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Abstract 

This study investigates the manufacturing process of 2205 duplex stainless steel by wire 

electrical discharge machining (WEDM) where the effects of pulse-on time, wire tension and 

pulse-off time on surface finish, kerf width and MRR. It was found that the kerf width was 

unchanged with the change of pulse-on time at long pulse-of time and higher wire tension. 

However, it decreased initially and then increased due to the rise of pulse-on time at low values 

of wire tension and pulse-off time. Low wire tension and pulse-on time, pulse-off time and 

contributed towards widest kerf. Longer pulse-on time increased MRR due to higher 

machining/processing speed. Lower wire tension and shorter pulse-off time increased MRR 

more than that of higher wire tension and pulse-off time. Craters and recast layer were on the 

machined surfaces at all machining conditions. Increased pulse-on time raised surface 

roughness at the lower pulse-off time and tension in the wire. The surface finish at high wire 

tension and longer pulse-on time is always better than that at smaller pulse-on time and lower 

tension in the wire. The microstructure underneath the recast layer remains unchanged and the 

failure of wire electrode occurred at higher wire tension, longer pulse-on time and shorter 

pulse-off time.  

 

Keywords: Surface; subsurface; machinability; duplex; stainless; steels; wire; edm; 

roughness. 
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DSS = Duplex stainless steel 

WEDM = Wire electrical discharge machining  

MRR = Material removal rate 

PONT = Pulse-on time 

POFT = Pulse-off time 

WT = Wire tension 

SR = Surface roughness 

KW = Kerf width 

1. Introduction 

Among stainless steels, DSS stays in between ferrite and austenite stainless steels which 

combine the inherited benefits of both phases [1]. These materials have good resistance to 

corrosion due to the higher amount of molybdenum and/or chromium content and lower 

amount of sulphur content in it. The lower sulphur content also offers higher sturdiness and 

better high-temperature workability [2]. Higher work hardening and toughness, and lower 

thermal conductivity induce difficulties in machining/manufacturing stainless steels [1]. 

Furthermore higher resistance to fracture increases tool-chip interface temperature which 

generates built-up-edge at faster machining speeds and increases SR and machining forces [3, 

4]. The poor machinability is also worsened by the deficiency of non-metallic additions and a 

lower proportion of carbon [5, 6]. More plastic austenite at higher strain causes ferrite build-

up [7] which may imbalance the phase proportion during conventional machining. Therefore, 

non-conventional machining such as WEDM process can be applied to process these materials 

[8]. In wire EDM, the material is removed by consecutive electric discharges from tool 

electrode to the workpiece in the presence of dielectric fluid [9]. Very high temperature being 

generated in this method from the electrical discharge, melts the workpiece and, then the 

dielectric fluid at room temperature washes the debris and cools the machined surface 

immediately [10]. The heating cycle considerably disturbs the characteristics of these metals 

[11, 12]. 

The responses of materials under machining conditions comprehend the machinability of any 

material which also offers to understand about the important problems and emphasises main 

points needing fundamental attention [13-15]. Researchers applied WEDM process on 

different stainless steels such as, Huang et al., [16] investigated the EDM of tempered 
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martensitic stainless steel at different WT, dielectric fluid pressure and power for semi-finish 

and finish cut. Generally, the number of machining passes depend on the required accuracy, 

and the required SR. Higher accuracy was achieved with several numbers of cutting pass. The 

machined surfaces of steel seemed to be alloyed with the material from the wire electrode. The 

higher diffusion of the wire materials was noted during rough machining pass. The amount of 

material diffusion was proportional to the cutting current [16]. Lodhi and Agarwal [17] EDMed 

AISI D3 steel using brass wire with zinc coating by varying current, wire feed rate, POFT and 

PONT and found the current contributed SR most significantly. PONT of 18 μs, POFT of 51 

μs, peak current of 180A and 6 mm/min wire feed rate were the optimum parameters for AISI 

D3 steel. Similarly, Sharma et al., [18] explored the influence of POFT, current, current PONT, 

spark gap and WT during EDM of high strength alloy steel by wire electrode made of brass. In 

this case the MRR was mostly influenced by spark-gap voltage, PONT and POFT. The 

maximum contribution on surface finish was from PONT. Higher current and PONT contribute 

towards lower surface finish. Lee and Tai [19] investigated the surface of D2 and H13 tool 

steels generated by WEDM process and found that the surface finish of both materials is the 

same. The surface finish increased due to the rise of PONT and current. The white layer in H13 

steel is marginally thicker than that of D2 steel due to variation of thermal conductivity. The 

white layer thickness seems to rise due to the rise of PONT and current. Increased PONT 

contributes thicker white layer as well as a spike in induced stress within the material which 

facilitate crack formation and propagation [19]. Królczyk et al., [20] explored wear 

mechanisms of coated carbide tool during turning the DSS where the abrasive and adhesion 

wears were most prominent.  They evaluated surface topography of the coated carbide tool 

after machining which showed that the coating of Al2O3 resisted the abrasive wear significantly 

[21]. A mathematical model was developed to define the tool life which showed that the cutting 

speed was main influencing factor on the tool life [22]. The load curves and roughness profiles 

for various cutting wedges and variable cutting parameters were compared. The dry cutting 

reduced the friction for lubricated surfaces by providing a small initial contact area where the 

surface is contacted [23].  

Based on literature survey, as briefly mentioned above, there is no investigation into the 

WEDM process of DSS where very high temperature is used to remove material. By taking 

this information in account, this study investigates the role of a number of essential input 

parameters towards kerf width, SR and sub-surface morphology of DSS machined by WEDM 

manufacturing process. This will contribute towards improve applicability of WEDM 
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manufacturing process towards difficult-to-cut DSS alloys and extend the application of DSS 

in wider areas. 

2. Materials and method 

The round bar of 2205 DSS was cut into a disks of 15 mm thickness using a hydraulic saw. 

After that, both top and bottom surfaces were machined to make the sample uniform, leaving 

behind a clean and workable 14 mm thick disks. The WEDM process of 2205 DSS was 

performed in FANUC ROBOCUT ∝-0iD instrument. All the details of experiments and 

variables are presented in table 1.  

Table 1: Experimental variables used during WEDM process. 

 

Average roughness of newly generated surfaces was estimated by Talysurf connected to a 

Mitutoyo SJ-201 remote. The machined surface was prepared by lapping or polishing and 

followed by chemical etching with cupric chloride solution based etchant to study the 

microstructures. The cylindrical cut outs from WEDM process were polished on the cylindrical 

surface to see the microstructural change along the depth (Fig. 1).  Olympus SC100 optical 

microscope was used to measure the KW as well as to analyse microstructures. MRR was 

calculated from average KW, average hole diameter and an average thickness of disks and 

machining time.  

 

Fig. 1: Cylindrical cut outs during machining (a) fresh part and (b) machined part with the 

polished and etched strip. 

The input parameters during EDM were classified in ‘low’ and ‘high’ values. The ‘low’ values 

designated the lower magnitude of parameters (4 μs PONT, 22 μs POFT and 1000 kg WT) 

except the one under assessment. Similarly, ‘high’ designated the higher magnitude of 

parameters (8 μs PONT, 66 μs POFT then 1800 kg WT) except the one under assessment. 

Interactions among various input parameters substantially affect the output parameters [24-26]. 

Hence, this effect is included in this investigation by considering high and low values of input 

parameters. 

3. Results and discussion 
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KW is the width of cut in the WEDM process which is identical to the diameter of wire 

electrode plus the double of the spark gap. Fig. 2 shows the influence of PONT on the average 

distance across the kerf at (a) low POFT (22 μs) and WT (1000 kg), and (b) high POFT (66 μs) 

and WT (1800 kg). It is interesting to note that, the influence of PONT on the KW is completely 

opposite when the values of the constant parameters are maximum or minimum. At low WT 

and POFT, the KW is high initially, subsequently a sharp decrease due to the rise of PONT and 

then increases again with the subsequent rise of PONT. On the other hand, the KW gradually 

rises with the rise of PONT and then reduces with the additional rise of PONT when the WT 

and POFT are high. The KW at high values of WT and POFT is always smaller than that at 

low values of these parameters except when the PONT is of medium value.  Fig. 3 shows the 

influence of POFT on the KW for (a) low PONT (4 μs) and tension (1000 kg), and (b) high 

PONT (8 μs) and tension (1800 kg). Initially, the KW increases gradually with the upswing of 

POFT then it lessens sharply with the further increase of POFT at low WT and PONT. 

However, the KW gradually decreases with the increase of POFT for the range considered in 

this study when the PONT and WT are high. It is noted that, the KW at high values of PONT 

and WT is smaller than that at low values of PONT and WT only when the POFT is of medium 

value. Fig. 4 presents the effect of WT on the KW for (a) low PONT (4 μs) and POFT (22 μs), 

and (b) high PONT (8 μs) and POFT (66 μs). A steady diminution of KW was noted with the 

upsurge of WT for the range considered in this study in both cases. It is noted that the KW at 

high values of pulse-on and POFTs is always smaller than that at low values of pulse-on and 

POFTs except when the WT is of low value.   

 

Fig. 2: Effect of PONT on the KW at high and low values of constant parameters.  

 

Fig. 3: Effect of POFT on the KW at high and low values of constant parameters.  

The KW changes with machining conditions, workpiece materials and the state of wire 

electrode. It is well established that longer PONT generates higher heat that increases MRR 

and rises the KW. However, this high heat also removes the wire material and easily deforms 

the circular cross-section of wire to oval shape which in turn reduces the KW [8]. The final 

KW accounts these two facts and it reduces with the rise of PONT initially followed by a 

decrease with the more upsurge of PONT when the constant parameters are high [27]. There is 

an optimum PONT for which the kerf width is minimum in this case. Higher POFT contributes 
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to reducing heat which reduces the KW. The wire remains flexible when the WT is low which 

contributes to larger KW. In contrast, the rigid wire at higher tension gives reduced KW. 

Therefore, the widest kerf is generated at low PONT, POFT and WT as shown in Fig. 2. The 

kerf generated in different machining conditions are very similar in nature.  

However, those are not very straight although the electrode travelled straight vertically. The 

kerfs have wave-like surface formation in all the cases. Fig. 5 shows a kerf that was produced 

at 6 μs PONT, 66 μs POFT and 1800 kg tension in electrode. The edges of the kerf experience 

flaking and causes brittle failure. The uneven fractures and breakages in kerf edge many be due 

to high temperature and speed of the wire electrode during machining. The KW at bottom and 

top sides are not equal and result in a 'tapered cut' [8]. 

 

Fig. 4: Influence WT on the KW when constant parameters are of high and low values.  

 

Fig. 5: Kerf generated during WEDM process of DSS at 6 μs PONT, 66 μs POFT and 1800 

kg WT at (a) top and (b) bottom sides of workpiece. 

Figure 6 depicts the effect of PONT on the MRR at low and high values of constant parameters. 

The overall MRR rises slightly with the rise of PONT in both cases for the range considered in 

this study. It is shown that, the MRR is much greater at low values of constant parameters 

compare to that at high values of constant parameters.  The influence of POFT on MRR at high 

and low values of constant parameters is shown in Fig. 7. The figure indicates that the MRR 

decreases significantly initially with the upsurge of POFT then it lessens gradually with the 

additional intensification of POFT in both cases. The MRR is slightly higher at high values of 

constant parameters compare to that at low values of constant parameters. No significant 

variation in MRR is noted with the rise of WT at low or high values of constant parameters as 

depicted in the Fig. 8. It also presents that the MRR for all the WTs is much higher at low 

values of constant parameters compare to that at high values. 

 

Fig. 6: Effect of PONT on the MRR at low and high values of constant parameters.  

 

Fig. 7: Effect of POFT on the MRR at low and high values of constant parameters.  
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Fig. 8: Influence of WT on MRR at low and high values of constant parameters.  

Greater MRR at upper PONT is due to generation of higher temperature which increases the 

machining speed.  The shorter POFT allows more frequent pulse-on therefore higher 

temperature becomes more consistence. On the other hand, though the flexible wire at lower 

tension produces wider kerf, it takes longer time to remove materials. Therefore, the MRR 

seems don’t change notably with the rise of tension in electrode. Low values of WT and POFT 

give higher MRR compare to that of larger WT and POFT while the PONT is varied. For the 

same reasons, the trend of MRR can be explained by the variations of POFT and WT.     

The surface of 2205 DSS generated from WEDM process at diverse machining settings is very 

similar. Fig. 9 presents a surface machined at 8 μs PONT, 22 μs POFT and 1800 kg WT.  It 

contains numerous minuscular craters related to the indiscriminate spark release from wire 

electrode to work-piece. Consequently, the finish of the machined surface mainly is determined 

by the dimensions of the spark crater. The removal of workpiece material takes place because 

of electric spark at many points simultaneously. The splattering of the workpiece materials 

occurs in the gap between workpiece and electrode where the both of these were partially 

coated by melted workpiece material (Fig. 9) [8]. A portion of the melted workpiece is removed 

by the flow of electrolyte as debris. The leftover melted metal resolidifies by quenching very 

fast by the flow of electrolyte and hence forward re-cast layer is generated. Therefore the 

appearance and finish of machined surfaces are not considerably influenced by the variation of 

machining conditions.  

 

Fig. 9: Surface of 2205 DSS generated from wire EDM. 

Effects of PONT, POFT and WT on the roughness of machined surfaces are presented in 

figures 10, 11 and 12 respectively. Fig. 10 displays that the overall roughness rises with the 

rise of PONT in both cases of low and high values of constant parameters. The increase of SR 

is significant when the constant variables are of low values i.e., low POFT (4 μs) and WT (1000 

kg). However, the roughness rises slightly with the rise of PONT when the constant parameters 

have high values. It is noted that SR is higher for the lower values of the constant parameter 

for all PONTs except the medium value when the SR is very similar for both cases. Fig. 11 

shows that, SR initially decreases slightly by the rise of POFT and then increases slightly by 

the further rise of POFT for both low and high values of constant parameters. In this case, the 
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SR at high values of constant parameters is higher than that at low values of constant parameters 

for the range of POFT considered in this investigation. The effects of WT on the roughness as 

shown in Fig. 12 are very similar to that of PONT on the roughness which was presented in 

Fig. 10. In this case, the SR at low and medium values of WT is very similar at high and low 

values of constant parameters. However, it is reasonably higher at low values of pulse-off and 

PONTs than those of high values when the WT is high.  

 

Fig. 10: Influence of PONT on SR at high and low values of constant parameters.  

 

Fig. 11: Influence of POFT on SR at high and low values of constant parameters.  

 

Fig. 12: Influence of WT on SR at different values of constant parameters.  

When all parameters are in favour such as, shorter POFT and low WT, the rise of PONT makes 

bigger crater and therefore the higher SR as shown in Fig. 10. At higher WT, the wire is more 

rigid, and length of active cutting is shorter which may contribute to make bigger crater. This 

may increase roughness by the rise of WT. Therefore, the roughness at longer PONT and high 

WT is always higher than that at shorter PONT and lower WT for the rage of pulse on time 

considered in this investigation. For the similar reason, due to the adjustment of effects of 

POFT, PONT and WT, the variation of roughness in Fig. 12 is nonsignificant. 

 

The microstructure of 2205 DSS before machining is presented in Fig. 13 where the light 

coloured ferrite phase is uniformly distributed, like islands, in the dark colour austenite phase. 

The proportion of these phases are almost equal. The microstructures of machined sub-surface 

(the location of which is shown schematically in Fig. 1 at various machining circumstances are 

presented in Fig. 14. The top dark part in the pictures are machined surface or recast layer. 

Towards the bottom of the pictures, the microstructure is exposed gradually with the increasing 

depth from the machined surface. The figure does not show any change in microstructure on 

the exposed surfaces at different conditions. The microstructures for all the presented 

conditions are very uniform where the proportion of austenite and ferrite seems equal at 

different depths from the machined surface. It is very similar to the original structure before 

machining (Fig. 11).  
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The metallurgy of DSS is as follows, briefly: if heated to 1350 °C and hold at this point, 

maximum of the austenite transforms to ferrite phase, and ferrite grains form. At cooling from 

1350 to 800 °C, the austenite phase precipitates all over the borders of ferrite grains. The 

ultimate structure is determined by the factors of thermal cycles, for example, topmost 

temperature, time of holding, and the rate of cooling [28]. Typically, very fast rate of cooling 

gives remarkably coarse grains of ferrite [29]. This is disadvantageous to mechanical and 

corrosion behaviours [30, 31]. Nevertheless, the transformation of appropriate quantity of 

austenite and exclusion of intermetallic compounds is essential to conserve the quality. In 

general, DSS alloys with more than around 75% ferrite content is not suitable in maximum 

applications. DSS has the affinity to develop intermetallic compounds of chromium, 

molybdenum and iron if heated to 700 to 955 °C temperature for an extended amount of time. 

The intermetallic compounds reduce the toughness and corrosion resistance. These compounds 

are formed at a very high rate in 815 to 870 °C in DSS [32, 33]. 

In WEDM process, the sparks are generated in discrete points and the temperature generation 

is highly localised. In addition, the continuous flow of the electrolyte takes away heat and 

machined debris. All these do not allow to hold the machining temperature for longer period. 

Therefore, for the range of parameters considered in the study are not capable of changing the 

microstructures below the recast layer.      

 

Fig. 13: Structure of DSS before machining. 

 

Fig. 14: Microstructure of machined DSS at diverse conditions: (a) PONT 4 µs, POFT 44 µs, 

WT 1000 kg, (b) PONT 8 µs, POFT 22 µs, WT 1400 kg and (c) PONT 8 µs, POFT 66 µs and 

WT 1400 kg. 

 

Wire breakage occurred twice only at PONT 8 μs, POFT 22 μs and WT 1800 kg during this 

study. In this case, the machining feed was the fastest machining run among all the experiments. 

There is no doubt that the generated temperature was high enough to soften the wire material 

that failed at relatively higher WT. The tip of the failed wire is presented in Fig. 15. It shows 

that necking was less in Fig. 15a compare to Fig. 15b. This indicates that the rupture of the 
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wire might be abrupt as well as gradual. The unexpected failure occurs at a higher temperature, 

and the gradual failure occurs at lower localized temperature generated from discrete sparks.  

 

Fig. 15: Broken tips of the wire electrode during WEDM process of 2205 DSS. 

4. Conclusions 

The manufacturing process of 2205 DSS by WEDM has been investigated in this analysis. The 

contribution of a number of process parameters towards surface morphology of the machined 

components has been investigated, which can be summarised as follows: 

(a) A nonlinear trend of KW is noticed with the rise of PONT. The kerfs surface are in wavy 

form and contain the evidence of brittle fracture at the edges. 

(b)  Shorter POFT and lower WT give greater MRR than that at longer POFT and higher WT 

with the variation of PONT. The WT does not influence the MRR significantly. The wire 

electrode may rupture either gradually or suddenly due to the change of wire diameter 

depending on the discrete electric sparks at extreme machining conditions, where the 

temperature generation and WT are higher.  

(c) The machined surface consists of craters and solidified molten material. The microstructure 

of the machined DSS below the recast layer remains unchanged which is due to very short 

or no holding time at high temperature during electric sparks which are discrete in nature. 

The increase of PONT increases the SR at shorter POFT and low WT. 

(d)  The wire failure occurs at longer PONT and higher WT. The longer PONT softens the wire 

material locally and the WT applies the stress to fail the wire.   
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Table 1: Experimental variables used during WEDM process. 
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Experiment no PONT (µs) POFT (µs) WT (kg) 

1 4 22 1000 

2 6 22 1000 

3 8 22 1000 

 

4 4 66 1800 

5 6 66 1800 

6 8 66 1800 

 

1 4 22 1000 

7 4 44 1000 

8 4 66 1000 

 

9 8 22 1800 

10 8 44 1800 

6 8 66 1800 

 

1 4 22 1000 

11 4 22 1400 

12 4 22 1800 

 

13 8 66 1000 
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14 8 66 1400 

6 8 66 1800 

 

 

Fig. 1: Cylindrical cut outs during machining (a) fresh part and (b) machined part with the 

polished and etched strip. 

 

Fig. 2: Effect of PONT on the KW at high and low values of constant parameters.  

 

Fig. 3: Effect of POFT on the KW at high and low values of constant parameters.  
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Fig. 4: Influence WT on the KW when constant parameters are of high and low values.  

 

Fig. 5: Kerf generated during WEDM of DSS at 6 μs PONT, 66 μs POFT and 1800 kg WT at 

(a) top and (b) bottom of the workpiece. 

 

Fig. 6: Effect of PONT on the MRR at high and low values of constant parameters.  
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Fig. 7: Effect of POFT on the MRR at high and low values of constant parameters.  

 

Fig. 8: Influence of WT on MRR at high and low values of constant parameters.  

 

Fig. 9: Surface of 2205 DSS generated from wire EDM. 
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Fig. 10: Influence of PONT on SR at high and low values of constant parameters.  

 

Fig. 11: Influence of POFT on SR at high and low values of constant parameters.  

 

Fig. 12: Influence of WT on SR at different values of constant parameters.  
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Fig. 13: Structure of DSS before machining. 

 

Fig. 14: Microstructure of machined DSS at diverse conditions: (a) PONT 4 µs, POFT 44 µs, 

WT 1000 kg, (b) PONT 8 µs, POFT 22 µs, WT 1400 kg and (c) PONT 8 µs, POFT 66 µs and 

WT 1400 kg. 
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Fig. 15: Broken tips of the wire electrode during WEDM of 2205 DSS. 

 

 

 

 


