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Investigation of EDM Characteristics of Nickel-based Heat
Resistant Alloy

Sin Ho Kang*, Dae Eun Kim
Department of 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.
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characteristics in such a severe environment. Re-

1. Introduction cently, progress in the gas turbine technology has

improved the efficiency in a higher firing temper-

Hastelloy-X, one of the Ni-based heat resis- ature. Consequently, the combustor components

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,
1988). The combustor components are inevitably
exposed to high thermal stress and a very cor-
rosive environment simultaneously. Therefore, the
material of the components should be capable of
maintaining adequate mechanical and chemical
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are made with the materials that have superior
creep strength and corrosion resistant property
(El-Wakil, 1984).

In addition. by forming cooling passages in the
parts strategically based on heat transfer analys-
es, the temperature of the 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
of 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 (Wt%-sheet) (Stoloft, 1990)
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Ni  Cr Co Mo } Fe Mn Si 1 C Density Melting Range
47 | 220 | 15 9.0 J‘ 06 | 185 | 0.50 ] 0.5 \ 010 | 821 g/em® 1260- 1355C

Table 2 Mechanical properties of Hastelloy-X (Stoloff, 1990)

Property Fare et

204C

316°C 427°C | $38°C

Specific Heat
(J/Kg-K)

485 | — | —

649°C  760°C | 871°C l982°€

500 — — 585 - 700 -
\

Thermal Conductivity
(W/m-K)

9.1 11.0 12.7

14.4 17.2 196 . 21.8 | 240 | 260 281

Mean Coetfficient of Thermal |
Expansion {X107%/°C)

14.1

14.2 14.7 15.1 154 | 159 16.2 16.6

Dynamic Modulus of
Elasticity (GN/m?

197 194 186

|
\

146 | 137 128
|

Yield Strength
(0.2% offset) (MN/m?)

180 ‘ 110

Ultimate Tensile
Strength (MN/m?)

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

649C 704C 760C

g16C

- 871C 927C 962C

140 ‘ 90 7J 55

Machining (EDM) is being widely applied in
drilling the cooling holes. The workpiece material
can affect the characteristics of the defects on
the EDM processed surface. This is due to the fact
that the transtormation of the thermal energy
from the eclectrode to the workpiece, dictated by
machining parameters, is dependent on the physi-
cal properties of the workpiece material such as
thermal conductivity and chemical composition
(FAMS. 1980}.

In this work. the machining characteristics of
Hastelloy-X and the surface defects that appear
under various EDM conditions were investigated.
Tables | through 3 show the chemical composi-
tion and the mechanical properties of Hastelloy-
X. The motivation of this study was to better un-
derstand how the surface integrity of the Ni-based
Superalloy is atfected by the EDM process. Thus,
experimental investigations were carried out to
analyze the altered material zone (hereafter re-
ferred to as AMZ) following the EDM process.

22 13 8

The following sections describe the experimental
work in detail.

2. Experimental Conditions

Hastelloy-X specimens were EDM processed
under various conditions to investigate the effect
of machining condition on the surface integrity
of the workpiece. Four machining conditions
were selected where the pulse-on time was varied
while maintaining other parameters such as off
time, peak current, and gap voltage constant. A
2.35 mm thick Hast-X sheet material was cut to a
32 X 100 mm rectangle and used as the workpiece
specimens. The specimens were machined with a
16 mm diameter copper electrode for 150 seconds
under the four machining conditions. Table 4
shows the selected machining conditions 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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xperi : Machini Machini
Experimental Pulse On- Pulse Oftt- achining dcl.lmmg Duty
EDM Ti Time Current Time Factor
me :
Conditions (A) (S
Cond. #1 50 0.714
Cond. #2 100 0.833
20 4~6 150 —_—
Cond. #3 400 0.909
Cond. #4 600 0.952

dielectric fluid was sprayed to the machining
area to attain better flushing of the debris. The
electrode was connected to the positive polarity
(+) and each machining process was continued
for 130 seconds without any jumping movement
of the ram. Some of the machined specimens were

solution heat-treated to observe the differences of

the AMZ between before and after the heat treat-
ment.

After specimens were EDM processed, the fol-
lowing experimental techniques were employed
for assessing the surface integrity of the Hast-X
sheet material.

(SEM):
crater size. distribution, and the existence of mi-

(1) Scanning Electron Microscopy

crocracks were analyzed by observation of the
surface and cross sectional layer of the specimen.

(2) Optical microscopy : sectional microstruc-
tures were compared before and after etching. In
order to identify the phases and grain boundaries,
specimens were etched by immersing in a 10%
oxalic acid solution.

(3) Energy Dispersive Spectrometer (EDS):
insertion of foreign objects in recast layers and
splatters were observed as well as the chemical
composition of the machined layers. In addition,
this technique was also used for quantitative an-
alysis of the change in the alloy among the layers.

(4) Surface roughness measurement: surface
roughness in Ra (average roughness) was mea-
sured as a means to assess the surface profile
change due to different machining conditions.

{5) Microhardness (Knoop
Hardness : HK): the hardness distribution was

measurements

measured from the recast layer through the base
metal of the sectional microstructure before and
after heat treatment.

3. Experimental
Results and Discussion

3.1 Size and density of the EDM marks

The specimens were EDM processed according
to the specified conditions and their surface con-
ditions were evaluated using microscopy. As
shown in Figs. | and 2, as the pulse-on time in-
creased. the crater diameter as well as the thick-
ness of the recast layer increased. This can be
based on the well-known fact that heat input to
the workpiece surface increases as the pulse-on

time increases although the machining current

SEM micrographs of EDM processed surface

under 4 machining conditions : (a) EDM con-
dition #1. (b) EDM condition #2. (¢) EDM
condition #3. (d) EDM condition #4
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Fig. 2 Cross-sectional optical micrographs on EDM

processed surface under 4 machining condi-
tions : (a) EDM condition #1, (b) EDM con-
dition #£2, {¢) EDM condition #3, (d) EDM

condition #4

was maintained to be constant in this study
(Fuller, 1989).

SEM observation of the specimens before heat
treatment showed cvidence of globular splatters
and carbon deposits on the machined surfaces.
Except some of the globular splatters that con-
tained Cu element. since the electrode was cop-
per. the chemical composition of the deposits
and the EDM processed surface were found to
be same as the base metal. An EDS analysis was
conducted to identify the change in the alloy.
The result indicate that there ts a ditference in
the chemical composition between the copper
electrode splatter and the base metal deposits, as
shown in Fig. 3.
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Fig. 3 EDS analysis to verify the change of alloy composition for: (a) EDS analysis results of recast on EDM
processed surfuace of specimen #3. (b} EDS analysis results of deposit on the EDM processed surfuce of

specimen #3. (¢) EDS analysis results of deposit on EDM processed surface of specimen #2
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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
(1AMS, 1980), the thickness of the HAZ layer
was approximately the same as that of the maxi-
mum thickness of the recast layer. After heat
treatment, the MgC 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 fast 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 107° gram.
The relative electrode wear (REW) is defined as

follows :
_EWR o AWe o
REW = p X 100%="3 1" X 100%
where,

AW, Electrode wear weight per a minute
(g/min)

AW, Workpiece wear weight per a minute
{g/min}

The experimental results showed that machin-
ing condition %2 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 1s conducted in a carbona-
ceous dielectric fluid such as kerosene. Chen et al
found that the carbide precipitated on the mac-
hined surfuce of Titanium alloy (Ti-6Al-4V) and
the carbon deposited on the copper electrode.
However in this study, the deposits on the clec-
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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under the machining conditions #3 and #4. it is
believed that the amount of melted metal, which
is subjected to instant vaporization. will be in-
creased as the intensity of the discharge energy is
increased. However in this experiment the inten-
sity was governed by the pulse-on time only. This
means that the heat input to both the electrode
and workpiece increase when longer pulse on

01 o e
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Fig. 5 Material removal rate with respect to EDM
condition

" 0.016 w
1 0.014
! 0.012
o019
0.008
0.006
0.004
0 oo
o
-0.002

-0.004 !
Cond#1 Cond#2 Cond#3 Cond#4

EDM Condition

Electrote Wear Hate

Fig. 6 Electrode wear rate with respect to EDM
condition

7
i 5 6 I+REW1
H @
L os —W—REWZ
= | T REWS
g
S~
| 5 3
o 5
‘ [T |
g I
& 0
3 ‘
i x -1 ‘
B
Cond#l Cona#2 Cond#3 Cond#4 |
EDM Condinion i
Fig. 7 Relative electrode wear with respect to EDM

condition

time is adopted. Accordingly, diffusive atmos-
phere on both surfaces become stronger whereas
the off-time for sufficient vaporization in the
gap is relatively short. Therefore, as observed in
condition #4. u considerably larger portion of
the tused metal was deposited and resolidified
on the workpiece surface. This seems to be the
reason why the lowest MRR was attained in
condition %4,

On the opposite side. pyrographite which is
dissolved from petroleum type dielectric fluid
flow and adhere on the anodic electrode surtace.
Some part of the dissolved metal trom the work-
piece deposit on the copper electrode also. It is
speculated that carbon and ulloy from the work-
piece form certain phases on the copper electrode
which function as a wear resistant layer for the
copper electrode. The increase in the electrode
weight can be explained with this deposition
effect. Figure 8 shows the deposits on the copper
electrode and Figure 9 are the results of the EDS
analysis of the deposits on the copper electrode

surfuce.

SEM micrographs of croded surfuace of the

copper electrodes machined at various condi-
tions : {a) EDM condition #1, (b) EDM con-
dition #2, (¢) EDM condition #3, (d) EDM

condition £4
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Spectrum: BLACK-MELTING Range:10 keV
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EDS analysis results of the copper electrode : (a) Copper electrode surface after 150 second machining

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

upon condition #4

3.3 Incidence of microcracks

It has been reported that the microcracks ure
caused by the high tensile residual stress present
in the recast layer (Thomson, 1989 ; Rebelo et al..
1998). The recast layer seems to be formed as
the fused metal rises around the circumference of
the molten pool due to the expansive pressure
while most of the molten metal is vaporized. At
the final stage of the discharge transfer the molten
metal spreads freely and covers the adjacent area
by this expansion pressure. When the pulsated
plasma ends and the gap between the two elec-
trodes recover its dielectric property as soon as
the fluid floods back, the spread molten metal is
chilled immediately. Therefore, the spread metal
which is initially in a stress—free state is subject
under a tensile stress due to rapid contraction
and remain as a resolidified layer on the surface.
There has been a study which suggests that cruac-
king occurs at the area with the largest tensile
stress and the stress can be released by the forma-
tion of adjacent cracks (Thomson, 1989 : Gadalla
et al.. 1991).

In this study. the largest amount of micro-
cracks occurred in Hast-X when the specimens

Table 5 Comparison of crack numbers with respect
to EDM conditions

Atter Heat

Condition

No. Before Heat Treatment Treatment
1 IEA C1IEA
2 | B3EA | 17EA
3 6SEA | SSEA
R B  60EA

70EA

were processed under EDM condition #4, which
lett the thickest recast layer and widely distri-
buted cracks. On the other hand EDM condi-
tion #1 resulted in the least number of cracks.
Table 5 shows the number of cracks under each
machining condition. Once the microcracks were
formed, they neither disappeared nor diminished
even after the heat treatment process (refer to
Figure 10).

For the solution heat treatment, specimens
were put into a4 vacuum furnace and heated up
to 1175°C and maintained for 30 minutes. Then,
the specimens were rapidly cooled to ambient
temperature according to the material speciti-
cation. It was found that gap of the microcracks



Fig. 10 Comparison of SEM micrographs of mac-
hined surfaces at mildest and the severest
conditions :

{a) Condition #1 (before heat treatment),
{b) Condition #4 (before heat treatment),
(¢} Condition #1 (after heat treatment),
(d) Condition #4 (after heat treatment)

became up to 2.5 times wider after the heat treat-
ment. This evidently suggests that the tensile
stress existing around the cracks as well as the
extremely high hardness of the surface is released
by the heat-treating process.

3.4 Surface roughness measurement

As a means to access the surface integrity of the
EDM processed specimens, the surface roughness
values were measured. A precise surface rough-
ness measurement can be performed on the EDM
processed surfaces by averaging of values taken
by a stylus type measuring device in different dir-
ections {IAMS, 1983). Using a commercial sur-
fuce profilometer (Surttest 301-Mitutoyo) . the sur-
face roughness of machined surfaces before and
after the heat-treatment process were measured.
The deviations in the measurement values within
the 20 mm diameter area of each machined spec-
imen were quite large. However, the trend of the
with to the

surface roughness varied respect
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Fig. 11 Roughness distribution on EDM processed

surfaces (¥1~#4: before heat treat, #11~
£#14: after heat treat)

EDM condition. It was clearly evident that better
surface finish was obtained when shorter pulse-
on time was adopted. This observation can be
well explained by the empirical equation: Ra=
k[I%t]® where the constants £ and ¢ depend
on the tool and workpiece material combination
(Rebelo et al. 1998). Figure 11 shows the rough-
ness distributions measured on the machined area

of each specimen.

3.5 Microhardness measurement

Hardness is an important property which is
readily altered by the EDM process. In this work
the hardness values were measured for the mac-
hined specimens. The hardness numbers on the
Knoop scale with 25 kgf preloading before the
heat treatment process were high enough to reach
up to 881 on average in the recast layer. The hard-
ness of HAZ was measured to be 286, which was
higher than the hardness of the base metal which
was 245. The hardness of the recast layer remark-
ably decreased after the solution annealing heat
treatment process and eventually fell below the
hardness of the base metal. This phenomenon
seems to be caused by the residual stress in the
recast layer which was mostly released by the
heat treatment process. Unlike the state before
the heat treatment where there were no visible
grains. it was verified that very fine grains ap-
peared during recrystallization.

As noted in a previous study. in tool steel the
hardness of the recast layer usually increased by
martensite precipitation due to the extra carbon
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from the carbonaceous dielectric fluid and/or gra-
phite electrodes (Fuller. 1989 ; Thomson, 1989).
In the solid-solution strengthening of Ni based
alloy. unlike tool steels, it is believed that the
amorphous phase is predominant in the resolidi-
fied layer after very rapid quenching is experi-
enced during the pulse oft period. Furthermore.
within such a short time the resolidified material
cun form neither grains nor precipitations such as
carbides.

This amorphous phase feature seems to be rea-
sons why the top layer of EDM processed sur-
face 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 basc metal before
the heat treatment process. This result does not

coincide with the findings of previous studies on

Fig. 12 Micro hardness indentation profile in the
cross-sectioned specimen (EDM condition
#3. before heat treatment)
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Fig. 13 Hardness distribution on EDM processed

surface

tool steels, because of the different hardening
mechanisms between solid-solution strengthening
superalloy and tool steel. The Hast-X is normally
used as a solution annealed alloy with its excep-
tional resistance to oxidation and age hardena-
bility. Thus, Hust-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 ¥ and carbides so that the zone
exhibits the same effects as age hardening.
Through SEM und EDS analyses it was found
that more carbide particles existed in the HAZ
than in the substrate. Although the hardness in
the recast fayer dropped sharply after the solution
heat treatment process. there were no significant
changes found on the hardness depth profile curve
through HAZ and the substrate. Figures 12 and
13 show the hardness distribution on the cross-
sectional area of the machined specimen.

4. Conclusions

Experimental investigation of the EDM pro-
cess performed on Hast-X sheet material under
four machining conditions revealed various mac-
hining characteristics that were dependent on
pulse-on duration and the thermal properties of
the workpiece. Conclusions obtained trom this
work may be summarized as follows :

{1) Machining condition %2 represented the
highest MRR and relatively low REW, while #3
and #4 showed low MRR with negative REW.
Curbide deposit was found on the copper elec-
trode surface which formed like a coated layer
that varied with pulse-on duration in terms of the
amount of deposits.

(2) The combination of the longer pulse-on
time and short pulse-off time, which is correspons
to condition #4, resulted in relatively poorer sur-
tace integrity than the condition with a shortest
pulse-on time. With respect to machining accura-
¢y and productivity. condition #2 was tound to be
the most suitable for machining Hast-X material
among the 4 conditions used in this study.

(3) For all machining conditions. microcracks
were formed. The pulse-on time also affected the
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number of microcracks and the thickness of
AMZ ; 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) Before 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 286 HK and 290 HK betore and after the

heat treatment. respectively.
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