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Abstract

Cold hearth remelting (CHR) is receiving increased attention because of its
ability to remove high and low density inclusions from titanium-based alloys.
To better understand this melt technology, plasma cold hearth remelting (PCHR)
of a superalloy has been investigated to evaluate if melting and casting
parameters can be adequately controlled to produce acceptable ingot structure,
cleanliness and overall chemistry. UDIMET® Alloy 718 (U718) was chosen for
this study because of its widespread use in the aerospace industry and its
sensitivity to chemical segregation.

Electrodes were remelted from 190 mm diameter to 203 mm diameter ingots. A
statistical experimental 23' design was applied to the variables: mold torch
power, mold electromagnetic (EM) stirring and hearth slag control gas jets.
The effects of these variables were assessed by macro- and micro-structure,
ingot surface, chemical profiles, and electron beam button cleanliness testing
(EBBT). The characteristics of the PCHR material were compared to those of a
203 mm diameter vacuum arc remelted (VAR) U718 ingot and to triple-melt
[vacuum induction melted-electroslag remelted-vacuum arc remelted (VIM-ESR-
VAR)] U718 material.

The data indicate that PCHR improves the cleanliness of the input material by
an order of magnitude, resulting in oxide cleanliness ratings similar to those
of triple-melt U718. Asymmetrical pool profiles and associated tree-ring
patterns were detected for all melting conditions, particularly for those not
employing stirring. The EM stirring used in these experiments diminished the
asymmetry of the pool and also caused a deeper pool. No compositional
anomalies were detected. Mechanical testing suggests that the elevated Mg
content of the PCHR material may improve the hot ductility of U718.

This investigation indicates that the cold hearth melting of superalloys is
technically feasible. Benefits would include the elimination of white spots
related to VAR melt instabilities. However, the results also indicate that
additional development work is needed to minimize asymmetrical tree-ring
patterns and to prevent non-metallic inclusions from entering the mold.
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Introduction

Cold hearth remelting (CHR) offers an alternative to the more common super-
alloy remelting processes such as vacuum arc remelting (VAR) and electroslag
remelting (ESR). CHR is advantageous since it is possible to independently
control melt rate, mold heating, and subsequently solidification pool
profiles, suggesting that properly controlled CHR has the potential to produce
ingots free from gross segregation and defects, such as white spots and oxide
clusters.! Further, if plasma is the heat source, the process operates under
a slightly positive inert gas pressure which pfecludes evaporation losses of
beneficial elements such as Cr and Mg and deleterious elements such as Bi and
Pb. However, there is a concern that the force exerted by the torches on the
melt surface creates turbulent conditions which could entrap non-metallic
inclusions. It has also been suggested that inert gas may become dissolved
during melting, causing material defects. A number of papers have been
published on PCHR of Ti-base alloys®’, the process®®, and applicable control
strategies®!?.

The solidification conditions present in a cold hearth withdrawal casting mold
are believed to have two major shortcomings compared to static castings made
in VAR processing. The first is the mechanical disruption of the solidifi-
cation interface during the withdrawal motion; the second is the asymmetric
entry of molten metal to the liquid pool. Both conditions are expected to pro-
duce macrosegregation banding which, if severe enough, cannot be adequately
homogenized by thermal mechanical processes. Controlled molten metal mixing
by either the plasma torch motion or electromagnetically induced stirring may
be useful in reducing the severity of segregation and in refining solidifi-
cation grain sizes. Experimental variables were chosen to evaluate the range
of segregation that occurs when these variables are introduced.

Experimental Procedure

VIM melted 190 mm diameter electrodes were prepared by Special Metals
Corporation (SMC) and remelted in Retech’s pilot scale PCHR furnace to 203 mm
ingots. Prior to PCHR, the electrodes were cropped and samples for EBBT were
secured. The electrodes were not surface conditioned before PCHR since it was
desirable to evaluate the capability of PCHR to reduce non-metallic inclusions
from dirty input material. Nominal composition of the U718 material is given
in Table I.

Three PCHR heats and a 203 mm diameter VAR ingot were produced for metallurgi-
cal structure evaluation. Two of the three heats were utilized for a 2*! stat-
istical experimental design evaluating three parameters: stirring, mold torch
power, and "gas jet"”, by changing the conditions at the middle of each ingot.
The principal melting parameters are summarized in Table II. The third ingot
was melted using the parameters that gave the best surface and stable melt
conditions; i.e., no stirring, low mold torch power, and use of the gas jet.

The PCHR furnace is schematically described in Figure 1. It is equipped with
a water-cooled copper withdrawal mold and a cold hearth which holds 36 kg of
nickel-based alloy. The electrode is fed from the side into the hearth and
melted by a 250 kW hearth torch. During the experimental heats, this torch
swung in a linear pattern across the face of the electrode with a cycle time
of 47 sec. A 250 kW mold torch described a circular pattern close to the
crucible wall and, every second time around, traveled over the pour lip. The
cycle time for this torch, including two circles and one pour lip excursion,
was 13 sec. Due to the configuration of this furnace, a physical or torch-
created slag barrier could not be employed. A gas jet blowing helium across
the pour lip toward the hearth was employed for the bottom of PCHR 1 and top
of PCHR 2 in an attempt to limit the amount of non-metallic slag entering the
mold. All melting was conducted under a slight positive pressure of helium.
The helium was recycled and gas contents of oxygen, hydrogen and water were
continuously monitored during melting. The ingot was withdrawn using contin-
uous positive withdrawal. All furnace parameters were automatically controlled
using a Macintosh II-based torch profiling control system.

Table I. Nominal Composition of U718 Utilized (Weight %).

C Cr Ni Co Fe Mo Nb Ti Al
0.025 18.0 53.5 0.5% 18.0 3.0 5.35 0.95 0.5

196



Table II. Summary of Melting Parameters.

Parameter Ingot PCHR 1 Ingot PCHR 2 Ingot Ingot
Top Bottom Top Bottom PCHR 3 VAR
Stirring OFF OFF ON ON OFF N/A
Gas Jet OFF ON ON OFF ON N/A
Mold Torch power, kW 125 175 120 170 125 N/A
Melt Rate, kg/hr 143 143 132 132 132 133
RP 250T
/\
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Figure 1. Schematic outline of PCHR furnace.

Results and Discussion

Observations During Melting

With few exceptions, the melting process was stable and proceeded at a steady
rate once the transition zones were passed. The torches impacted the molten
metal surface in a pattern visually resembling a gentle rain on water. A
general depression on the metal surface was not observed at any of the power
settings. While the hearth retained some of the non-metallics, the geometry
of the furnace did not prevent non-metallics from entering the mold. However,
it appeared that most of the inclusions that did enter the mold were pushed
in front of the torches to become trapped on the edges of the ingot.

During the melting of PCHR 1, some difficulty contrclling the melt rate was
encountered. The operators had anticipated the melt rate to decrease at the
midpoint reduction in mold torch power and adjusted the withdrawal rate accor-
dingly. However, it became apparent that the melt rate was not strongly de-
pendent on mold torch power, and the ingot had to be manually withdrawn. The
withdrawal rate was then reset to the same as for the first half of the ingot.

During leak rate checking, before the melting of PCHR 2, a cracked view-port
was detected and replaced. It is suspected that the view-port fractured early
during melting of PCHR 1 causing increased nitrogen content in PCHR 1.

The combination of low torch power and Electro Magnetic Stirring (EMS) in the
mold during the latter part of PCHR 2 caused the torch to extinguish
repeatedly.

Evaluation of Material

Surface Quality. An overall view of the ingots produced and corresponding
hearths is shown in Figure 2 and close-up examples of ingot surface gquality
are shown in Figure 3. The bottom parts of all ingots were quite smooth. PCHR
1 had laps and seams associated with the uneven withdrawal motion previously
discussed. The very top part of PCHR 1 had a smooth surface. This illustrates
the need to ensure stable melt conditions and subsequently a stable, smooth
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Figure 2. (a}) Overall view of PCHR ingots and (b) corresponding hearths.

(a) (o)

Figure 3. Examples of PCHR ingot surface guality. (a}) PCHR 1 top and
(b} PCHR 2 top. Note non-metallic inclusions by arrows.
withdrawal rate. The top of PCHR 2 had a rippled surface appearance that was

due to the repeated extinguishing of the mold torch. All of the ingot sur-
faces show patches of non-metallic inclusions, indicating inclusions are
removed from the bulk of the metal by being pushed to the mold wall. The
surface by the pour lip tended to be smoother than the opposite side which
could be due either to the greater input of heat adjacent to the mold by the
metal flowing in from the hearth, or to the mold torch pattern.

Macro—-structure. PCHR 1 and 2 were secticned longitudinally and macroetched
with Canada etch to show compositional variation, and with "grain size etch"
{3 parts H.O, 2 parts conc. HCl, 1 part H,0, (35 wt %)) to show the grain
structure. Examples of the structures from the four melting conditions are
shown in Figures 4 and 5, and corresponding structures from the comparison VAR
ingot in Figure b,

Two features of the structures are immediately obvious: the pool tends to be
asymmetrical, particularly for PCHR 1 where no stirring was employed; and
there is a periodic tree-ring pattern. The asymmetrical pool profile may be
explained by the input of molten metal to one side of the crucible or the
asymmetrical mold torch sweep pattern, but is diminished by the use of EMS as
seen from the structures of PCHR 2. The tree-ring pattern may be caused by
the mold torch pattern (Figure 1) which circles twice around the perimeter and
then diverte over the pour lip. At the time the torch diverts over the pour
lip, a rush of metal also flows into the crucible. It appears that the finer
tree-ring pattern observed by the edge of the ingot could be correlated to the
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Figure 4. PCHE ingot macro-structures. Canada etch. PCHR 1 top (a) and
bottem (b). PCHR 2 top (c} and bottom (d}.

25mm
Figure 5. PCHR ingot macro-structures. "Grain size" etch. PCHR 1 top (a)

-

and bottom (b}. PCHR 2 top (c) and bottom (d).

26mm
Figure &. VAR ingot macro-structures. (a} Canada etch and (b) "Grain size"
etch.
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mold torch pattern. The coarser tree-ring pattern is not obviously correlated
to any periodic processing event. The tree-ring pattern appears to be associ-
ated with a change in grain orientation, which is a clue to the heat transfer
mechanism causing the tree rings. The molten pool profiles, including one for
the comparison VAR ingot, are
summarized in Figure 7. The EM
stirring causes a deeper, V-
shaped pool profile, possibly by
flattening out temperature
gradients in the molten pool. In
PCHR 1, the pool depth could be
expected to decrease from the
bottom (high power) to the top
(low power). The results are the
opposite, probably due to
additional removal of heat by
the gas jet during melting of

& N ©
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Pool Depth

8 the bottom part of the ingot.
- Oonly the PCHR melt condition of
10 2T high crucible torch power, stir-
- 1T ring, and no gas jet creates a
12 deeper pool than the VAR ingot
31 2B pool. Such a deep pool would be
14— incm undesirable as it could cause
T e e e e e e rer e il formation of solute-rich

10 8 6 4 2 0 2 4 6 8 10 defects; e.g., freckles. How-
ever, comparison of the macro-

structures with the VAR ingot
Figure 7. Molten pool profiles: 1T=PCHR 1 indicates that the grain

- top, 1B=PCHR 1 - bottom, 2T=PCHR 2 - top, structure remains finer in the
2B=PCHR 2 - bottom, and VAR=VAR ingot. PCHR ingots for all evaluated

melting conditions.

Micro-structure. Metallographic samples were prepared by electrolytic etching
(20% H,S0, in methanol, 16 V) to reveal the dendrite arm spacing and the
carbide structure. Typical examples of structures are shown in Figure 8.
Measurement of secondary dendrite arm spacings indicates that the local
solidification time (LST) is approximately the same in the center of the VAR,
the top of PCHR 1, and the bottom of PCHR 2, while the bottom of PCHR 1 and
the top of PCHR 2 appear to have a shorter LST. As seen in Figure 9, the
carbide size of the VAR melted material appears to be larger than the carbide
size produced by all PCHR melting conditions. Since the carbon content of the
VAR ingot was lower than that of the PCHR ingots, one would question the
conclusion regarding LST drawn from the secondary dendrite arm spacing. An
alternative explanation for the finer carbide size in the PCHR 1 ingot is that
the higher Mg content of the PCHR material changes the carbide morphology as
has previously been suggested by Xie'l.

Chemical Composition and Compogitional Mapping. The chemical composition did
not change noticeably from the electrode to the ingot during melting except
for the elements reported in Table III. The content of magnesium was reduced,
possibly through the physical removal of magnesium oxides, but remains at a
higher level than that in vacuum melted materials. Although the oxygen content
appears to have increased during PCHR melting of PCHR 2, the change lies
within the range of analytical error. PCHR 1 had a clear increase in nitrogen
content which was suspected due to leakage through the cracked view-port. The
nitrogen content remained constant from the electrode to the ingot in PCHR 2;
consequently, the nitrogen pickup does not appear to be an inherent feature
of the process. This incidence emphasizes the importance of ensuring the

integrity of the PCHR furnace even though the process operates under a
slightly positive pressure.

Chemical analysis was done on a series of samples from center to edge to
determine if compositional gradients occurred. No gradients were detected for
any of the analyzed elements in all four melting conditions.

Samples from the bottom of PCHR 1 and 2 were analyzed for helium content at
Idaho National Engineering Laboratory using a fusion mass spectrometry
method”. As expected?, the helium contents of the samples were below the
detectability limit; i. e., < 0.05 appm.
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Figqure 8. Centerline cast ingot structures: PCHR 1 top (a) and bottom (b).
PCHR 2 top (c) and bottom (d). VAR ingot (a).

. h

(&) =} (c) {d) ie)
Figure 9. Centerline cast ingot structures: PCHR 1 top (a) and bottom (b}.
PCHR 2 top {(c) and bottom (d). VAR ingot (e).

The variation in Nb content in a longitudinal section was determined using a
compositional mapping technique developed b; Sandia Laboratorles for the Spec-
ialty Metals Processing Consortium (5MPC)". A slice from the bottom of PCHR
1 was selected because this melting condition appeared to result in the most
macro-segregated structure. (See also Figures 4 and 5.) The mapping technigue
essentially consists of x-ray (Kevex) analysis in a grid pattern using a & mm
diameter spot size. Thus, 510 points were analyzed on the 10 x 20 cm slice.

Although the analysis was intended to determine variation in Nb concentration
rather than absolute values, it was found to be in good agreement with the
ingot heat analysis. The data in Figure 10 show a range of measured Nb con-
centration between 5.12 to 5.58 #0.04 with an average value of 5.39 weight %.
This range of composition is relatively small if compared with the decrease
in Mb content observed in "mini" ("sclidification") white spots. "Mini" white
spots typically have Nb contents of 3.9 to 4.9 weight %'%. It is alsc notable
that the lowest Nb contents were cbserved at the middle of the slice, where
the formation of solute-rich defects, such as freckles, is more of a concern.

Table III. Results of Chemical Analysis. The only elements reported
are those with a signifiecant change in content during PCHR melting.

Material Mg [ppm] Q. [ppm] N, [ppm]
PCHR 1 — Electrode 94 B &4
Inget - Top 53 8 95
Ingot - Bottom 6l 10 106
PCHR 2 - Electrode 74 3 75
Ingot - Top 53 8 73
Ingot - Bottom &7 9 78
VAR Ingot 17 4 65
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Figure 10. Compositional map of Nb concentration in bottom part of PCHR 1.

Effect of Mg Content. Teo evaluate possible effects of the elevated magnesium
content in the PCHR material, center samples from PCHR 1 and the comparison
VAR material were hot worked 75% using a fine-grain rolling practice. The
samples were subsequently heat treated for eight hours at 718°C, furnace
cooled 38°C per hour to 621°C, and held at 621°C for eight hours. The result-
ing grain size was ASTM B-10.

Mechanical test results are presented in Tables IV and V. All fall within the
normal distribution for this material at SMC. As seen, the results are virtu-
ally identical for the two materials, except the PCHR material shows a higher
hot ductility than the VAR material. To determine if this is due to the ele-
wvated magnesium content in the PCHR material requires additional evaluation.

Cleanliness. The electrodes, the PCHR ingots, and triple-melt (VIM-ESR-VAR)
material were evaluated by Electron Beam Button Cleanliness testing (EBBT).
all ERBT tests were performed on polished samples cut from the center of the
electrode/ingot. Thus, the unprepared electrode surface was not included in
the electrode samples.

Table IV. Tensile Test Results of VAR and PCHR "Rolldown" Material.

Sample T [°C] UTS [MPa] D.2 ¥S [MPa] EL [%] R.A. [%]
VAR RT 1563 1466 17.6 48.7
FCHR 1 RT 1548 1444 17.1 49,72
VAR 645 1285 1160 21.7 32.2
PCHR 1 649 1286 1162 29.0 65.5

Table V. Summary of Stress Rupture Test Results at
645°C (1200°F) and B62 MPa (125 ksi) Load.

Sample Life [h] Elongatiocn [%]
VAR 48.9 15.8
PCHR 1 66.4 29.8




As can be seen from the oxide cleanliness evaluation, Figure 11, there is
approximately an order of magnitude improvement in cleanliness after PCHR
melting. The resulting ingots have an oxide cleanliness rating comparable to
triple melt material. Previous work by Shamblen et al.' report similar

improvements in superalloy cleanliness when VIM materials was electron beam
cold hearth refined.

Quantitative nitride cleanliness ratings were not performed. However, on the
EBBT samples from PCHR 1, a raft of nitrides was observed; no nitrides were
observed on PCHR 2 EBBT samples. This is consistent with the higher nitrogen
content in PCHR 1. 1In addition, regularly occurring clusters of nitrides were
observed on polished as-cast samples of PCHR 1. This type of cluster was not
observed on samples from PCHR 2.

Barstock Evaluation. PCHR 3 was homogenized and then hot rolled from 203 mm
diameter to 82 mm diameter using a fine-grain practice. Macroetch slices were
prepared from top and bottom of the PCHR material and from a regular
production 82 mm U718 bar. A very faint, asymmetrical tree-ring pattern could
be observed in the slice corresponding to the top of the PCHR ingot. However,
despite repeated attempts using various etches, including electrolytic etch,
the tree-rings remained too faint to reproduce on a photograph.

Summary Discussion

The key to technical viability of cold hearth processing of superalloys is the
capability to produce material that is at least as clean as triple melt, and
that has an ingot macro- and microstructure at least as good as VAR or ESR
processed material. This investigation evaluated PCHR melted 203 mm diameter
U718 ingots. Application of PCHR commercial production of superalloys will
require the capability to produce 508 mm diameter ingots as a minimum. The
following conclusions are drawn as a result of this investigation:

e One order of magnitude improvement in EBBT oxide cleanliness was experienced
through the PCHR melting process. The resulting cleanliness was comparable
to triple melt U718. The removal of non-metallic inclusions can be expected
to improve with appropriate furnace design.

e Asymmetrical tree-ring formation was detected in the ingots produced. To
minimize tree-ring formation, an even, steady-state withdrawal speed is
desirable. For larger ingot sizes, methods need to be developed to minimize
the asymmetrical pool profile, for instance, torch pattern control,
judicious use of electromagnetic stirring or ingot rotation.

100 g
- NN TRIPLE MELT (2 hts)
OXIDE B ELECTRODE .
RAFT 10 (] PcHr TOP
SIZE - [ 1 PCHR BOTTOM
2
mm</kg 1 E \\
0.1 = \
0.01E §§§§§§
0.001 \ k\
) PCHR #1 PCHR #2 TRIPLE MELT
Figure 11. Results of Electron Beam Button Cleanliness testing.
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