNTs rather than the aluminium oxide by almost 50% [11, 32]. However, the
advantages of the deposited aluminium oxide on the surface of the steel alloy workpieces have not been
investigated yet. The advantage is improving the wear resistance of the machined surface which makes it
suitable for heavy duty application.

The researchers conducted several experiments to compare the effects of different nanoparticles,
including the titanium oxide, the zinc oxide, and the aluminium oxide, in the machining of AISI H13 [33]. It
is shown that the zinc oxide improves tool wear and MRR compared to the other mentioned materials.

The present research investigates the effects of thermal conductivity, workpiece material, steel density,
nanoparticle mass, and peak current of spark on the performance of EDM process on three steel alloys,
namely AISI 1045, AISI 4140, and AISI D2. For this purpose, �rstly, the zinc oxide nanoparticles are
synthesized. After that, their formation and particle size through XRD and DLS analyses are veri�ed. In
each stage, the effects of changes in the dispersed nanoparticle mass (in kerosene as the dielectric), peak
current, and workpiece material on the developed surface roughness, MRR, and texture quality are
evaluated.

The operators usually compromise between MRR and surface roughness when they select machining
conditions. This paper aims to determine the optimum addition of ZnO mass to the dielectric so that both
the higher MRR and improved surface quality (in �nishing operation) of the manufactured workpiece can
be achieved. Although these two parameters are dependent on many machining parameters, in this paper
these two parameters are discussed based on the thermal conductivity and density of the workpieces,
thermal stresses and surface cracks created on the workpiece surface.

Materials And Methods
This research work is focused on the ZnO nanoparticle due to its tendency to be deposited on the surface
of steel leading to reducing the friction coe�cient and hence increase the service life of the parts [34].
Another reason to select the ZnO nanoparticle is the signi�cant difference between the thermal
conductivity and electrical resistance of this metal oxide compared to other nanoparticles (e.g., TiO2 and
Al2O3) used in NPMEDM [30]. To better understand the differences between this nanoparticle and some
of the other nanoparticles reviewed in the literature, electrical resistance, and thermal conductivity
properties are tabulated in Table 1.

Table 1. The electrical resistance and thermal conductivity of some of the nanoparticles [35-37]
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Thermal conductivity

( )

Electrical resistance

( )

Nano particle

25.1 103 Al2O3

401 1.71 Cu

4000 50 CNTs

2 270 ZnO

In this research work, the bene�ts of deposited ZnO nanoparticles on the steel surface of the workpiece
due to the generated heat during the sparking process have been investigated. The advantages of using
ZnO nanoparticle in roughing and �nishing EDM operations have been investigated under different peak
currents. The Zno nanoparticles have been prepared by chemical precipitation method which is
suggested in the literature [38]. This empirical method is fairly common in the industry for the synthesis
of the ZnO nanoparticles due to being economical and e�cient. After the synthesis stage, XRD analysis is
performed to verify the produced nanomaterial. The results of XRD experiment are compared with the
similar works in the literature to con�rm the formation of the nanoparticles (see Figure 1) [39]. In the next
step, DLS experiments are performed to measure the particle size distribution. Based on the results
(Figure 2), the average particle size is found to be about 400 nm.

Subsequently, in order to suspend the ZnO nanoparticles in the kerosene, ultrasonic excitation is applied
at 200 Hz for a total duration of 75 minutes. For this purpose, excitation time (On time) and resting times
(Off time) are set to be 7 and 3 seconds, respectively. The samples are placed in a beaker and a cold-
water bath to keep the kerosene temperature under control and hence prevent any �re. Figure 3
demonstrates the ultrasonic instrument during the excitation phase.

The machining conditions and parameters such as peak current, the ZnO nanoparticle mass, and
workpieces material are provided in Table 2. All the experiments are conducted with copper electrodes at
an operating voltage of 80 V for 3 minutes. In all the experiments the electrode are set as anode. Because
based on the results presented in the literature, a higher surface roughness quality can be created when
the electrode acts as an anode [39].

Table 2. Machining parameters and conditions
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Electrode
dimensions(mm)

Voltage(V) On time
(Sec)

Off time
(Sec)

Peak

current
(A)

Nanoparticle
mass (g)

Material

10×10 80 3 7 6, 12,
18, 24

 1, 2, 3, 4 AISI
1045

AISI
4140

AISI D3

In order to control the test conditions, each dielectric is utilized for only one set of experiments including
�ve replicates. To ensure the uniformity of the test conditions, the tools are prepared by grinding and
turning processes upon each test. To identify the effect of the ZnO nanoparticles, experiments are
performed on the dielectric without adding the ZnO nanoparticle.

Figure 4 shows the EDM device used in the experiments. For preventing possible precipitation of the
nanoparticles in the dielectric, the dielectric material is circulated in the dielectric tank using a pump as is
demonstrated in Figure 5. The �nal machined samples are demonstrated in Figure 6.

Results And Discussion
The effects of ZnO nanoparticles on MRR and surface roughness parameterts have been thoroughly
investigated in roughing and �nishing operations. Due to the importance of the surface quality after
�nishing operations, surface texture is also analyzed to correlate the ZnO mass addition to the generated
surface texture.

Investigation of MRR and surface roughness in the roughing
operation
The generated temperature in the tool-workpiece gap is larger due to the high electrical resistance and low
thermal conductivity of the ZnO nanoparticles compare to other nanoparticles [33]. Many research works
have mentioned that large sparks are divided into several small sparks when the nanoparticles of the
dielectric with low electrical resistance and high thermal conductivity exist in the tool-workpiece gap. The
mechanism of spark distribution in presence of nanoparticles is illustrated in Figure 7.  The higher
temperature �eld and the spark distribution lead to improvement of the surface roughness as well as the
MRR [32]. The aim of this research is to study the effects of the ZnO addition on MRR, surface roughness,
and surface texture of different material with different thermal conductivity. It is shown that high
temperature developed upon the spark can lead to the deposition of the ZnO particles on the steel
surface. In this study, the surface micro-cracks and the extent of ZnO deposition on different steel
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materials are also investigated. Different morphology of the holes in the generated surface texture are
also discussed using analysis of the microscopic images acquired from the machined surfaces.

Figure 8 and Figure 9 illustrates the effects of adding 1-4g of the ZnO nanoparticle on the MRR and
surface roughness of the roughing EDM prosses AISI 1045. Simultaneously investigation of those �gures
reveals that adding 4g ZnO nanoparticle leads to improving both the MRR and surface roughness
parameters at same time. The MRR improvements are 10.71% and 5.88% at a peak current of 18 A and
24 A, respectively. According to Figure 9, 11.3% and 9.7% improvements of the surface roughness are
observed at a peak current of 18 A and 24 A (with 4g/L of the ZnO nanoparticles), respectively. Adding 2g
of the ZnO nanoparticle will also improve the surface roughness as much as 16.6%. However, it must be
mentioned that this will simultaneously lead to reducing the MRR.

Observations showed that, regardless of the peak current (18 A or 24 A), the use of the 4g of the ZnO
nanoparticles in the roughing operation could both reduce the surface roughness and increase the MRR.
As a result, adding this value of the ZnO nanoparticle can reduce the required cycle time of post-
processing operations after rough EDM of the workpieces.

Figure 10 shows the results of the rough EDM process of the AISI 4140, where the MRR is signi�cantly
improved by adding 4g of the ZnO nanoparticles in compared to the conventional EDM. This �gure
illustrates that MRR can be enhance 50 % at a peak current of 12 A, 33.33% at 18 A, and 13% at 24, as
compared to the case of the conventional EDM. Investigation of the �gure shows that the dielectric which
includes 4g of the ZnO nanoparticles at 18 A can establish the same MRR as that obtained by the
conventional EDM process at 24 A. Therefore, NPMEDM with 4g of the ZnO nanoparticles can help to
save the machining time. Figure 11 shows that adding 4g of the ZnO nanoparticles at a peak current of
24 A reduces the surface roughness by 12.5%. Simultaneously investigation of Figures 10 and 11 reveals
that adding 4g ZnO nanoparticles improves the MRR and the surface roughness at the same time,
reducing the cost of subsequent processes.

Figure 12 illustrates the MRR variations for different peak current and nanoparticle mass addition in
rough EDM process of AISI D3. It can be inferred from Figure 12 that MRR increases signi�cantly by
adding 4g of the ZnO nanoparticles at all of the considered peak currents, as compared to the
conventional EDM. The MRR improvements are 25%, 14.28%, 45.45%, and 18.75% at peak currents of 6,
12, 18, and 24 A, respectively. Similar to the previous case, the dielectric with 4g of the ZnO nanoparticles
at 18 A provides the same MRR as that of the conventional EDM at 24 A, leading to energy saving.
Although the MRR improvement is evident at all the investigated peak currents, the highest value takes
place at 18 A. The instability in the trends of Figure 8 and Figure 10 is due to the accumulation of chips in
the machining gap. This phenomenon in EDM operation is called the unstable conditions.

The dispersion of the thermal energy of sparks on the surface of specimen leads to the reduction of the
transferred thermal energy [13]. As a result, due to the decrease in the power density of electrical
discharges and distribution of sparks, MRR is raised. In this situation, sparks energy and the volume of
melted material in every spark are at the lower level and very small quantities of molten metal are
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expelled out of the melted crater in each spark, but all of the melted material is fast washed by the
dielectric. This phenomenon simultaneously improves the surface roughness on the machined surface.

In NPMEDM of AISI D3, which includes 4g of ZnO, machining chips are easily removed from the gap and
discharges are increased. As a result, the combination of ZnO and thermal conductivity of AISI D3 leads
to generate the wider and deeper holes in this material while in AISI 1045 and AISI 4140 machining the
wider and shallow holes are generated. According to the results, for AISI 1045 and AISI 4140 workpieces,
increasing the peak current generally improves the MRR. However, increasing peak current decreases
surface roughness only for the case which includes 4g of the ZnO nanoparticle in the dielectric. This
behaviour has been further investigated using the analysis of the images acquired from the surface
texture in the next section.

According to some references (e.g., [36]), the relationship between the decrease in the electrical resistance
within the tool-workpiece gap and the increase in the electrical discharge energy is described. The
different MRR during EDM process of various steel materials can be related to different thermal
conductivity of the material [41]. Since the workpiece surface temperature increases up to 1000ºC at the
spark time [41], the thermal conductivity of the steel at this elevated temperature must be considered.
Table 3 presents the thermal conductivities and densities of the utilized steel alloys in this study.
Simultaneous investigation of the variation of the MRR (at peak current 18A and 24A) and the thermal
conductivity of the steel material reveals that the thermal conductivity can be considered as the main
cause of increasing MRR in the experiment. In contrast to the Ref. [41], no signi�cant correlation is
observed between the MRR and the material density.

Since the optimal outcomes of the EDM process in the roughing and �nishing operations could be
obtained by adding 4g of the ZnO nanoparticles, the surface texture developed upon nano powder-mixed
electrical discharge machining (NPMEDM) and conventional EDM was evaluated in the following.

Table 3. The thermodynamic and physical properties of steels

Thermal conductivity coe�cient (W/mk) at 1000 ºC Density (kg/m3) at 25 ºC Material

22.61 7870 AISI 1045

27.4 7850 AISI 4140

28.5 7670 AISI D3

The surface texture of roughing operation

According to Figures 8 and 9 for AISI 1045 and also Figures 10 and 11 for AISI 4140, improved MRR and
surface roughness are evident at higher peak currents when 4 g of the ZnO nanoparticles is added to the
dielectric. On the other hand, it can be inferred from Figures 12 and 13 that although adding 4g of the
ZnO nanoparticle improves the MRR for the EDM process of AISI D3 at higher peak currents, it increases
the surface roughness parameter. This can lead to the conclusion that the holes generated by NPMEDM
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on the AISI D3 are deeper compared to that of the conventional EDM. In order to con�rm this conclusion
and investigate the crack formation on the surface, macroscopic investigations were performed on the
machined surfaces. For this purpose, macroscopic images were acquired at 100X magni�cation using a
SaIran IMM-420 microscope.

As is illustrated by Figures 14 through 16, the increase in the nanoparticle mass in the dielectric at peak
currents of 18 A and 24 A results in the signi�cant cracks development on walls of the generated holes
(as compared to the conventional EDM), which can be the main reason for the higher MRR. The number
of the cracks as well as their size is so large (e.g., Figures 15A and 15B for AISI 4140) that they can
damage the hole wall. Furthermore, considering the surfaces created at peak currents of 6 A and 12 A
(Figures 15C and 15D), it is evident that the surface produced with the NPMEDM hosts almost the same
number of cracks as that seen on the surface produced by the conventional EDM. Because of this, the
two dielectrics exhibits almost the same performance in terms of the MRR. On the other hand, the crack
formation is clearly detectable in Figures 15A-15C and also 16A-16C. The crack formation is also evident
in the conventional EDM, but under similar operating conditions (e.g., Figures 16F and 16B), the cracks
development in the NPMEDM are signi�cantly larger and more abundant than those of the conventional
EDM. Therefore, the crack formation can be another reason behind the improved MRR with the NPMEDM
compared to the conventional EDM. Finally, it should be noted that the higher thermal conductivity of the
dielectric in the NPMEDM leads to the formation of more cracks on the workpiece surface. Moreover, by
increasing the dielectric temperature due to the generated heat �ux and the thermal conductivity of
different materials, temperature difference between the melted material and the dielectric appears; hence
higher solidification shrinkage causes more thermal stresses. Under this condition, the number of micro
cracks is increased [42, 43].  The simultaneous consideration of Figures 14A, 15A and 16A as well as 14B,
15B and 16B illustrates that higher thermal conductivity of the workpiece (See Table3) can affect
increasing the number of the cracks and enhancing MRR under same machining parameters.

In order to analyse the different surface roughness acquired for different conditions, the depths of the
holes generated with and without the ZnO nanoparticles (4g) at peak currents of 18 A and 24 A are
investigated. Due to the focal length and blurred background of the holes in Figures 14E and 14F
compared to 14A and 14B, it can be inferred that deeper holes exists for the case of EDM without ZnO
nanoparticles. As is evident in the images, the features within a particular distance from the lens of the
microscope are sharp, while the sharpness reduces as the feature gets farther from the lens. Thus, it is
expected that surface roughness improves in NPMEDM because of shallower depth of the holes
compared to the conventional EDM. Similar conditions are observed when comparing Figure 15A to
Figure 15E and also Figure 15B to Figure 15F. But an opposite performance is observed in Figures 16A
and 16E and also Figures 16B and 16F. Furthermore, Figures 16A and 16B show that many cracks have
developed on the walls of the holes, so the material removal is performed in parallel to the surface
direction instead of the normal to surface direction. This issue justi�es the improvement of MRR and
higher surface roughness of AISI D3 workpiece as compared to the other materials. Additionally,
increasing the thermal conductivity of dielectric by adding the ZnO nanoparticle mitigates the plasma
heat flux towards the electrodes [13], which leads to the formation of holes, peaks and valleys with
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smaller sizes. Especially, this issue is quite obvious by comparing Figures 14D with 14H, Figure 15D with
15H and Figure16D with 16H.

Investigation of MRR and surface roughness in the �nishing
operation
In the previous section, the optimal operating conditions are discussed to acquire the best MRR and
surface roughness values at different high peak currents of roughing operation. This section aims to
understand the effect of the ZnO nanoparticles on the performance of the �nishing operation with peak
current of 6A. The �nishing operation is an important process because it de�nes the �nal state of the
machined. The improved surface quality and the deposition of the ZnO nanoparticles on the workpiece
surface after NPMEDM �nishing process, will enhance the performance, service factor, and quality of the
�nal product.

In the �nishing operation, the peak current of 6A with different mass values of ZnO nanoparticles (from
1g to 4g) are considered. As it can be observed in Figures 17 through 19, for AISI 1045, 16.66% surface
roughness improvement is achieved using 2g of the ZnO nanoparticles. However, adding any mass level
of ZnO nanoparticles improves the surface roughness of AISI 4140 and AISI D3 workpieces. The highest
surface roughness improvement is respectively observed as 29.41% and 56.25% in AISI 4140 and AISI D3
by adding 3g of the ZnO nanoparticles. Considering both MRR and the surface roughness (Figures 17-
19), it can be deduced that for the AISI D3, better surface quality and higher MRR at same time can be
achieved by adding 4 g of ZnO nanoparticles, which is a signi�cant �nding.

Investigation of surface texture in �nishing operation

In order to inspect the surface texture and the deposition of the ZnO nanoparticles on the machined
surface, the samples are initially cleaned by ultrasonic waves at 1500 W for 8 hours, to remove the weak
couplings between the ZnO nanoparticles and the surface. Next, the SEM and DLS assessments are
carried out on to determine the mass percentage of the ZnO nanoparticles on the sample surfaces. LeQ
1450Vp SEM machine is used in this research work. Figures 20 through 22 present the images acquired
from the samples which are manufactured using NPMEDM with 4 g of the ZnO nanoparticles at the peak
current of 6 A.

An important observation from the images is reducing the number and width of the surface cracks when
4g of the nanoparticles are added to the steel materials. The deposition of the nanoparticles on the
machined surfaces and the reduction of the surface crack formation can signi�cantly improve the wear
resistance of the surface. On the other hand, it can be observed that the surface texture of AISI 1045 and
AISI 4140 have greater number of holes compared to the AISI D3. It can be useful to prevent the wear of
the material by keeping some lubricant in cracks and holes of AISI 1045 and AISI 4140. The deposition of
ZnO on the surface of these materials could increase the wear resistance of these steel materials.
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In order to measure the amount of the deposited ZnO nanoparticles on the steel surfaces, DLS analyses
are performed and the median of the results of 10 images is reported as the percentage of the weight of
deposited ZnO nanoparticles. Figure 23 shows the results of the DLS analysis for the deposition of the
ZnO nanoparticles on the steel surface when 4g of the nanoparticles are added to the dielectric. The
results are obtained at an accelerated voltage of 15 kV and beam current of 470,000 nA. Figure 24 shows
the spectra corresponding to the material presented in Figure 23A.

Investigation of SEM images and DLS analysis indicates that the percent weight of deposited ZnO
nanoparticles is the highest for AISI 4140 followed by AISI 1045 and AISI D3. Figure 25 shows the
changes in the percentage of the ZnO nanoparticles mass deposited of on various steel materials.
Accordingly, it is found that, when 4g of ZnO nanoparticles is added to the dielectric, the percentage of
the ZnO nanoparticles mass deposited on AISI 1045 and AISI D3 surfaces are 21.7% and 56.52% higher
than that on AISI 4140, respectively.

Conclusion
In this paper, the EDM process of different steel materials and the effects of adding zinc oxide (ZnO)
nanoparticles to the dielectric (kerosene) are investigated. Different masses of the nanoparticles and
peak currents are utilized to investigate the MRR, the surface roughness, and the surface texture of the
product. According to the results, the use of 4g/L nanoparticles can improve the material removal rate
(MRR) for the AISI 1045, AISI 4140, and AISI D3. It is observed that the trend of the MRR improves when
the workpiece has higher thermal conductivity. This improvement is due to the higher number of surface
cracks by increasing the thermal conductivity of the material.

The signi�cant improvements are observed with AISI 4140 and AISI D3 steel materials. The maximum
improvements of the MRR are 50%, 45.55%, and 10.71% for AISI 4140, and AISI D3, and the AISI 1045,
respectively. The analysis of the microscopic images showed that the increase in the MRR of AISI D3 is
due to the increase in the surface crack developments by incorporating the ZnO nanoparticles which
leads to the higher depth of the holes and the more generated cracks on walls.

On the other hand, adding 2, 3, and 4 grams of the ZnO nanoparticles into the dielectric for machining of
the AISI 1045, AISI 4140, and AISI D3 steel materials improves the surface roughness quality by 20%,
30%, and 60%, respectively, as compared to the results of the conventional EDM. By investigating the
improvements obtained in different steel materials, it can be concluded that the addition of the ZnO
nanoparticles cannot signi�cantly improve the results with the AISI 1045 steel. However, signi�cant
improvements are obtained in the AISI 4140 and AISI D3 during both roughing and �nishing operations. It
should be noted that these improvements achieve by a nanoparticle with low thermal conductivity and
high electrical resistance compared to the conventional nanoparticle. Therefore, it is concluded that the
thermal conductivity of nanoparticle, the thermal conductivity of the workpiece, and the electrical
resistance of nanoparticle are three parameters that should be taken in account for evaluating the
performance of a nanoparticle.
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A major advantage of the utilizing nanoparticle (when 4 g/L is added) is its simultaneously
improvements on both the MRR and surface roughness of the AISI D3 in �nishing operation which can
contribute to lower production cost and higher quality of the manufactured product.

The most important observation of this work is the deposition of the ZnO nanoparticles on the surface of
the �nal product. This phenomenon can be utilized to enhance the e�ciency of the products in terms of
higher wear resistance, lower friction coe�cient, better surface quality and hence enhance the lifetime of
the parts produced through this methodology. This phenomenon happens due to the high temperature of
the plasma channel at spark zone, the resultant melting, and the incorporation of the ZnO nanoparticles
into the existing steel structures. The results show that the maximum percentage of the ZnO
nanoparticles deposition (at 4 g) happens for AISI D3 followed by AISI 1045 and AISI 4140.
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Figures

Figure 1

The XRD of the ZnO nanoparticles
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Figure 2

Nanoparticle size by DLS tests
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Figure 3

Preparing the dielectric containing the nanoparticle
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Figure 4

The experimental setup- the EDM machine
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Figure 5

The closed-loop is made for the EDM process
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Figure 6

The machined samples by the EDM process

Figure 7
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The effect of nanoparticles in sparks distribution

Figure 8

The variation of MRR for different peak currents and ZnO masses in NPMEDM of AISI 1045
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Figure 9

The variation of surface roughness for different peak currents and ZnO masses in NPMEDM of AISI 1045
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Figure 10

The variation of MRR for different peak currents and ZnO masses in NPMEDM of AISI 4140
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Figure 11

The variation of surface roughness for different peak currents and ZnO masses in NPMEDM of AISI 4140
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Figure 12

The variation of MRR for different peak currents and ZnO masses in NPMEDM of AISI D3
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Figure 13

The variation of surface roughness for different peak currents and ZnO masses in NPMEDM of AISI D3
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Figure 14

The morphology of produced surface of AISI1045 using NPMEDM process
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Figure 15

The morphology of produced surface of AISI 4140 using NPMEDM process
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Figure 16

The morphology of produced surface of AISI D3 using NPMEDM process
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Figure 17

The improvement percentage of the MRR and surface roughness of AISI 1045 in NPMEDM using 6A
current
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Figure 18

The improvement percentage of the MRR and surface roughness of AISI 4140 in NPMEDM using 6A
current
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Figure 19

The improvement percentage of the MRR and surface roughness of AISID3 in NPMEDM using 6A current

Figure 20

The SEM images of AISI 1045 machined surface using peak current 6A and different mass of ZnO
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Figure 21

The SEM images of AISI 4140 machined surface using peak current 6A and different mass of ZnO

Figure 22

The SEM images of AISI D3 machined surface using peak current 6A and different mass of ZnO

Figure 23

the deposit of the ZnO nanoparticles on surface of A) AISI D3 B) AISI 4140 and C) AISI 1045
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Figure 24

The distribution of material on the AISI D3 in �gure 26-A
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Figure 25

The variation of deposit of ZnO in different steels


