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The need for materials with superior thermal and mechanical properties while mitigating cost
increases interest in new complex alloy compositions which brings challenges to manufacturing
processes. In this investigation, vacuum induction melting (VIM) and electroslag remelting
(ESR) of a novel tantalum (Ta)-containing martensitic steel was performed using standard
industry practices at a laboratory scale. A 25 pct loss of Ta was measured from the VIM
electrode to the ESR ingot using X-ray fluorescence. Several tools were used for broad
characterization of the ingots, including LECO for chemistry analysis, scanning electron
microscopy, and electron probe microanalysis for observation of the precipitate and inclusion
phases post-VIM and post-ESR as well as computational modeling of the ESR process for the
calculation of macrosegregation and inclusion travel. It was found that a significant amount of
Ta,Os5 inclusions formed during VIM and were transferred to the slag during ESR. While ESR
was particularly successful at decreasing the number density of inclusions by 95 pct, additional
efforts are needed with regard to vacuum leak rate and purity of stock material when melting

novel advanced steels.
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I. INTRODUCTION

ELECTROSLAG remelting (ESR) is a widely used
process to produce materials in which cleanliness is of
upmost importance.'’ A consumable electrode is cast
using vacuum induction melting (VIM) with a mold
geometry optimized for ESR. The electrode is then
placed in a water-cooled copper crucible that contains a
ceramic slag (or flux) consisting of combinations of
CaF,, CaO, Al,O3, SiO,, and MgO.m Although there
are slags for general purpose melting such as 40 to 30 to
30 CaF,-CaO-Al,03, the slag composition can, and
should, be optimized for electrical efficiency, prevention
of Al pickup, and/or lubrication, among other factors.
During ESR, electrical current passes from the electrode
through the slag layer and forming ingot to the bottom
of the crucible. The current superheats the electrically
resistive slag which, in turn, causes the electrode to melt.
Liquid metal droplets travel from the bottom of the
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electrode to the crucible where the ESR ingot forms.
During their travel within the slag, the droplets are
superheated which causes favorable reactions that (un-
der usual circumstances) remove tramp elements.
Casting and remelting of metals have important
features that lead to the production of final ingots that
possess greater cleanliness with reduced segregation.
During VIM, the induction heating contributes to the
motion of the liquid metal in the furnace crucible,
resulting in a better mixing of the constituting elements
of the alloy. Furthermore, removal of tramp elements
such as oxygen is enabled during VIM by CO boil or in
Cr-containing alloys where Cr-oxides form and float on
top of the liquid metal or attach to the VIM skull.*!
During ESR, desulfurization of the liquid droplets
occurs from their reaction with the CaO from the
slag.”) Furthermore, ESR is particularly effective at
removing inclusions that either dissolve or remain in the
slag depending on their composition, size, and density.!*
Several factors influence the overall cleanliness of the
final ingot and/or the efficiency of the removal of tramp
elements and other undesirable inclusions during VIM
and ESR. First, the selection of the melt stock is critical to
the application intended for the alloy. Most alloys are
made from industry-grade melt stock that contains
impurities, such as oxygen, nitrogen, and sulfur, usually
in relatively high concentrations. For instance, Cr has an
affinity for oxygen and selecting 500 ppm oxygen-con-
taining Cr vs 5000 ppm influences the cleanliness of the
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final product after melting. In some instances, industries
use scrap metal to save on material cost, particularly for
alloys that contain expensive elements such as Ni-based
superalloys.’) Another important factor is the atmo-
sphere in which melting is performed, which is determined
by pressure, leak rate, and cover gas. In the VIM process,
the integrity of the furnace is determined by the capability
of the furnace to hold the pressure inside the chamber, and
thus, prevent outside air from getting inside the furnace.”’
A large leak rate would result in oxygen and nitrogen
being present around the liquid metal and decrease the
cleanliness of the cast ingot.

After performing a leak check, pumping resumes until
the furnace is backfilled with inert gas, most commonly
argon (although this step is not always performed).
Similarly, an argon atmosphere can be used during ESR
to prevent oxygen and nitrogen from the air entering the
melt.®! Finally, selection of the melt parameters during
ESR plays a role in reducing the amount of inclusions
and/or tramp elements by controlling mixing in the slag
and superheating of the liquid metal.”) While the
concentration of tramp elements can be decreased
during melting, some of the material’s constituent
elements can also be affected. The loss of reactive
elements such as Ti can occur during ESR from its
reaction with the alumina (ALLO;) from the slag.'”
Similarly, pick up of Al in the liquid metal can occur
when used as a deoxidizer for the slag.!'"

Consequently, it is essential to monitor and control the
chemistry of manufactured alloys, particularly those with
complex compositions and highly reactive elements.
Recently, a novel advanced martensitic steel was
designed, CPJ7,1"” containing 15 elements of concentra-
tions listed in Table I. Among them, highly reactive
elements are present in narrow concentration ranges,
namely Si, Nb, and tantalum (Ta). Ta is used in steels for
the formation of carbides and carbonitrides such as MX
precipitates that increase intergranular corrosion resis-
tance and resistance to creep deformation. Ta is also used
in Ni-based superalloys from 0 to above 10 wt pct for
carbide formation, solution hardening, and oxidation
resistance.['*! Being an expensive alloying element with a
strong aﬂinit}/ for oxygen (as well as hydrogen, nitrogen,
and carbon'¥), the concentration of Ta should be
monitored during melting of novel alloys. The evolution
of the concentration of Ta in VIM electrodes and ESR
ingots of CPJ7 was studied in this investigation.

II. EXPERIMENTAL PROCEDURE

Five CPJ7 alloys were considered in this investigation
with heat designations Z, AA, AB, AC, and AD, all with
compositions within the range of Table I. The alloys
were weighted to the target composition using

commercial grade, high-purity, melt stock with a total
weight of 77 kg. The charges were loaded in an alumina
crucible in a 136-kg capacity VIM furnace and ultra-
high purity nitrogen and argon were backfilled to
200 Torr prior to starting the melt with the added
nitrogen pressure determined to meet the chemistry
requirements."” Once fully molten, the liquid was
poured at approximately 50 K (50 °C) superheat with
the liquidus temperature calculated from Thermo-
Calc!"® using the Fe database. The liquidus temperature
of the alloy was equal to 1763 K (1490 °C). The molds
employed to form the ESR electrodes were steel cylin-
ders with 114 mm inside diameter. Finally, leak rate
checks were performed prior to each melt for 1 minute;
the pressure at start, prior to backfilling the furnace was
~ 30 uHg with the leak rate around 6.5 yHg/min.
Additional details on the typical VIM/ESR process
used in the laboratory are described in Reference 9.

The ESR of the VIM ingot was performed after
cropping the top and bottom of the ~ 114-mm-diameter
electrodes and welding a stub oriented so that the
original top of the VIM ingot, which contains shrink,
was the first to melt. Melting was performed with ESR
current control set to melt rate with a setpoint of
1.47 kg/min. Voltage control was set to voltage swing
with a setpoint of 0.8 V in steady state. The slag was 40
to 30 to 30 CaF,-CaO-Al,O; with the detailed and
complete chemistry listed in Table II. The slag was
previously degassed in a steel retort under vacuum at
723 K (450 °C) for 1 hour, followed by 793 K (520 °C)
for 1 hour, followed by 0.5 hours at 1073 K (800 °C),
using a ramp rate of I K/min (1 °C/min) between 793 K
(520 °C) and 1073 K (800 °C).

The melts were started using compacts made of
turnings of the VIM ingot layered with the slag at the
bottom of a 152-mm-diameter ESR crucible. Additional
slag was added around the compact and in the feeder for
startup. Each subsequent ingot was melted under an
argon atmosphere protective cover. The run time for
each electrode was approximately 52 minutes with the
steady-state conditions reaching in 13 minutes following
startup. For more information about the startup process
and operation of the ESR furnace used in this investi-
gation, see Reference 17.

Specimens were extracted from the ESR ingots at
various positions along the ingot for chemistry evalua-
tion. The VIM ingot/ESR electrode specimens were
taken from a slice cut approximately 10 mm away from
the bottom of the ingot while the chemistries of the ESR
ingots were obtained from specimens extracted at the
top of the ingot from an approximately 15-mm-thick
slice. The slag chemistry was analyzed by crushing the
used slag (skin and cap) to fine particles and compacting
into small specimens. X-ray fluorescence (XRF) was
used to obtain the metal chemistries. A Rigaku ZSX

Table I. Composition Range of the CPJ7 Martensitic Steel Investigated with Fe Balanced (Wt Pct)!'!

Cr Mo C Mn Si Ni Nb N w Co Ta Cu B
Min. 9.75 1.0 0.13 0.25 0.08 0.15 0.05 0.015 0.25 1.35 0.20 0.003 0.0070
Max. 10.25 1.5 0.17 0.50 0.15 0.30 0.08 0.035 0.75 1.65 0.30 0.30 0.0110
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Primus IT was used with NIST traceable standards with
reported values accurate to 0.01 wt pct. Trace and
tramp element concentrations were determined using a
LECO CS444LS for carbon and sulfur. A LECO
TC436AR was used for oxygen and nitrogen concen-
trations, also wusing NIST traceable standards.
Microstructural characterization was performed on the
XRF samples following polishing to 0.05 um using a
solution of colloidal silica. The microstructures and
various inclusions were observed on a FEI Inspect F
field emission scanning electron microscope (SEM). An
Oxford Instrument energy-dispersive spectrometer was
used for preliminary phase identification. More detailed
phase characterization was performed on a JEOL
JXA-8530FPlus HyperProbe electron probe microana-
lyzer (EPMA).

Computational fluid dynamics (CFD) simulations of
the ESR process were performed using MeltFlow-ESR
from Innovative Research, LLC.'"® The thermo-physi-
cal properties of alloy CPJ7 were determined using
IMatPro™ and consisted, among others, of liquid and
solid density, volume expansion coefficient, solidus and
liquidus temperatures, latent heat, electrical conductiv-
ity and partitioning coefficient in addition to thermal
conductivity, specific heat, viscosity, and solid fraction
as a function of temperature. Furthermore, inclusions
were modeled using a range of relative densities and
sizes, where the relative density was defined as the
density of Ta,Os over the liquid density of the alloy.
Similarly, the slag thermo-physical parameters were
used in the simulations and obtained from References 20
and 21. The slag and metal properties are listed in
Table III.

The melt parameters used in the simulations were
those extracted from ESR experiments and consisted of
the voltage setpoint, current setpoint, and measured
melt rate as a function of the melt time. The simulations
were run using the dimensions of the electrode and

crucible used in the laboratory as described in the
second paragraph of Section II. Description of the
model including the assumptions, boundary conditions,
and various governing equations used to model electro-
magnetics, fluid motion, phase change, inclusion behav-
ior, and macrosegregation, among others has been
presented by Kelkar er af.!'%2%

Finally, the ESR ingots were sectioned into approx-
imately 54-mm-thick slices for hot working at 1273 K
(1000 °C). The slices were first homogenized in a
vacuum heat treatment furnace using a computationally
optimized homogenization algorithm.**! Hot working
consisted of multiple forging steps to square the discs
followed by hot rolling to form ~ 13-mm-thick plates.
The plates were then normalized at 1423 K (1150 °C)
for 30 minutes followed by cooling in air. The plates
were then aged at 973 K (700 °C) for 1 hour followed by
air cooling. This process was performed for weld testing
experiments which are beyond the scope of this inves-
tigation. However, additional chemistry specimens for
XRF and LECO analyses were extracted from the plates
in locations corresponding to the centerline of the ingot,
the mid-radius, and outer radius to compare the results
to the CFD predictions.

III. RESULTS

The results of carbon, nitrogen, oxygen, and sulfur
concentrations in the electrode and ESR ingot product
are presented in Figure 1 for the five heats Z, AA, AB,
AC, and AD. Both carbon and nitrogen contents were
relatively unchanged from the VIM electrode to the
ESR ingot with regard to the standard deviations and
differences between the heats. A significant decrease in
the oxygen content was observed for the five heats with
a final concentration in the ESR ingots around 28 ppm.
Thus, ESR of the CPJ7 electrodes resulted, on average,

Table II. Slag Chemistry from Vendor (Wt Pct)

CaF, CaO MgO Al,O4 SiO, C S MnO, Fe TiO, P LOI
38.94 31.50 0.691 28.81 0.16 0.001 0.013 0.006 0.054 0.102 < 0.01 0.036
Table III. Thermo-physical Parameters Used in the Simulations

Slag Metal

Liquid Density

Solid Density

Volume Expansion Coefficient (Liquid)
Solidus Temperature

Liquidus Temperature

Latent Heat

Electrical Conductivity (Liquid)
Thermal Conductivity (Liquid)*
Specific Heat (Liquid)*
Viscosity (Liquid)*

Emissivity

2.67 x 10° kg/m?
2.90 x 10 kg/m?
1.30 x 107%/K
1587 K (1314 °C)
1673 K (1400 °C)
430 x 10° J/kg
1.82 x 10*/Q m
0.5 W/m K

1.23 x 10° J/kg K
3.90 x 1072 kg/m s
0.90

7.11 x 10° kg/m*
7.46 x 10 kg/m?
4.13 x 107°/K
1468 K (1195 °C)
1763 K (1490 °C)
1.85 x 10° J/kg
8.72 x 10°/Q m
38.7 W/m K

7.96 x 10*> J/kg K
7.10 x 1073 kg/m s

*Additional values were used as a function of temperature.
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in a 49 pct decrease in oxygen content. Similarly,
decreases in sulfur concentrations were found following
ESR with a final amount around 10 ppm which repre-
sents, on average, a 56 pct decrease from the electrode
to the resulting ESR ingot.

The XRF results of Ta concentrations revealed a
relatively significant loss of Ta in the ESR ingot metal,
and a gain of Ta in the slag after ESR, as observed in
Figure 2. In CPJ7Z, the Ta concentration in the
electrode and ingot almost spanned the entire Ta range
specified in the composition of the alloy (Table I), with a
starting concentration of 0.30 wt pct and final of
0.21 wt pct in the ESR ingot. Thus, the starting Ta
concentration in the other two heats, CPJ7AA and
CPJ7AB, was increased to obtain a Ta concentration in
the ESR ingot more centered within the allowable range.
In CPJ7AA, the Ta concentration decreased from 0.34
to 0.27 wt pct and from 0.33 to 0.25 wt pct in CPJ7AB.
Similarly, the Ta concentration decreased from 0.33 to
0.25 wt pct and from 0.31 to 0.22 wt pct in CPJ7AC and
CPJ7AD, respectively (not represented in Figure 2). On
average, the decrease in Ta content in the metal was
calculated at 25 pct. The opposite was observed in the
slag where the Ta content in the virgin slag, prior to
ESR, was below the detectable amount from XRF
analysis (< 0.001 wt pct). Following remelting, almost

1650 ‘ ‘ ‘
é Lsoot[ e Pz ( )ﬁ
E o~ CPITAA
& o CPJ7AB
§ 1550f|-e cpyac ﬁ
: ¢ CPJJTAD
S 1500} e — ﬁ
1450 ‘ l -
@ 400 \ (b)
@ 350 #
g 300f . |
% >§!
S 2s0f — #
Z
200 l l ‘
~ 70 o | | ©
g 60} ﬁ
&
= S0F |
=
Q
= 40F _
3
30 _
o
20 ‘ ‘ I
—~ 30 | ”
g 25¢ _
& 20t ﬁ
§ 15} _
g 10 ﬁ
@) 5r ;
wn
0 | | ‘

Electrode Ingot

Fig. 1-—(a) Carbon, (b) nitrogen, (c¢) oxygen, and (d) sulfur
concentrations before and after ESR for the five heats of CPJ7.
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2 wt pct Ta was measured in the used slag. From the
chemistry for oxides reported in Table IV, 1.66 wt pct
Ta,Os5 was measured in the slag after ESR. MnO, and
Cr,O3 were also detected. The concentration of CaF,,
Ca0O, and MgO decreased and the Al,O; content
increased. Interestingly, a significant increase in the
concentration of SiO, from 0.74 to 3.22 wt pct was also
measured from XRF. This was associated with a
decrease in the concentration of Si in the metal, as
reported in Table V. On average, a 51 pct decrease in Si
content was measured from ESR of the three CPJ7Z,
CPJ7AA, and CPJ7AB heats.

Observation of the microstructure of the CPJ7Z and
CPJ7AC alloys in the SEM following VIM and ESR
revealed two Ta-containing precipitate phases present
after each melt sequence. The first was the interdendritic
phase that commonly originates from elemental segre-
gation during solidification (Figure 3). EPMA analysis
revealed major partitioning of Ta and Nb, and less
significant partitioning of Si, C, and V. The phase was
relatively depleted of Fe, Cr, and less significantly, of
Co. The second phase was identified as Ta,Os5 inclusions
(Figure 4(a)).  Relatively  significant  partitioning
occurred for Si and V, with less partitioning for Mn
and C (EPMA clemental maps of Figure 4(b)). Note
that the Mn-rich region on the left of the inclusion of
Figure 4(b) was identified as MnS.

The interdendritic phase appeared throughout the
microstructure and primarily at the grain boundaries.
The precipitates appeared bright in the SEM (from the
atomic number difference of Ta) and in the form of
small plates as observed in Figure 5(a). It should be
noted that a brighter shadow can be observed on the
SEM micrograph of Figure 5(a) which may be caused
by elemental segregation as the alloy was not homog-
enized at that stage. While, the fraction and morphology
of the interdendritic precipitates did not change visually
from post-VIM to post-ESR condition, the area fraction
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Fig. 2—Ta content in the metal from electrode to resulting ingot
(i.e., before and after the ESR process) for three heats of CPJ7 and
Ta content in the slag before and after ESR of CPJ7Z.
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Table IV. Concentration of Specific Oxides in the Slag Before and After ESR of CPJ7Z from XRF (Wt Pct)

CaF2 CaO MgO A1203 5102 Ml’l02 T102 Ta205 Cr203
Before 53.28 27.50 0.58 17.20 0.74 — — — —
After 48.49 26.26 0.42 18.75 3.22 0.14 — 1.66 0.35

Table V. Concentration of Si in the Metal and Slag Before
and After ESR from XRF (Wt Pct)

CPJ7Z CPJ7AA CPJ7AB
Metal
Before 0.09 0.10 0.08
After 0.04 0.06 0.04
Slag
Before 0.41 — —
After 1.79 — —

Fig. 3—EPMA elemental maps showing the interdendritic phase in
CPJ7AC following VIM.

was calculated and reported in Figure 5(b) for better
accuracy. The results confirmed that no significant
variation in the fraction of the precipitates occurred
during ESR particularly considering the standard devi-
ations over more than 10 regions similar to that of the
SEM image in Figure 5(a). The large standard devia-
tions are attributed to the fine structure of the phase and
its dependence on the grain size since the precipitates
formed primarily at the grain boundaries and the cast
structure is not homogeneous. Thus, the average frac-
tion of the interdendritic phase in CPJ7Z and CPJ7AC
was calculated at approximately 0.07 pct.

The second Ta-containing precipitate phase was
found in the form of Ta,Os inclusions (Figure 6(a)).
On average, the number density of inclusions was
calculated at 196 inclusions/mm? following VIM (Fig-
ure 6(b)), which represents an average of 11 inclusions
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Fig. 4—EPMA elemental maps on Ta,Os inclusions with (a) atomic
percent concentration for Ta and O and (b) with the constituting
elements of the alloy.

on the SEM region of Figure 6(a) for visual reference.
Following ESR, only 9 inclusions/mm? remained in the
microstructure which represents an average of 0.5
inclusions in the surface of Figure 6(a). Consequently,
the ESR process resulted in a 95 pct reduction in the
number density of inclusions in the CPJ7 alloy. The
inclusions were measured to have an average diameter
of 1.5 £ 0.6 um.

The MeltFlow-ESR simulations were used to plot the
predicted Ta content in CPJ7AC following ESR in
Figure 7(a). In this ingot, the concentration of Ta in the
electrode was measured using XRF at 0.33 wt pct and
this value was used as input in the simulations. The
nominal (targeted) concentration of 0.33 wt pct is found
in light blue between the center line and the outer radius.
The lowest Ta content was found around the bottom of
the ingot at approximately 0.29 wt pct. In the section of
the ingot melted in steady state, the Ta content was
higher around the centerline, above the nominal value,
and decreased to below the nominal value at the outer
radius. At X = 0.2 m for reference, the calculated Ta
concentration was 0.35 wt pct at the centerline of the
ingot (R = 0 m) and 0.32 wt pct at the outer radius.

A schematic of the sectioned ingot is represented in
Figure 7(b) with the chemistry slice (A) used for XRF
and LECO analyses and the various thick slices used for
hot working to 13-mm-thick plates. The Ta content
from XRF analysis on the B, E, and I plates was
mapped in Figure 7(c). First, the Ta content from XRF
on the chemistry slice A was measured at 0.25 wt pct.
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(@

Fig. 5—(a) SEM images of the interdendritic phase found in the ESR electrode and resulting ingot with (b) calculated phase fraction from image

analysis.
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Fig. 6—(a) SEM images of inclusions found in the VIM ingots (i.e., ESR electrodes) and (b) calculated number density from image analysis

following VIM and ESR for CPJ7Z and CPJ7AC.

Similar values were obtained at B0, B1, E0, and E1. The
XRF-determined Ta concentration was found to
decrease towards the outer radius to 0.237 wt pct at
B2 and 0.238 wt pct at E2, and more so towards the
bottom of the ingot with values of 0.215, 0.219, and
0.207 wt pct at 10, I1, and 12, respectively. Note that the
variations in Ta content recorded on the XRF through-
out the radius of the ingot are only relevant with an
added significant figure when compared to those from
the MeltFlow-ESR simulations.

IV. DISCUSSION

A 25 pct decrease in the Ta content of martensitic
steel CPJ7 was observed from VIM to ESR in ingots
prepared using standard industry practices. Ta is used in
CPJ7 primarily to form the MX precipitate phase and
improve resistance to creep deformation. In the cast
condition, the interdendritic phase was observed in
Figures 3 and 5(a) and its presence resulted from the

METALLURGICAL AND MATERIALS TRANSACTIONS B

segregation of reactive elements, particularly Ta and Si.
The interdendritic phase is dissolved later after the alloy
undergoes the homogenization heat treatment cycle,
while the MX phase forms during subsequent aging. The
morphology of the interdendritic phase did not visually
change after ESR as well as its calculated fraction (see
Figure 5(b)). Thus, the interdendritic phase does not
influence the overall Ta concentration measurements for
the alloys particularly considering the use of XRF (large
sampling area). Therefore, from the results presented, it
is evident that the strong presence of Ta,Os inclusions
following VIM and the 95 pct decrease in number
density of the said inclusions during ESR is the main
reason for the decrease in concentration of Ta in the
ingot and increase in the slag during ESR.

Prior to starting the melt in the 136-kg capacity VIM
furnace, the chamber was pumped down to approxi-
mately 30 uHg pressure. A leak rate test over a 1-minute
time range was systematically performed before back-
filling to the desired nitrogen pressure (that leads to the
N concentration in the alloy) and 200 Torr argon gas.
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Fig. 7—(a) MeltFlow-ESR predicted Ta concentration throughout the solidified ingot in CPJ7AC, (b) schematic of the ingot cut into slices for
hot working with the resulting plates for chemistry specimens, and (¢) XRF measured Ta concentration obtained three times at three locations in

the ingot CPJ7AC (slices B, E, and I).

On average, the leak rates were approximately 6.5 uHg/
min which is acceptable in the industry. Thus, some
oxygen is expected to originate from outside air, but the
amount should be relatively limited. Another source of
oxygen, however, is the raw Cr which contains
5000 ppm O. With 10 wt pct Cr in the CPJ7 alloys,
500 ppm O is already present in the melt charge,
originating from the raw Cr only. Therefore, with
oxygen concentrations in the electrode between 40 and
70 ppm following VIM, the VIM process was particu-
larly effective at removing oxygen from the melt
(Figure 1). While this can be attributed to oxides
floating on top of the liquid metal during VIM or
attaching to the VIM skull (particularly Cr-oxides),
some of the oxygen reacted with Ta to form Ta,Os
inclusions (Figures 4 and 6(a)).

To compare the influence of the leak rate and raw Cr
on the oxygen content and amount of Ta,Os5 inclusions
following VIM, two smaller CPJ7 melts were performed
in a 9-kg capacity VIM furnace that has a sub-micron
leak rate. The findings after melting are reported in
Table VI. In the first melt, the leak rate was measured at
0.73 uHg/min. When using 5000 ppm O-containing Cr,
the measured oxygen content in the VIM ingot from
LECO analysis was 74 ppm which is close to that
measured in the large CPJ7 VIM ingots. SEM analysis
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further revealed the presence of Ta,Os5 inclusions with a
number density of 111 inclusions/mm?, which is less
than the results contained in Figure 6. This suggests that
the lower leak rate was beneficial in preventing Ta,Os
formation.

In the second melt, the leak rate measured was
comparable at 0.34 pHg/min and a higher-grade Cr was
used (400 ppm O). LECO analysis revealed 105 ppm O
concentration in the VIM ingot following melting while
SEM analysis showed a density of inclusions of 136 in-
clusions/mm?. Thus, it might be necessary to use even
higher purity melt stock to prevent the formation of the
Ta-oxides. It should be noted that the oxygen content
from the 9-kg furnace ingots were higher than from the
136 kg furnace. This may be attributed to the different
location where specimens were extracted for analysis
(bottom of large heat and top of small heats). Further-
more, oxygen can originate from other elements (not
tracked or discussed).

The removal of inclusions during ESR is primarilz}l
driven by their absorption and dissolution in the slag,**
while some travel in the moving fluid.'*>?! Mixing in the
slag originates from the slag losing heat from both the
melting electrode and the water-cooled copper crucible,
as observed on the temperature gradient of Figure 8 at
X =0m and R = 0.076 m in the slag (described in
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Reference 27). This creates two flow loops in the
simulations described in Figure 8 that can be identified
from the liquid direction in the slag. For inclusions
traveling in the slag, the model describes the inclusion
trajectories assuming no dissolution and by introducing
them under the slag/metal interface from the center
(R = 0m) to R = 0.057 m, the radius of the electrode.
It was found in Figure 8§ that, due to their relative
density and sizes, most inclusions traveled around the
center loop, below the electrode, while some traveled
around the outer loop. Few trajectories were predicted
to enter the liquid metal in the mushy zone, adding to
the non-complete removal of inclusions observed in
Figure 6(b). It should be noted that the decrease in
oxygen from VIM to ESR observed in Figure 1(c)
correlates to the removal of inclusions from the VIM
electrode.

The macrosegregation observed in Figure 7 is a
known product of ESR and has been described for Nb
in Alloy 625 by Fezi et al.®® During solidification of the
liquid metal, the interdendritic liquid becomes enriched
with Ta due to its partitioning coefficient respective to
the bulk composition. The liquid motion in the sump
causes the interdendritic front to move towards the
ingot centerline and limits its travel towards the outer
radius, since liquid motion is weaker in the center of the
molten metal pool, and eventually creates the radial
variations observed in Figure 7(a). The longitudinal
variations are attributed to the enrichment in Ta of the
melt pool throughout the melt, and thus, throughout
solidification of the ingot thereby causing a slight
increase in concentration from bottom to top, as
described by Kelkar e al.'® The partitioning predicted
in Figure 7(a) is confirmed experimentally on part of the
ingot in Figure 7(c). The trends between computational
and experimental results agree, while the differences in
values are attributed to the overall Ta loss from the
removal of inclusions not captured with respect to
elemental concentration in the simulations. It should be
noted that the macrosegregation observed in Figure 7
can influence the calculation of the Ta loss from the
removal of inclusions depending on the location of the
XRF specimens. However, the losses presented in the
results section, and in Figure 2, were calculated using
specimens extracted from slice A (Figure 7(b)) in con-
sistent locations and that were shown to present Ta
concentrations representative of the centerline up to
mid-radius of the ESR ingot, on the higher end of the
concentration range, which mitigates the influence of
macrosegregation.

Although the Ta loss from VIM to ESR is attributed
to the removal of the Ta,Os inclusions, possible reac-
tions may have occurred between the liquid metal and
slag during ESR thereby contributing to the variation in
Ta content. The simplified Ellingham diagram for
selected oxides is shown in Figure 9 using the data from
Reference 29. While falling above some of the slag
constituents on the diagram, Ta,Os is a very stable oxide,
along with SiO, and TiO,. As reported in Figure 4(b),
the Ta,Os inclusions show strong partitioning of Si and
the slag composition following ESR showed elevated
concentrations of not only Ta,Os but also SiO,
(Table IV). It is common for certain slags to contain
Si0,, particularly for remelting of steels as it improves
lubrication and leads to a better ingot surface quality.*”!
However, the authors also underlined the possible
reaction between SiO, and highly reactive elements such
as Al and Ti to explain why SiO,-containing slags are
avoided during ESR of Ni-based superalloys. The
following reaction exists between Ta and SiO; in a
slag—iron system"':

- Flow Direction — Liquid Fraction Lines

Slag/Ingot Interface  —— Inclusion Path
0_
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R(m)

Fig. 8—MeltFlow-ESR simulation of Ta,Os inclusion travel during
ESR of CPJ7AC for a range of relative densities p, (0.8, 0.9, 1, 1.1,
and 1.2p,) and a l-um particle size with flow direction, liquid
fraction lines, and temperature gradient in the slag, sump, and
solidified ingot.

Table VI. Oxygen Content and Inclusion Density Following VIM of CPJ7 Ingots Under Various Conditions

Charge Weight O Content in Cr  Pressure at Start Leak Rate O Content Number Density of Inclu-
Furnace (kg) (Ppm) (uHg) (uHg/min) (Ppm) sions (mm™?)
136 kg* 77 ~ 5000 29.6 £ 8.7 6.5+ 1.9 56 + 8 196 £ 67
9 kg 7 ~ 5000 0.042 0.73 74 + 13 111 + 41
7 ~ 400 0.028 0.34 105+ 5 136 + 41

*Average between the ingots Z, AA, AB, AC, and AD with standard deviations.
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Fig. 9—Ellingham diagram for select oxides. Data extracted from
Ref. [29].

4[Ta] + 5(Si0,) = 2(Ta,0s) + 5[Sil. 1]

From the reaction of Eq. [1], the Ta in the electrode
could have oxidized due to SiO, from the slag; how-
ever, the reaction would only be possible when enough
SiO, is also transferred to the slag from dissolution of
the inclusions. Therefore, this reaction is unlikely to
have contributed to the loss of Ta, particularly consid-
ering the low concentration of SiO; in the slag chem-
istry (Table II), and the loss of Si in the metal
(Table V). Another factor potentially influencing Ta
loss remains the potential oxidation of Ta by the slag
constituents. Alumina is a primary suspect as an
increase in the Al concentration was measured in the
metal before and after ESR from 90 to 140 ppm. Simi-
lar to the reaction of Al,O; with Ti in superalloys,**
the reaction of Ta and Al,O5 can be expressed as fol-
lows:

It should be noted that a similar reaction could take
place between Si and Al,O; as described by Shi
et al'® which can also account for the increased Al
content in the metal following ESR:

3[Si] + 2(ALO3) = 3(SiO,) + 4[All. 3]

However, the contributions of Eq. [2] to the loss of Ta
are expected to be far less than that of the inclusion
removal with regard to the decrease in oxygen content
from VIM to ESR (Figure 1) and increase in Al,O; in
the slag. Nevertheless, more research is needed to
assess oxidation of Ta during ESR particularly as a
function of slag chemistry. This will require electrodes
with few Ta,Os inclusions to reduce the number of
variables which, according to the Ellingham diagram,
will be challenging as Ta,Os; is more stable than
Cr,0s;, illustrating the difficulty of avoiding Ta-oxide
inclusion formation during VIM.
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V. CONCLUSIONS

VIM and ESR of a novel Ta-containing martensitic
steel were performed to study the evolution of Ta
throughout the process. The following conclusions are
reported:

(1) The Ta content in CPJ7 decreased by 25 pct during
ESR which was attributed to the formation of
Ta,0s5 inclusions during VIM and subsequent 95 pct
reduction in number density of inclusions during
ESR.

(2) Ta is a highly reactive element and is prone to the
formation of Ta,Os oxides during VIM when the
selected melt stock contains significant amounts of
oxygen. Tantalum oxide formation in this investi-
gation was slightly influenced by the leak rate, more
so than the starting pressure during VIM for a leak
rate range from sub-micron to ~ 10 uHg/min and a
pressure range from around 0.04 to 50 uHg.

(3) Macrosegregation of Ta was predicted from
CFD-based simulations and confirmed experimen-
tally using XRF measurements. The Ta concentra-
tion was higher at the centerline of the ESR ingot
and decreased towards the outer radius and the
bottom of the ingot.

(4) The fraction and morphology of the Ta-containing
interdendritic phase forming during solidification
from elemental segregation did not significantly
change from the VIM to the ESR condition.
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