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Investigation of EDM Characteristics of Nickel-based Heat 
Resistant Alloy 

Sin Ho Kang*, Dae Eun Kim 

Department o f  Mechanical Engineering, Yonsei University, 

134, Shinchon-dong, Seodaemoon-ku Seoul 120-749, Korea 

The EDM processing characteristics of one of the nickel-based heat resistant alloys, Hast- 

elloy-X, were investigated under the various EDM conditions and analyzed in terms of surface 

integrity. This alloy is commonly used as a material for the hot gas path component of gas 

turbines and it is difficult to machine by conventional machining methods. The primary EDM 

parameter which was varied in this study were the pulse-on time. Since the pulse-on time is one 

of the main factors that determines the intensity of the electrical discharge energy, it was expected 

that the machining ratio and the surface integrity of the specimens would be proportionally 

dependent on the pulse-on duration. However, experimental results showed that MRR (material 

removal rate) and EWR (electrode wear rate) behaved nonlinearly with respect to the pulse 

duration, whereas the morphological and metallurgical features showed rather a constant trend 

of change by the pulse duration. In addition the heat treating process affected the recast layer 

and HAZ to be recrystallized but softening occurred in recast layer only. A metallurgical 

evaluation of the microstructure for the altered material zone was also conducted. 

Key Words: Electrical Discharge Machining, Hastelloy-X, Pulse-on Time, Recast Layer, 

Surface Integrity 

I. Introduction 

Hastelloy-X, one of the Ni-based heat resis- 

tant alloys, has been a common material used 

as combustor components of land based gas tur- 

bines or aircraft engines due to its high-tempera- 

ture corrosion/erosion resistance combined with 

excellent fabricability and weldability (Bradley, 

19881). The combustor components are inevitably 

exposed to high thermal stress and a very cor- 

rosive environment simultaneously. Therel'ore, the 

material of the components should be capable of 

maintaining adequate mechanical and chemical 
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characteristics in such a severe environment. Re- 

cently, progress in the gas turbine technology has 

improved the efficiency in a higher firing temper- 

ature. Consequently, the combustor components 

are made with the materials that have superior 

creep strength and corrosion resistant property 

(EI-Wakil, 1984). 

In addition, by forming cooling passages in the 

parts strategically based on heat transfer analys- 

es, the temperature of tile parts during the opera- 

tion can be remarkably reduced even though the 

firing temperature is much higher than the mel- 

ting point of the material (EI-Wakil, 1984 ; Lee et 

al, 1999). The shape of  the cooling holes are 

circular and the dimension of the holes depend on 

the component size. In most cases, the aspect ratio 

o[" the cooling hole is high and the number of 

cooling holes per part is large. Therefore, it is 

quite difficult to drill the cooling holes precisely 

and rapidly by traditional manufacturing pro- 

cesses. At the present, CNC Electrical Discharge 
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Table 1 Nominal composition of Hastelloy X ( W t ~  sheet) (Stolott, 1990) 

Ni Cr Co Mo W Fe Mn Si C ~ Density Melting Range 

1.5 9.0 ,[ 0 . 6  18.5 0.50 i 0.5 0.10 8.21 g/'cm a , _ _ ;  1260-1355°C 

T a b l e  2 

Properly 

Specific Heat 
(J/Kg-K) 

Thermal Conductivity 
(W/'m'K) 

Mean Coefficient of Thermal 
Expansion i × 10 6/°C) 

Dynamic Modulus ot 
Elasticity (GN,/m "~) 197 

Yield Strength 360 
(0.2% offset) ( MN/m 2) 

Mechanical properties ot" Hastelloy-X (Stoloft 1990) 

21°C ! 93°C 704°C 316°C 
/ 

485 -- ~ -- 500 

/ 
9 . 1 1 1 1 . 0 £ 2 . 7  14.4 

- / 1 3 . 9 '  14.1 ]J4~  

Ultimate Tensile 
Strength (MN/m -~) 785 

i 

427°C 

, 17.2 

14.7 

170 

F 

538°C 649°C 

585 

19.6 _~1.8 

15.1 15.4 

161 154 

290 275 

650 570 

15.9 

146 

260 

435 

760°C i871 °C I 982°C 

-- ] 700 , 

24.0 [ 26.0 28.1 

16.2 16.6 

137 128 

180 ] I10 

255 150 

Table 3 100hr 0.2% creep strength of Hastelloy-X, MN/m 2 (Source: International Nickel Co./ 
1 

649C 704C L 760C 816C 871(_" I 927C 

140 90 t 55 I 35 22 / 13 

962C 

Machining (EDM) is being widely applied in 

dril l ing the cooling holes. The workpiece material 

can affect the characteristics of the detects on 

the EDM processed surf:ace. This is due to the tact 

that the t ransformation of the thermal energy 

from the electrode to tile workpiece, dictated by 

machining parameters, is dependent  on the physi- 

cal properties of the workpiece material such as 

thermal conductivity and chemical composi t ion 

(IAMS, 1980). 

In this work, the machining characteristics of 

Hastel loy-X and the surface detects that appear 

under  various EDM condi t ions  were investigated. 

Tables 1 through 3 show the chemical composi- 

tion and the mechanical  properties of Hastel loy- 

X. The motivat ion of this study was to better un- 

derstand how the surface integrity of the Ni-based 

Superalloy is affected by the EDM process. Thus, 

experimental investigations were carried out to 

analyze the altered material zone (hereafter re- 

ferred to as AMZ) tbl lowing the EDM process. 

The following sections describe the experimental 

work in detail. 

2. E x p e r i m e n t a l  C o n d i t i o n s  

Hastel loy-X specimens were EDM processed 

under various condi t ions  to investigate the effect 

of machin ing  condi t ion on the surface integrity 

of the workpiece. Four  machining condi t ions  

were selected where the pulse-on time was varied 

while main ta in ing  other parameters such as off 

time, peak current, and gap voltage constant. A 

2.35 mm thick Has t -X sheet material was cut to a 

32 × 100 mm rectangle and used as the workpiece 

specimens. The specimens were machined with a 

16 rnm diameter copper electrode for 150 seconds 

under  the four machin ing  conditions.  Table 4 

shows the selected machining condi t ions  used in 

this study. 
Since the machine was a plunge type EDM, 

flushing nozzles were installed and the kerosene 
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Table 4 Experimental machining parameters 
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Experimental 
EDM 

Conditions 

Cond. #1 

Pulse On- Pulse Off 
Time Time 

Cond. #4 

50 

Cond. #2 100 

Cond. #3 400 

600 

20 

Machining 
Current 

(A) 

4 ~ 6  

Machining 
Time 

(S) 

150 

Duty 
Factor 

0.714 

0.833 

0.909 

0.952 

dielectric fluid was sprayed to the machining 

area to attain better flushing of  the debris. The 

electrode was connected to the positive polari ty 

( ÷ )  and each machining process was continued 

for 150 seconds without  any jumping  movement  

of  the ram. Some of the machined specimens were 

solut ion heat- t reated to observe the differences of  

the A M Z  between before and alter the heat treat- 

ment. 

After specimens were EDM processed, the lbl- 

lowing experimental  techniques were employed 

for assessing the surface integrity of  the Hast X 

sheet material.  

(1) Scanning Electron Microscopy (SEM):  

crater size, distr ibution,  and the existence of  mi- 

crocracks were analyzed by observation of  the 

surface and cross sectional layer of  the specimen. 

(2) Optical  mic roscopy :  sectional microstruc- 

tures were compared before and alter etching. In 

order to identity the phases and grain boundaries,  

specimens were etched by immersing in a 10~o 

oxalic acid solution. 

(3) Energy Dispersive Spectrometer (EDS) :  

insertion of  lbreign objects in recast layers and 

splatters were observed as well as the chemical  

composi t ion  of  the machined layers. In addit ion,  

this technique was also used for quanti tat ive an- 

alysis of  the change in the alloy among the layers. 

(4) Surface roughness measurement :  surtace 

roughness in Ra (average roughness) was mea- 

sured as a means to assess the surface profile 

change due to different machining condit ions.  

(5) Microhardness measurements (Knoop  

Hardness :  HK) :  the hardness distr ibution was 

measured from the recast layer through the base 

metal of  the sectional microstructure before and 

after heat treatment. 

3. E x p e r i m e n t a l  

R e s u l t s  and D i s c u s s i o n  

3.1 Size and density of the EDM marks 
The specimens were EDM processed according 

to the specified condi t ions  and their surface con- 

dit ions were evaluated using microscopy. As 

shown in Figs. 1 and 2, as the pulse on time in- 

creased, the crater diameter  as well as the thick- 

hess of  the recast layer increased. This can be 

based on the we l l -known fact that heat input to 

the workpiece surthce increases as the pulse-on 

time increases al though the machining current 

:~x~w~:~"~'~ ~ ~:" " ~"~  I . . . . . . . . . . .  

(c) 

Fig, 1 

(a) (b) 

(d) 

SEM micrographs of EDM processed surface 

under 4 machining conditions : (a) EDM con- 

dition #1. (b) EDM condition #2, (c) EDM 
condition #3, (d) EDM condition #4 
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Fig. 2 

(a', (b) 

Cross sectional optical micrographs on EDM 

processed surface under 4 machining condi- 

t ions:  I,a) EDM condition =1, !b) EDM con- 

dition #2, (c) EDM condi t ion#3,  Id) EDM 

condition ~-4 

was ma in t a ined  to be cons tan t  in this study 

(Fuller ,  1989). 

SEM observa t ion  of  the specimens betbre  heat 

t rea tment  showed evidence of  g lobu la r  splat ters  

and ca rbon  deposi ts  on the mach ined  surfitces. 

Except some of  the g lobu la r  splat ters  that  con-  

ta ined Ct, element,  since the electrode was cop-  

per, the chemical  compos i t i on  of  the deposi ts  

and the EDM processed surface were tbund  to 

be same as the base metal. An EDS analysis  was 

conduc ted  to ident i ty  the change  in the alloy. 

The  resuh  indicate  that  there is a difference in 

the chemical  co tnpos i t ion  between the copper  

electrode splat ter  and  the base metal  deposits ,  as 

shown in Fig. 3. 

(a) 

(b) 

Spectrum: I tAS-3-SURFACE R a n g e : t 0  keV 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  IOta!Counts~70591;  L inea r  v S : ~ 9 9 ~  

~500 C~ 1 ~ 9 8  
Mn 1.05 
Ye  l&$O 
Co 2.18 
Ni  44.31 
C= 0,7I 
~'Io 10.56 
R" 2.09 

Cr W Mo 

l 
i 

A ...... I ... ~ . . . .  cu,, ~,I 

~,Q~ . . . . .  ~ . . . . . .  ~ . . . . .  !6~ . . . . . .  ~ . . . . . .  ~ ,  . ~  W ~ W  . . . .  ~ o , , .  

Speckum: HAS-3-ROUND Range:10 keV 

I c~ I ~1.07 I I Mn ~t 55 : 
F¢ 1&#4 
Co 1.59 

40.~7 
Cu 0.45 

/,,.11-ol 
I/J 0.90 Mo 

c~ Ni w L 

F e  

Fig. 3 

Spectrum: H A S T % R O U N D  Range : t0  keV 

{c) 

3m~rr.t Wt 
• 71 1.05 
Cr ~ 8 6  
M~ ~36 
Fe 1971 
Co L72 
/~  41.54 
Cu ~31 

W ~83 

CO W 

1oooj 
f 

0Ol ' 100 " 2f~0 3110 ,1U~ bOLl bl/U fUU ~UU auu 

EDS analysis to verify the change of alloy composition for: (a) EDS analysis results of recast on EDM 

processed surfitce of specitnen +.. C b) EDS analysis results of deposit on the EDM processed surlitce of 

specimen #3. (c) EDS analysis results of deposit on EDM processed surface o[" specimen g2 
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(a) (b) 

Fig. 4 Comparison of micro structural change by 

solution annealing heat treatment for: 

(a) Condition #1 (before heat treatment), 

(b) Condition #3 (after heat treatment) 

After the specimens were heat-treated, the rap- 

idly resolidified amorphous layer converted into 

grains and boundaries just like a base metal. Al- 

though the grain size was smaller and closer than 

the substrate, the boundaries in the substrate 

linked up with the boundaries in the recast layer 

selectively. HAZ, which is one of the important 

components of AMZ created by EDM, was ob- 

served as a structurally different layer from the 

substrate whereas it was not clearly distingui- 

shable before the specimens were solution heat 

treated. As reported by previous observation 

(IAMS, 1980), the thickness of the HAZ layer 

was approximately the same as that of the maxi- 

mum thickness of the recast layer. Alter heat 

treatment, the M6C type carbide densely appeared 

in the HAZ layer. Therefore, the three layers be- 

came more apparent after the solution heat treat- 

ment even though the morphology of  the machin- 

ed surface represented no changes. Figure 4 shows 

the optical micrographs of the cross-sectional 

views of the specimens before and after the heat 

treatment. 

3.2 MRR, EWR and REW 

The material removal rate (MRR) and elec- 

trode wear rate (EWR) in EDM are closely relat- 

ed to machining accuracy and productivity since 

the major mechanism of material removal is the 

erosion which occurs between the two poles. This 

is the reason why EDM is not a tast material 

removal process as the conventional machining 

methods. Moreover the accuracy of the EDM 

processed products will not be obtained if the 

relationship between MRR and EWR is not taken 

into consideration in determining the parameters 

of the EDM process. 

In order to characterize the four experimental 

machining conditions, the weight change of the 

specimen and the electrode were measured after 

each machining step conducted utilizing a pre- 

cision balance with a resolution of 10 -~ gram 

The relative electrode wear (REW) is defined as 

follows : 

R E  W -  E W R  
M R R  

0 n o / -  A We - - -  x I , , ~ o -  ~ I 4 ~  x l oo% 

where, 

A We] Electrode wear weight per a minute 

(g/rain) 

A Wt, Z Workpiece wear weight per a minute 

(g/min) 

The experimental results showed that maclain- 

ing condition g2 represented the highest MRR 

but with a relatively low EWR. Conditions #3 

and #4 resulted in a negative REW, which means 

that some deposits generated during machining 

caused the weight of the electrode to increase. 

Figure 5 through 7 show the MRR, EWR and 

REW obtained from the four machining condi- 

tions, respectively. 

To investigate the deposits on the electrode, 

SEM and EDS analyses were employed. It was 

found that the thickness of the deposited layer 

and EDM marks were dependent upon the pulse- 

on duration. Shorter pulse-on duration formed 

a thin layer and fine EDM marks while longer 

pulse-on duration formed a thick layer and co- 

arse marks including more globular splatters. The 

deposits on the copper electrode, as reported in a 

previous study (Chen. et al. 1999), can be the 

result of solid solubilization and carbon diffusion 

when the machining is conducted in a carbona- 

ceous dielectric fluid such as kerosene. Chen et a[ 

found that the carbide precipitated on the mac- 

hined surface of Titanium alloy (Ti-6AI-4V) and 

the carbon deposited on the copper electrode. 

However in this study, the deposits on the elec- 

trode revealed by EDS analysis turned out to be 

a compound of the Hast-X workpiece and the 

copper electrode. 

With regard to the negative REW obtained 
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t inder the mach in ing  cond i t ions  #3 and  #4, it is 

believed that  the a m o u n t  of  melted metal,  which 

is subjected 1o ins tant  vapor iza t ion ,  will be in- 

creased as the intensi ty of  the d ischarge  energy is 

increased. However  in this exper iment  the inten-  

sity was governed  by the pulse on  t ime only. This  

means  that  the heat  input  to bo th  the e lectrode 

and workpiece  increase when longer pulse on 

0 3 5  

03 

0 2 5  

; 02 E 
0~s 

0~ 

0.05 , - ~  ~n2!  

Fig.  5 

CondO': Cond#2 Cond#3 Cona#4 
EDM Condition 

Mater ia l  removal  rate ~ i t h  respect to E D M  

cond i t i on  
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Fig. 6 Electrode wear rate with respect to EDM 

condition 
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C:,nd#1 Cond#2 ( 'ond#3 G,grTd #al, 
E[)M Condition 

Relative electrode wear with respect to EDM 

condition 

t ime is adopted .  Accord ingly ,  diffusive a tmos-  

phere  on bo th  surfaces become s t ronger  whereas  

the of f - t ime for sufficient vapo r i za t i on  in the 

gap is relatively short.  Therefore ,  as observed in 

cond i t ion  ~4, a cons ide rab ly  hirger por t ion  of  

the fused metal was depos i ted  and  resolidif ied 

on the workpiece  surface. This  seems to be the 

reason why the lowest M R R  was a t ta ined  in 

cond i t ion  =4. 

On the oppos i te  side, pyrograph i te  which is 

dissolved from pet ro leum type dielectr ic l luid 

l low and adhere  on the anod ic  e lectrode surface. 

Some part  of  the dissolved metal  from the work-  

piece deposi t  on the copper  e lectrode also. It is 

speculated that  ca rbon  and alloy from the work-  

piece forrn cer ta in  phases  on the copper  electrode 

which funct ion as a wear resistant  layer for the 

copper  electrode.  The  increase in the e lectrode 

weight can be expla ined  with this depos i t ion  

effect. F igure  8 shows the deposi ts  on the copper  

e lectrode and Figure  9 are the results of  the EDS 

analysis  of  the deposi ts  on the copper  e lectrode 

surf:ice. 

x'" : . ~ . r o  . . . . . . . . .  . 

: , i(  

a) c b! 

• ",* 4-' 

2 +  ,~ig. , 

" " i !1 

(c} (d) 

Fig. 8 SEM micrographs o f  eroded surface of the 

copper electrodes machined at various condi- 

t ions:  {a) E D M c o n d i t i o n g l ,  {b) EDM con- 

dition #-2, (c) EDM condition g3, {d) EDM 

condition ~4 
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Fig. 9 
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EDS analysis results of the copper electrode : (ai Copper eleclrode surface after 150 second machining 

upon condition #4 and !b) Globular  deposit on copper electrode surface after 150 second machining 

upon condition g4 

3.3 I n c i d e n c e  o f  m i c r o c r a c k s  

It has been reported that  the microcracks  are 

caused by the high tensile residual  stress present 

in the recast layer ( T h o m s o n ,  1989 : Rebelo et al., 

1998). The  recast layer seems to be formed as 

the [used metal  rises a r o u n d  the c i rcumference  of  

the m o h e n  pool  due to the expansive  pressure 

while  most  of  the mol ten  metal  is vaporized.  At 

the final stage of  the d ischarge  t ransfer  the m o h e n  

metal spreads  freely and covers  the adjacent  area 

by this expans ion  pressure. When  the pulsated 

p lasma ends and the gap between the two elec- 

t rodes recover its dielectr ic proper ty  as soon as 

the fluid f loods back,  the spread m o h e n  metal  is 

chi l led immediately.  Therefore,  the spread metal 

which is ini t ial ly in a stress free state is subject  

under  a tensi le  stress due to rapid  con t rac t ion  

and remain  its a resolidif ied layer on the surlhce. 

There  has been a study which suggests that  crac- 

king occurs  at the area with the largest tensile 

stress and the stress can be released by the forma-  

t ion of  ad jacent  cracks  ( T h o m s o n ,  1989 : G a d a l l a  

et al., 1991). 

In this study, the largest a m o u n t  of  micro-  

cracks occurred in H a s t - X  when the specimens 

"Fable 5 ( 'omparison of crack numbers with respect 
to EDM conditions 

Condit ion i After Heat 
I Before Heat Treatnaent I 

No. Treatment 

l j 3EA ! !EA 

2 l 13EA 1 7 E A  

3 65EA ] 55EA 

4 !1 7OEA L  °EA 

were processed under  EDM cond i t ion  #4, which 

[eft the thickest  recast layer and widely distr i-  

buted cracks. On the other  hand  EDM condi-  

t ion #1 resulted in the least n u m b e r  of  cracks. 

Tab le  5 shows the n u m b e r  of  cracks under  each 

mach in ing  condi t ion .  Once the microcracks  were 

formed, they nei ther  d i sappeared  nor  d imin i shed  

even after the heat t rea tment  process (refer to 

Figure  10). 

For  the so lu t ion  heat  t reatment ,  specimens 

were put  into a vacuum furnace and heated up 

to 1175°C and  ma in t a ined  for 30 minutes.  Then ,  

the specimens were rapidly  cooled to ambien t  

t empera tu re  accord ing  to the mater ia l  specifi- 

cat ion.  It was found that  gap of  the microcracks  
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(a) (b) 

(c) (d) 

Fig. 10 Comparison of SEM micrographs of mac- 

hined surfaces at mildest and the severest 

conditions : 

(a) Condit ion #1 Ibel\)re heat treatmenti ,  

(b) ( 'ondi t ion #4 (before heat treatment), 

(c', Condit ion #1 (after heat treatment),  

(d) Condit ion #4 (after heat treatment) 

became up to 2.5 t imes wider  tilter the heat  treat- 

ment. This  evident ly  suggests that  the tensile 

stress exist ing a r o u n d  the cracks  as well as the 

extremely high ha rdness  of  the surface is released 

by the hea t - t r ea t ing  process. 

3.4 S u r f a c e  r o u g h n e s s  m e a s u r e m e n t  

As a means  to access the surf:ace integri ty of  the 

E D M  processed specimens,  the surface roughness  

values were measured.  A precise surface rough-  

ness measurement  can be per formed on the E D M 

processed surfitces by averag ing  of  values t aken  

by a stylus type measur ing  device in different  dir-  

ect ions ( IAMS,  1983). Using  a commerc ia l  sur- 

lace prof i lometer  (Surftest  3 0 1 - M i t u t o y o ) ,  the sur- 

['ace roughness  of  mach ined  surfaces before and  

after the hea t - t r e a tm en t  process were measured.  

The  devia t ions  in the measu remen t  values wi th in  

the 20 mm d iamete r  area of  each rnachined spec- 

imen were qui te  large. However,  the t rend of  the 

surface roughness  varied with respect to the 

14 i l 

6 
Ix 
~ ~ . 

2 

0 

I l l  #2  #3 #4 / f l l  #-12 #13 #T4 

EOM MachinLng Condihan 

Fig. !1 Roughness distribution on EDM processed 

surfaces ( g l ~ # 4 :  before heat treat, #11-- 

#14: alter heat treat) 

EDM condi t ion .  It was clearly evident  that  bet ter  

surface finish was ob ta ined  when  shor te r  pulse-  

on t ime was adopted .  This  obse rva t ion  can be 

well expla ined  by the empir ica l  e q u a t i o n :  R a =  

k [ I * t ]  a where the cons tan t s  k and a depend  

on the tool and workpiece  mater ia l  c o m b i n a t i o n  

( R e b e l o e t  al, 998).  F igure  11 shows the rough-  

ness d i s t r ibu t ions  measured  on the mach ined  area 

of  each specimen.  

3.5 M i e r o h a r d n e s s  m e a s u r e m e n t  

Hardness  is an i m p o r t a n t  proper ty  which  is 

readily al tered by the E D M  process, in this work 

the ha rdness  values were measured  for the mac- 

h ined  specimens.  The  hardness  number s  on the 

K n o o p  scale with 25 kgf p re load ing  before the 

heat  t rea tment  process were h igh  enough  to reach 

up to 881 on average in the recast layer. The  hard-  

ness of  H A Z  was measured  to be 286, which  was 

h igher  than the ha rdness  of  the base metal  which  

was 245. The  hardness  of  the recast layer remark-  

ably decreased after the so lu t ion  annea l ing  heat  

t rea tment  process and  eventua l ly  tell below the 

hardness  of  the base metal.  Th i s  p h e n o m e n o n  

seems to be caused by the res idual  stress in the 

recast layer which was mostly released by the 

heat  t rea tment  process. Un l ike  the state before 

the heat t rea tment  where there were no visible 

grains,  it was verified that  very fine gra ins  ap- 

peared dur ing  recrystal l izat ion.  

As noted in a previous  study, in tool  steel the 

hardness  of  the recast layer usually increased by 

mar tens i te  prec ip i ta t ion  due  to the extra ca rbon  
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from the carbonaceous  dielectric fluid a n d / o r  gra- 

phite electrodes (Fuller ,  1989; Thomson,  1989). 

In the so l id-so lu t ion  strengthening of  Ni based 

alloy, unlike tool steels, it is believed that the 

amorphous  phase is predominant  in the resolidi- 

fled layer alter very rapid quenching is experi- 

enced during the pulse off period. Furthermore,  

within such a short t ime the resolidified material 

can form neither grains nor precipitat ions such as 

carbides. 

This amorphous  phase feature seems to be rea- 

sons why the top layer of EDM processed sur- 

lace has an extremely high hardness and a non-  

etchable characteristic as well. With respect to 

HAZ,  the hardness of HAZ exhibited slightly 

higher values than that of the base metal before 

the heat treatment process. This result does not 

coincide with the findings of previous studies on 

tool steels, because of  the different hardening 

mechanisms between so l id-so lu t ion  strengthening 

superal loy and tool steel. The Has t -X is normally 

used as a solution annealed alloy with its excep- 

tional resistance to oxidat ion and age hardena- 

bility. Thus, Has t -X can precipitate the secondary 

phase after prolonged exposure at elevated service 

temperature. Also, the overheated zone just be- 

neath the recast layer precipitates the secondary 

phase such as 7' and carbides so that the zone 

exhibits the same effects as age hardening. 

Through SEM and EDS analyses it was found 

that more carbide particles existed in the H A Z  

than in the substrate. Al though the hardness in 

the recast layer dropped sharply alter the solution 

heat treatment process, lhere were no significant 

changes found on the hardness depth profile curve 

through t t A Z  and the substrate. Figures 12 and 

13 show the hardness distr ibution on the cross-  

sectional area of  the machined specimen. 

4. C o n c l u s i o n s  

Fig. 12 Micro hardness indentation profile it] the 

cross-sectioned specimen (EDM condition 

#3. before heat treatment) 
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Experimental  investigation of  the EDM pro- 

cess performed on Has t -X  sheet material under 

li)ur machining condi t ions  revealed various mac- 

hining characteristics that were dependent  on 

pulse on durat ion and the thermal properties of  

the workpiece. Conclus ions  obtained from this 

work may be summarized as fol lows : 

(I) Machining condi t ion 22 represented the 

highest M R R  and relatively low REW, while #3 

and #4 showed low MRR with negative REW. 

Carbide  deposit  was found on the copper  elec- 

trode surliice which formed like a coated layer 

that varied with pulse on durat ion in terms of  the 

amount  of  deposits. 

{2) Tile combinat ion  of  the longer pulse-on 

time and short pulse-off  time, which is correspons 

i to condi t ion ,~4. + resulted in relatively poorer  sur- 

i face integrity than the condi t ion with a shortest 

pulse-on time. With respect to machining accura- 

cy and productivity,  condi t ion #2 was found to be 

the most suitable for machining Hast X material 

t, mong the 4 condit ions used in this study. 

(3) For all machining conditions,  microcracks 

were forrned. The pulse-on time also alt'ected the 
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number of microcracks and the thickness of 

A M Z :  for longer pulse-on time, more micro 

cracks formed and the AMZ was thicker. In all 

cases, microcracks existed in recast layers and 

they did not disappear or diminish by the solution 

annealing heat treatment process. 

!4) Belbre the heat treatment, the recast layer 

showed a very high microhardness, whereas HAZ 

and base material showed similar values. The 

hardness value of the recast layer was similar 

to that of the base material after the solution an- 

nealing heat treatment. However, the hardness of 

HAZ remained practically unchanged, the value 

being 286HK and 290HK before and after the 

heat treatment, respectively. 
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