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ABSTRACT

Electric discharge machining (EDM) is widely used for machining difficult to cut materials, complex shapes and
products requiring high precision work. The limitations of this process are the low productivity and low surface
quality after machining. Therefore, to overcome these limitations of EDM process is an utmost concern of the
present study. This paper presents the study of the influence of titanium powder mixed in dielectric fluid on the
surface quality of SKD61 steel machined by EDM process. The machined surface was characterized for surface
roughness, thickness of heat-affected zone, chemical composition, microhardness and topography. Results of the
characterization shows that powder mixed in dielectric medium can be a solution to improve the quality of machined
surface.
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INTRODUCTION

EDM is one of the non-traditional machining pro@sswhich find applications to machine complex gewies and
small size holes with high precision requiremeBsically material removal in EDM process takeselhy precise
control of spark generated in gap between thedtsatrode and the workpiece immersed in a dieteéid. EDM
process uses thermal energy to melt the materidlemaporate the machined material. During the E®dhe
temperature is raised in the range of 10000 to @200 EDM process has advantages over traditional adethat,
this process does not have negative affect on tladitg of processed products due to vibration, deftion and
mechanical stresses. However, the use of therneafgmuring machining leads to the changes in th&@ahargical
properties of the surface of the material compaoethe base material. The past research studieseshthat the
surface layer after EDM machining consists of langenber of microscopic cracks, white layer thiclsnaad high
surface roughness values. This affects the pednos characteristics of the EMD process. Therefbege is a lot
of scope in improving quality of machined surfafieraEDM process.

The results of past research have shown that, pomileed electrical discharge machining (PMEDM) isryw
effective to improve the productivity, quality apdecision machining of workpiece. Pecas and Heesquachined
SKD61 steel by EDM with silicon powder mixed in diklectric fluid. They found that the surface rbogss values
and structure of the machined surface gets affgctsiicon powder [1]. Pecas and Henriques developed
mathematical model to predict the thickness ofwhée layer, shape and depth of surface roughrigs&firutani et
al. used Ti powder36um) mixed in oil dielectric fluid for machiningl8l 1049 steel in EDM process. They found
that a TiC layer of thickness 150 um was createtlthe layer has a microhardness value of 1600 HvSiBnao et
al. obtained a coating formation conditions ongtel surface after PMEDM [4]. Furutani et al. uB8dEDM and
deposited tungsten carbide coating on the mactsnefdce of the steel mould made of materials naf@HyNS,
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D2 and SKD61 [5]. Kumar and Batra research showatithe microhardness of machined surface hasagsedeto
100% compared to the base material microhardnadshis can be a very viable research in improduagability of
forging moulds, dies[6]. Furutani and Shiraki us&dlS, powder for surface coating of bearings steel aud that
the machined surface roughness values were significimproved [7]. Furutani used titanium PowdeB&um)
mixed dielectric fluid and obtained TiC coating ey 1900HV microhardness on steel surface [8]. Ghas et al.
used two different powders that is aluminium aridan carbide powder in dielectric medium to explavhich one
provides best quality of machined surface [9]. Bahket al. used copper and graphite powder mixed thre
dielectric fluid to check its affect on the tool averate. They found that by using graphite powidedielectric
medium provide less tool wear rate than copper govid dielectric medium. The tool wear rate redwuctivill
improve the electrode durability and precision niaicly [10]. Syed and Kuppan used aluminium powdée<ech in
water dielectric fluid for machining steel W300 nfthu They found that the thickness of white layet geduced in
comparison to without powder in dielectric fluidnd an increased concentration of powder reducethitiness of
the white layer [11]. Govindharajan et al. usedpbite and nickel powder mixed in dielectric fluiihey found
increased material removal rate, reduced the tealrwate, and improved precision and quality of maed surface
[12]. Singh et al. used Al powder mixed in dielecfituid during machininf of SKD61 steel and theyuhd that the
increase in the concentrations of powder reducesstirface roughness values [13]. Khedkar et aHietuthe
material migration and surface improvement of OHHNI8® steel by machining using tungsten powder mixed
dielectric medium in die sink EDM [14]. Kumar et atudied the affect of material and size of thevgex on
productivity aspects and surface intergity of tid3E steel material [15]. Razak et al. used silipowder mixed in
dielectric fluid and they concluded that MRR isrig&sed, TWR and Ra is reduced which in turn redtices
machining time [16]. Long et al. used copper angpbite electrode during machining of hot forging dteel in
EDM. They found that mechanical properties and asitucture of mould was affected by machining byp=r and
graphite electrode [18, 20]. Long et al. used titenpowder mixed in dielectric fluid in EDM with pper and
graphite as tool electrode. They found that MRkiseased very high, TWR and Ra decreases [19,12d4n be
seen from the literature review that the matesale and concentration of powder used in EDM proctd needs
to optimize for improving the productivity and gitalof machined surface. In view of this, the prgsgtudy aims at
evaluating the influence of titanium powder mixeddielectric fluid on to the quality of machinedrfaice. The
characteristics of surface quality was measurerims of surface roughness (Ra), the heat affected, surface
hardness, chemical composition and surface topbgraim this analysis, the diffusion of powder ortto the
machined surface after EDM was also evaluated.

EXPERIMENTAL SECTION

In this study SKD61 (Japanese Industrial Standaaot)die steel was considered as workpiece matéritl is
extensively used for hot-forged diéghe workpiece dimension was 100 x 80 x 25*mBefore machining, the
raw material had a microhardness of 490 to 547 H\e constituents of the steel, as determined blyeanecal
analysis, were0.4® C, 0.47% Mn, 0.98% Si, 0.14% Ni, 4.90% Cr, 0.88%4..15% Mo, 0.016% Co, 0.00012%
S, 0.018% P, and the balance wasHe tool material selected for this study was gitepfhe electrode had the
circular cross-section as shown in Figure 1. Grgphias excellent electrical and thermal condugtigihd is a
commercial used material. Titanium powder was useahix in dielectric fluid in EDM. Titanium is ches as the
powder material due to its high hardness, abragsistance, high melting point, and low coefficieftfriction
(Figure 2). For uniform distribution of titanium ywder mixed in dielectric fluid a stirrer was contgusly rotated at
300 rpm with the help of a motor. To remove theridefrom the cutting zone and to avoid mixing withe
dielectric medium, the permanent magnets are plat#te bottom side of the workpiece. This furtimgproves the
efficiency of the process. Figures 3 shows the mettie diagram of experimental setup and figure dwshthe
actual photo of experimental setup. Table 1 depilbts process parameters used for the experiments. r
Experiments were repeated twice to take the averalyes for each EDM output characteristics. Aétenducting
the EDM experiments, samples were subjected to iwancomposition test, microstructure analysis,faue
hardness surface roughness and surface topograpkysurfaces of the samples were cleaned priocdarsng
electron microscope (SEM, model JSM 6490, JEOLadppnalysis and the images were captured at tiferet
magnifications that is 50and 1008. The chemical compositions of the machined sugfagere analyzed using
energy-dispersive X-ray spectroscopy (EDS, moddWl JS 6490LA, JEOL, Japan).To analyze the phase
composition of the surfaces, selected workpiece® wealyzed using X-ray diffractometry (XRD) oveRtarange
from 5° to 80° with a model Axiovert 40MAT from QaZeiss, Germany. Microhardness was measured on
microhardness tester (model Indenta Met 1106) fBuahler, USA. Surface roughness of samples was uregs
using a SJ-301 model of Mitutoyo make, Japan.
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Figure 1 Graphite electrode Figure 2 Titanium powder
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Figure 4 Photograph of the experimental setup

Table 1 Machining conditions

Variable Set-up
Intensity of discharge(A) 15
Pulse-on tima(s) 50
Pulse-off timefis) 85
Dielectric HD-1
Polarity Positive (EDM process)
Machining time 15 minutes
Voltage of discharge (V)] 150
Tool material Graphite (@25mm)
Flushing 10 liters/min
Titanium:
Powder - grain size 45um.
- concentration: 0,5,10,15,20 gl.

RESULTS AND DISCUSSION

3.1. Topography and Surface roughness of the mactad surface

The machined samples were checked for surface nasghbased on centre line average method and &ggogof
the surfaces were checked by the SEM. Figure i§g)(c), (d) and (e) shows the topography of niveexth surface
for without powder, with 5 g/l, 10g/l, 15 g/l an@® /| powder respectively, which were taken at 30Xgnification
at SEM. It is clear from the image that machinadaxe are composed of many craters. By additiotitafium

powder mixed in dielectric fluid lead to increasetlie number of craters but the diameter and defpthem were
decreased. Further increasing the concentratiggowfler led to the number of craters increase, wihidediameter
and depth of it constantly decreased. This haseledp improve the smoothness of the machined surfele same
is obtained from the surface roughness valuesefihchined surface as shown in the table 2. Topbgraf the

surface structure will cause less stress concémtrahis is because the bottom of the crateraursed which will

increase the fatigue strength of the surface lalicro-cracks are observed on the machined surfaoethe
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number of micro-cracks is reduced by addition te#niium powder in the dielectric fluid. The numbefsmicro-
cracks are inversely proportional to the valuehef powder concentration. The craters, micro-cracksformed and
uniformly distributed on machined surface; this besated favorable conditions for the lubricatinigretention on
the machined surface. This in turn improves theasion resistance of the surface. Figure 6 (a),(f)) (d) and (e)
shows the microstructure of the machined surfacenithout powder, with 5 g/l, 10g/l, 15 g/l and 20 powder
respectively. It can be seen that large numbespbérical metal particles are sticking to the maethisurface. The
reason is that the metal wich got melt was coolexy ¥ast by the dielectric fluid and got stick dretmachined
surface. The metal adhesion is more in case ofowithse of powder in dielectric fluid. The adhesilatreased as
increase in the concentration of powder is incréasehe dielectric fluid. This adhesion of re-meiletal on to the
machined surface increases the roughness of tfeceuBut with the increase in powder mixed in eligdic fluid
reduces the surface roughness of machined suifdeesame is obtained from the surface roughnesesaést as
shown in the table 2.

X50° '500pm 2014 'COMFA-IMS

c) 10g/I

1
X80 500pm 2014 COMFA-IMS

‘ ‘. m,ﬁ‘ou" 10pm 2044 CQ ‘A.|§; " v 20k¥yy X1,000 10ym 2014 COMFA-MS 4|
d) 159/ e) 20g/I
Figure 6 Microstructureof machined surface

Table 2 Surface roughness values of machined surfes

Trial no Ra | Concentration
(um) (1)
1 7.13 No
2 5.69 5
3 4.61 10
4 4.25 15
5 4.18 20

3.2. Surface integrity of machined surface

After machining, the surface gets modified and ehdéferent layers are formed on the surface. Egushows the
cross-sectional view of SKD61 steel surface coimgjsdf three different layers namely, white laykeat affected
layer and base material. White layer is formedHsy workpiece material, electrode material and tle¢airpowder
melts and got deposited which have not been sweay dy the dielectric fluid and it is adhesion & tsurface
machining. Figure 8 a), (b), (¢), (d) and (e) showeswhite layer thickness for without powder, watty/l, 10g/l, 15
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g/l and 20 g/l powder respectively. Micro-crackpegr in the white layer and its depth is approxatyaéqual to
the thickness of this layer. A powder mixed in datic fluid reduces the white layer thickness arnsl more evenly
distributed on the machined surface as shown figard 8. This is due to the presence of powdetkéndielectric
fluid which increases the number of electric spanks single pulse. This reduces the thermal enefgyach electric
sparks impact on machined surface. The thicknesghef heat-affected layer is reduced with increasing
concentrations of powder. This is due to the ineeda powder concentration in the dielectric fludehd it will lead
to the increase the number of electric sparks @midnreduces the energy of each electric sparkspidsence of
metallic powder in the dielectric medium will lead formation of electric sparks more evenly throogththe
surface of the workpiece. This will help to stadslithe pulses of thermal energy which leads to maitorm
formation of white layer thickness and more evatiktributed over the machined surface. White lay@mtains a
mirco-cracks which will negative affect the abiliof the working surface after machining. Heat affeclayer is
present beneath the white layer and heat-affeetger lis difficult to observe. And the thicknessthis layer is
smaller than the white layer. This layer is fornigdthe thermal energy of the electric sparks wiaiffacts the base
material during the machining phase. Number of asicopic cracks in the heat-affected layer is vesg with small
depth.

__ White laver
i Heat affected zone
| oe e |

o

. ‘Fi.guré 7 Layérs were formed in machined surface

o
L

X g~ .‘n#" -
a) No powder (tnn=8.31 um

= 8.67 um,tax= 10.

" o W z. - 1 ..e
e) 209/l (tin= 6.71 pm,tyas= 13.75 pm)
Figure 8 Thickness of white layer in machined surfee

3.3. Chemical composition and X-ray diffraction paterns of machined surfaces

Figure 9 (a) shows that the percentage of carbore@sed greatly in the machined surface after EBddgss. This
is due to the cracking of carbon from hydrocarbdnaad migration of carbon from electrode matetialthe
machined surface. And the absence of powder mimediglectric fluid led to the largest carbon petege. This
shows that the amount of electrode erosion isafgekt and cracking of carbon from hydrocarbomva# high. And
the same is observed in the case of no powder niixdiglectric fluid where the machined surfacehef workpiece
contains the largest percentage of carbon (%) € 36.99. The percentage of carbon on the mactsuefhce
reduced when titanium powder is mixed into theatitric fluid. This is due to the reduced thermatrgy of the
electric sparks and which reduced the dissociaiforarbon from the dielectric fluid and minimizatiof tool wear
rate. Due to increased in concentrations of titanjpowder reduced the percentage of carbon whiclcates
minimization of tool wear rate. This increases¢fficiency of the process and increases the pmtisf machining.
Figure 9 (b) indicates the presence of titaniunmelets on to the machined surface. This is due ttingeof the
titanium powder and constantly entering to the SKB&el surface during EDM process. This showsnrtlggation
of material from dielectric on to the machined aud. The increase in the concentration of titanpowder
increases the percentage of titanium on to the meadhsurface. This increase in titanium increasessurface
hardness of the machined surface and improvesdhesion resistance of surface. Figure 10 shows dh&ng
EDM with titanium electrodes it is observed that thigration of titanium is more (%¥F1.58%) and the amount of
titanium migrating the surface is higher than timeoant of titanium (%Ti=0.38%) migrating from the powder
mixed in dielectric fluid. However, titanium mignag from the titanium powder mixed in dielectriaifi there is an
uniform distribution on the machined surface asash figure 11.Therefore, the use of powder mikedielectric
fluid can be improve the strength and hardness®fsurface is more evenly. However, Figure 12 shibvats TiC
was not formed on the machined surface.
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Figure 9 The composition of elements C and Ti in n&hined surface
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Figure 10 The penetration into the machined surfacef titanium
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Figurell The distribution of titanium on the machined surface
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Figure1l2 XRD of machined surface

3.4. Microhardness of the machined surface

SKD61 steel is widely used in forging hot die, be hardness of the surface layer strongly afféwisability to do
their work. The increase in machined surface hasleads to improve the abrasion resistance ofridehined
surface. This can greatly affect the life and aacyrof the moulds. Results of the hardness of thehined surface
layer are given in table 3 and figure 13.

1209



Nguyen Huu Phanet al J. Chem. Pharm. Res,, 2015, 7(7):1204-1211

Table 3 Micro-hardness of machined surface layers

Concentration Micro-hardness (HV
(g/1) White layer | Heat affected layer | Base material
0 502.0 591.0 554.7
5 602.8 596.0 508.7
10 624.3 575.6 540.1
15 650.9 620.5 571.9
20 653.7 598.2 581.6
HV 700
600 - /’,,M’A_—’
500 -
400
300 -
200
100 -
0

0 5 10 15 20

Powder concentration (g/l)
Figure 13 The influence of titanium powder concentation to machined surface hardness

Table 2 shows that when no powder is used in thiediic fluid the micro-hardness of white layerviery low
(=502.0HV), and its hardness is lower than the hasliné base material and heat-affected layer. Hasdoéheat
affected layer is the highest§91.0HV). Therefore, the choice of suitable matetiackness of fine machining to
remove all the white layer thickness and retaickthéss of heat affected layer to increase abitityork of the
moulds. The micro-hardness of white layer is inseelby the addition of titanium powder in the ditiie fluid.
The micro-hardness of white layer is the higheghode layers in the workpiece surface. The re&serplained by
titanium powder mixed in dielectric fluid and carbdrom dielectric fluid entered the white layer.gkie 13
indicates that the concentration of titanium pow(®6) g / | had strongly affected the micro-harshef white
layer. The concentration of titanium powder gre#tan 5 g/l showed minimum change in the hardnéssaghined
surface. White layer porous structure, containinguenber of micro-cracks [17], which has increadwssl $torage
capacity of lubricant on the machined surface,aases the life of the moulds.

CONCLUSION

This study included machining of SKD61 steel sugfag using titanium powder mixed in dielectric lulWhen no
powder was used in the dielectric fluid during miattyg of SKD61 steel low surface quality is obtaineith large
number of mirco-cracks. Also, the white layer was evenly distributed and reduced micro-hardnesshierved.
When titanium powder is mixed in dielectric fluslused during machining of SKD61 steel, it was olkeskthat the
surface quality of machined surface got improvelde Biameter and depth of the craters was reducedeenly
distributed over the machined surface. Also, theod@ion of molten metal on the machined surfacergduced.
Further, thickness of white layer was evenly disttéd and its surface hardness was increased.Using titanium
powder in the dielectric fluid improves the mecltahiproperties of white layer and heat affecteattayhich is a
suitable working conditions for die and moulds. f&ce layer of SKD61 steel after PMEDM have better
characteristics, such as good surface finish, Idtenlayer thickness and the number of micro-crae&ee reduced.
This will reduce the cost of fine machining, espéigiwhen working with small size holes.
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