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Samples of INCONEL 718 were levitated and melted in a slag by the application of an
electromagnetic field. The effects of temperature, time, and slag composition on the inclusion
content of the samples were studied thoroughly. Samples were compared with the original alloy
to study the effect of the process on inclusions. Size, shape, and chemical composition of
remaining non-metallic inclusions were investigated. The samples were prepared by Standard
Guide for Preparing and Evaluating Specimens for Automatic Inclusion Assessment of Steel
(ASTM E 768-99) method and the results were reported by means of the Standard Test Methods
for Determining the Inclusion Content of Steel (ASTM E 45-97). Results indicated that by
increasing temperature and processing time, greater level of cleanliness could be achieved, and
numbers and size of the remaining inclusions decreased significantly. It was also observed that
increasing calcium fluoride content of the slag helped reduce inclusion content.
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I. INTRODUCTION

SUPERALLOYS have been used in a variety of
applications. These include gas turbines, steam turbines,
military appliances, medical devices, offshore piping,
and heat exchangers.[1,2] The nature of these applica-
tions requires materials that can withstand harsh oper-
ating conditions. Non-metallic inclusions are among
factors that can limit operation conditions of
superalloys.

Non-metallic inclusions are particles dispersed
throughout the matrix of the alloy. Inclusions are
usually compounds of metals (iron, silicon, aluminum,
etc.) with non-metallic elements such as oxygen, sulfur,
and nitrogen.[3–5] Inclusions can adversely affect
mechanical and physical properties of superalloys.
Mechanical properties such as fracture toughness,
impact resistance, fatigue resistance, and hot working
conditions are greatly reduced by the presence of
inclusions.[6–9] Incoherency between lattice planes of
the matrix and the inclusion results in stress concentra-
tion and appearance of cracks that could ultimately lead

to failure of the component. Larger inclusions are
generally more detrimental to the mechanical properties
of superalloys. It has also been reported that hard and
brittle inclusions are more harmful than soft inclu-
sions.[3,5,6] It is therefore of great interest to reduce
inclusion content and size in superalloys.
Three main sources of non-metallic inclusions have

been identified in superalloys.[10] These include:

1. Impurities originating from the starting material(s)
and carried over to the final product.

2. Impurities and inclusion content from scrap material
used in superalloy production.

3. Inclusions formed during the processing of the alloy.

Standard methods employed to process and refine
cast superalloys include secondary vacuum induction
melting (VIM), electroslag refining (ESR), and vacuum
arc remelting (VAR). A combination of these techniques
is used in the processing of most superalloys and special
steels.[11] VIM process serves to remove some of the
inclusions by filtering and/or slag–metal reactions,
extract dissolved gases such as oxygen and nitrogen,
and evaporate harmful impurities such as lead and
bismuth. In addition to decreasing gas content and
enhancing mechanical properties, the ESR process is
particularly useful in removing non-metallic inclusions.
VAR helps to remove nitrogen and other dissolved
gases. The alloy is also homogenized while some of the
inclusions are removed. Electron beam cold hearth
refining (EBCHR) has been used to some extent for
refining some alloys.[12] It must, however, be mentioned
that this technique is costly, and some researchers have
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expressed doubt about its usefulness.[13] Electron beam
button melting has been used to produce superalloy
samples with enhanced cleanness.[14]

While these methods can effectively remove most of
the inclusion content of superalloys, a significant
amount of inclusions remain in the bulk of the metal.
Researchers studying cleanness of steel and superalloys
have reported substantial amounts of post treatment
inclusion content.[15–19]

One reason for the above observation could be
explained by the mechanism of inclusion removal in
methods currently employed. None of these techniques
can cause sufficient stirring and turbulence in molten
droplets. As the sample melts, molten droplets pass
through molten slag or vacuum. If an inclusion particle
happens to float to the surface of the droplet, it can be
absorbed into the slag. No provision is made in ESR
and VAR for removal of inclusion particles that do not
come to the surface of the particle. Thermocapillary
effect can cause stirring in Electron beam processes. This
effect, however, diminishes as the depth of melt
increases. VIM offers an important first stage refining,
which requires further operations for acceptable results.

If a mechanism is adopted, where, melt droplets are
stirred while passing through a slag layer, it should be
possible to obtain alloys with close to zero inclusion
contents. This idea can be tested by melting thin sections
of a superalloy and letting molten drops pass through a
slag while under the effect of the electromagnetic field.
The field both keeps the metal molten, and induces
turbulence and stirring within the drop. Thus, every
inclusion particle will at some point come to the surface
and be exposed to the slag layer surrounding the drop.
Electromagnetic levitation melting technique was
adapted for this purpose. Using this method, in addition
to the process itself, the effect of time on cleanliness may
be studied.

Electromagnetic levitation melting (ELM) is an inter-
esting phenomenon which allows the researcher to study
molten samples of metals / alloys in a containerless state.
It is readily deduced that the samples under study will
practically remain as pure as they were at the beginning
of the runs. This technique has the potential to be used
in many applications to study physical properties of
metals. Researchers have employed ELM to measure
surface tension,[20,21] thermophysical properties,[22]

specific heat capacity,[23] emissivity,[24] thermal expan-
sion,[25] dissolution of impurity gases,[26] and many other
properties of metals and alloys. ELM has also been used
to observe the behavior of non-metallic inclusions in
superalloys.[27] Recently, researchers have adopted this
method to produce high purity metallic nanopow-
ders.[28,29] While some researchers have tried to model
ELM,[30–32] many aspects of this technique remain
unexplained.

Electromagnetic levitation melting of metallic samples
in a slag can serve to investigate the behavior of
inclusions in metallic samples subjected to an electro-
magnetic field. The inherent nature of this technique
allows the sample to be kept in the experimental
condition for an indefinite length of time; therefore the
effect of time on the process may be studied. Samples
levitated in a gas experience oscillations which can lead
to the molten drop sticking to the reaction tube. A
molten slag has a damping effect on these oscillations.
The samples remain stable. This method has not been
used before for removal of non-metallic inclusions.
Samples of INCONEL 718 were levitated and melted

in a slag by the application of an electromagnetic field.
The effects of temperature, time, and slag composition
on the inclusion content of the samples were studied
thoroughly. Samples were compared with the original
alloy to study the effect of the process on inclusions. Size
and shape of remaining non-metallic inclusions were
investigated. The samples were prepared by Standard
Guide for Preparing and Evaluating Specimens for
Automatic Inclusion Assessment of Steel (ASTM E
768-99) method and the results were reported by means
of the Standard Test Methods for Determining the
Inclusion Content of Steel (ASTM E 45-97).

II. EXPERIMENTAL PROCEDURE

INCONEL 718 samples weighing 1 to 2 g were
studied in this research. Chemical composition of the
alloy is indicated in Table I.
Figure 1 exhibits a detailed drawing of the levitation

apparatus. Prior to melting runs, slag samples were
prepared. High purity (> 99.9 pct) lime, alumina, and
fluorite powders were weighed and thoroughly mixed in
the predetermined ratios. CaO serves to control the
basicity of the refining slag, while CaF2 lowers melting
point and viscosity. Since the melting point of the
refining slag should be lower than the superalloy, a slag
with a low melting point was prepared and used as the
initial flux.[33] The mixture was placed in platinum
crucibles and melted in an electric furnace. Molten slags
of the desired composition were poured in copper
crucibles and left to solidify in air. Solidified slags were
subsequently crushed and placed in the silica reaction
tube. Finding the correct amount of slag to put in the
silica tube was a matter of trial and error. After a couple
of initial runs it was found that the level of crushed slag
in the tube should not be higher than the top (stabiliz-
ing) levitation coil.
Table II indicates the chemical compositions of the

prepared slag samples. In order to find the effect of
process temperature, process time, and slag composition
on the inclusion content in the refined samples, 8

Table I. Inconel 718 Chemical Composition

Element Ni Co Cr Mo Fe Si Mn C Al Ti Cu P S

Content (Wt Pct) 50.50 1.00 19.00 3.05 17.00 0.35 0.35 0.08 0.60 0.90 0.300 0.010 0.01
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experiments were conducted. Experiment details are
listed in Table III.

Superalloy samples were placed on top of the slag, the
top lid was closed. The top lid had been connected to a
vacuum pump and an argon source by a three-way
valve. The chamber was initially put under vacuum for
one minute and then argon was allowed into the

chamber. Atmospheric pressure of argon was main-
tained during the runs for safety reasons. A thin sheet of
mica refractory was wrapped round the silica tube, but

Fig. 1—Schematic drawing of the experimental setup.

Table II. Refining Slags Chemical Composition

Composition
Number

CaF2

(Wt Pct)
CaO

(Wt Pct)
Al2O3

(Wt Pct)

1 40 38 22
2 60 20 20
3 80 10 10

Table III. Experiments Details

Sample
Number

Temperature
(�C)

Time
(Min)

Slag
Composition

1 1730 10 1
2 1650 2 1
3 1650 5 1
4 1650 10 1
5 1650 10 3
6 1650 10 2
7 1650 20 1
8 1700 10 1
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was initially lowered to the bottom of the tube so that
the operator could see where the sample was.

The induction current was turned on, and the sample
was allowed to melt. The starting time of each run was
assumed to be the moment that the sample melted. The
molten sample would melt the surrounding slag. Using
the power control, position of the sample was fixed so
that only a small portion of the metal would protrude
from the top of the molten slag. The rest of the molten
metal was surrounded by the slag. The power control
also served to control the temperature of the sample. In
levitation melting, increasing the power lifts the sample
away from the electromagnetic field generated by the
bottom (heating and levitating) coil. As a result, the
temperature is reduced by increasing power and vice
versa. When the sample was steady and stable, the mica
sheet was lifted upwards to cover the sides of the
reaction tube. Temperature of the sample was taken
using a disappearing filament pyrometer. The light from
the sample was reflected towards the pyrometer by a
mirror that was placed above the top window, making
an angle of 45 deg with the axis of the tube. Previous
calibrations had revealed that the combination of top
window and mirror resulted in an error of 30 �C. All the
readings were corrected accordingly. The mica sheet
served to make the system resemble a black body so that
the emissivity of the sample could be assumed to be
unity. Unlike what was initially expected, very few runs
were complicated by the localized melting and fusion of
the silica reaction tube to the molten slag. These runs
were repeated using smaller samples which did not cause
the slag to fuse into the silica tube. In most runs, due to
the refractory nature of the slag, some parts of the slag
remained solid (unmelted) making it easy to extract the
sample at the conclusion of the test.

Figure 2 is a photograph taken from the side of the
apparatus while the sample is molten. The mica sheet
was taken away for this photograph. Figure 3 exhibits a
photograph taken from the top window while a sample
is solidifying at the end of a run. Figure 4 is a schematic
drawing of a levitated sample surrounded by molten slag
in an electromagnetic field.

At the end of each run, the sample was allowed to
cool, and was subsequently extracted from the reaction

tube by a pair of tweezers. The sample was then sliced
and mounted for microscopy.

III. RESULTS AND DISCUSSION

The following methods have been employed to report
the results; method A (Worst Fields) and method D
(Low Inclusion Content). These methods require a
survey of a 160 mm2 polished surface area of the
specimen at 9100. The field size shall equal an area
equivalent to 0.50 mm2 on the specimen surface as
defined by a square with 0.71 mm long sides. Each
0.50 mm2 field is compared to the standard square field
in a search for the worst field that is the highest severity
rating, of each inclusion type A, B, C, and D for both
thin and heavy series. The severity level of these worst
fields will be reported for each sample (method A). On
the other hand, in method D the severity level number
for each inclusion type is recorded. In contrast with
method A, this is an every field rating method. Figure 5
indicates suggested overlay grid for methods A and D.
It should be mentioned that the samples in this study

have not been deformed and as a result no A, B, and C
type inclusions were detected. Therefore, the minimum
inclusion number (of type D) determines the Severity
Level Numbers listed in Table IV. It is important to
note that if a field of inclusions falls between two

Fig. 2—Levitation experiment. Fig. 3—Solidifying sample viewed from top window.

Fig. 4—Schematic drawing of a levitated sample.

64—VOLUME 49B, FEBRUARY 2018 METALLURGICAL AND MATERIALS TRANSACTIONS B



severity levels it is rounded down to the nearest severity
level.

A. Effect of Temperature

Three sets of experiments were conducted to find the
effect of processing temperature on the inclusion content
in the samples. Samples were melted at three different
temperatures of 1923 K, 1973 K, and 2003 K (1650 �C,
1700 �C, and 1730 �C) (sample 4, 8, and 1, respectively).
Time allocated for each test was 10 minutes and slag
composition 1 was adopted in all runs. Extracted data
using methods A and D are plotted in Figures 6 and 7,
respectively.

Figure 6 indicates that the worst severity level for
inclusion type A has been decreased from 2 in the
original sample to 1 in sample 4. This value was found to
be 0.5 for samples 8 and 1. Observed results clearly
indicate the effect of temperature on lowering inclusion
content in samples. The worst severity level for D type
Heavy inclusion type was decreased to 0.5 in sample 4
from the original value of 1.5. No D type Heavy
inclusion was found in samples 8 and 1. No D type
Oversize inclusions were detected in any of the samples
either. Samples refined at higher temperatures not only
showed lower content of inclusions, but also the
remaining inclusions were smaller in size, compared to
the original sample. Method D was employed to report
the frequency of all severity levels for all inclusion types.
Figures 7(a) through (e) show the severity level fre-
quency for inclusion types D, D Heavy, D Oversize
25 lm, D Oversize 37.5 lm, and D Oversize 50 lm,
respectively. Analyzing extracted data of method D

Fig. 5—Suggested reticle or overlay grid for methods A and D.

Table IV. Minimum for Severity Level Numbers

Severity Level Number of Inclusions in One Field

0.5 1
1 4
1.5 9
2 16
2.5 25
3 36
3.5 49
4 64
4.5 81
5 100

Fig. 6—Effect of temperature on inclusion content, method A.

Fig. 7—Effect of temperature on severity level frequency for inclu-
sion type (a) D, (b) D Heavy, (c) D Oversize 25 lm, (d) D Oversize
37.5 lm, and (e) D Oversize 50 lm, respectively.
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illustrate a decrease in the severity level values for all
inclusion types according with any increase in the
processing temperature.

B. Effect of Time

In order to find the effect of time on inclusion
removal, four tests were conducted for different times of
2, 5, 10, and 20 minutes (samples 2, 3, 4, and 7,
respectively). All the experiments were conducted at a
constant temperature of 1923 K (1650 �C), and slag
composition 1. Figures 8 and 9 show the results
obtained by Method A and Method D, respectively.
Figure 8 shows the effect of processing time on inclusion

content. Compared with the original sample, no oversize
inclusions (typeD)canbedetected inanyof sampleswith2, 5,
10, and 20 minutes refining time. The severity level of D type
inclusion decreases from 2.0 to 0.5 during 20 minutes of
processing. The severity level of heavy inclusion type D,
which was 2.0 for the original sample, is observed to have
dropped to values of 0.5 and 0 during processing times of 10
and 20 minutes, respectively. All the Oversize inclusions are
eliminated immediately after 2 minutes experiment time.The
frequencyofall severity levels is showninFigure 9(a) through
(e) for Inclusion types D, D Heavy, D Oversize 25 lm, D
Oversize 37.5 lm, and D Oversize 50 lm, respectively.
Lower amounts of Heavy and Oversize inclusions have been
found insampleswhichwereprocessed for longer times.Once
again, the decreasing trend in inclusion content along with
processing timecanbeobserved inFigure 9.As expected, this
is consistent with the observed result, the longer refining
process time results in cleaner samples.
Figure 10 indicates the effect of slag on inclusion

content observed in the microstructures of different
samples. While non-metallic inclusions are readily
detectible in an optical micrograph, samples treated in
slag for various lengths of time seem much cleaner.

C. Effect of Slag Composition

Three different slag compositions (Table II) were
considered in this study. Heats were conducted at
1923 K (1650 �C) for 10 minutes. Samples 4, 6, and 5
were melted with slag compositions 1, 2, and 3,
respectively. Slag 1 has the lowest melting point. In slag
compositions 2 and 3 the ratios CaF2:CaO:Al2O3 were
6:2:2 and 8:1:1, respectively. So, while the ratio of lime
to alumina remains constant, the fraction of calcium
fluoride in slag 3 is increased.
Figure 11 indicates that samples 5 and 6 have the

same worst severity level for all inclusion types.
However, sample 5 has a smaller value for frequency

of the severity levels for inclusion types D and D Heavy,
as illustrated in Figure 12. Sample 5, which also has the
lowest amount of remaining inclusion content, was
refined using slag composition 3, that is, the slag
composition with highest ratio of Fluorite. This is
clearly an indication of the importance of CaF2 content
in refining slags. CaF2 lowers melting point and viscosity
of the slag and hence improves its ability to remove
inclusions from melt.

D. Comparison with Existing Practices

Inclusion removal mechanism in this method is quite
similar to the ESR process. Qualitatively, inclusions that

Fig. 8—Effect of time on inclusion content, method A.

Fig. 9—Effect of time on severity level frequency for inclusion type
(a) D, (b) D Heavy, (c) D Oversize 25 lm, (d) D Oversize 37.5 lm,
and (e) D Oversize 50 lm, respectively.
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come to the surface of the melt are absorbed into the
slag. The absorption mechanism is a complex function
of temperature, slag composition, inclusion type, and
surface energies between these phases. No systematic
study has been conducted to identify and formulate
parameters that are most influential in this respect.
There is however one major difference between this
method and ESR (or other methods based on slag such
as EBCHR). In this technique, the electromagnetic field
induces severe stirring in the molten sample. As a result,
any inclusion inside the bulk of the melt will at some
point come to the surface and make contact with the
slag. The slag has thus a chance to absorb all inclusions.

In contrast, in ESR and EBCHR processes inclusion
particles can only come in contact with the slag if they
happen to be on the surface of the metal when it melts.
There is no mechanism to drive inclusions from bulk of
the melt to the surface where it can be absorbed by the
slag. In electron beam (EB) techniques, a fluid flow is
generated on the melt surface in the vicinity of the
incident beam. This flow is caused by thermocapillary
effects but is not as effective as the stirring caused by an
electromagnetic field.

It is needless to emphasize the crucial role of cleanness
in superalloys. Lower inclusion content can indeed
enhance operation conditions and increase life cycle of
industrial and machinery parts. This method has the
potential to increase operating temperature of gas
turbines. Work is now focused on devising a technique

for continuous processing of superalloys using this
method for ultimate cleanness.

Fig. 10—Effect of time on inclusion content. (a) As cast sample, (b) sample No.2, (c) sample No. 3.

Fig. 11—Slag composition effect on inclusion content, method A.

Fig. 12—Slag composition effect on severity level frequency for
inclusion type (a) D, (b) D Heavy, (c) D Oversize 25 lm, (d) D
Oversize 37.5 lm, and (e) D Oversize 50 lm, respectively.
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IV. CONCLUSIONS

1. Application of an electromagnetic field to molten
droplets of alloy in a slag can substantially reduce
inclusion content.

2. By increasing temperature of the melt, the extent of
inclusion removal is increased.

3. Inclusion removal is enhanced by increasing resi-
dence time of the melt inside the slag.

4. Increasing CaF2 content of the slag can improve
inclusion removal.
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