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Editor’s Note: A hypertext-enhanced version of this article,
including video of the arc gap during the vacuum remelting
of alloy 718, can be found on the TMS web site at www.tms.
org/pubs/journals/JOM/9803/VanDenAvyle-9803.html.

Defect reduction is one of the most impor-
tant goals in continuing research to improve
remelting technologies, such as vacuum arc
remelting, electroslag remelting, or hearth
melting (plasma or electron beam), of spe-
cialty alloys. Ingot defects may originate
from several sources in these processes, siuch
as foreign materials in the melt stock or
electrode, drop-in material from the furnace
interior, and solidification defects. Labora-
tory- and industrial-scale melting experi-
ments are used by Sandia National Labora-
tories and the Specialty Metals Processing

Figure 1. A niobium macrosegregation map of
an alloy 718 ingot cross section overlaid with
ingot pool liquidus profiles (left), melting con-
ditions (center), and pool shapes and regions
of freckles (right). The map of a 52 cm diam-
eter ingot determined with 1.3 cm beam size
and 1.3 cm grid spacing. Niobium concentra-
tions vary from 6.1 wt.% (red) to 4.9 wt.%
(violet). Melting conditions: (a) trial 1: 7.6 Ka,
3 um Pco, 5.7 mm arc gap; (b) trial 2: 7.6 Ka,
45 um Pco, 20 mm arc gap; (c) trial 3: 7.6 Ka,
90 um Pco, 54 mm arc gap; (d) trial 4: 5.2 Ka,
2.2umPco,7.6 mm arc gap; (e) trial 5: 5.1 Ka,
93 um Pco, 52 mm arc gap; (f) trial 6: 6.6 Ka,
2.3umPco, 5.3 mmarc gap; (g) trial 7: 9.1 Ka,
2.7 pum Pco, 6.8 mm arc gap.

Consortium to determine relationships be-
tween melt-processing conditions and defect
formation. Examples described here include
freckle formation, a solidification defect in
large ingots of alloy 625 (electroslag remelt-
ing), and alloy 718 (vacuum arc remelting).
These examples demonstrate how integrated
melting experiments, process modeling, and
ingot analysis can guide the control of melt-
ing conditions to reduce defects.

INTRODUCTION

Over the years, there has been a sub-
stantial effortby industry toreduce melt-
related defects in specialty alloys used
for aerospace applications. These alloys
include aerospace titanium, nickel-based
superalloys, and other high-strength or
high-temperature alloys. The major con-
cern with these defects is that they cause
chemical or microstructural discon-
tinuities that are harder or softer than
the base alloy or have an interface, all of
which may act as crack-initiation sites
for fatigue failure. Commercial ingot
production currently utilizes a sequence
of one or more remelting processes, in-
cluding vacuum arc remelting (VAR),
electroslag remelting (ESR), or hearth
melting (plasma [PAM] or electronbeam
[EB]). These processes are each used to
accomplish specific goals to produce
quality ingots, but they can also be a
source of defectsif not properly designed
or controlled.

Ingot defects may originate from sev-
eral sources: foreign materialsin the melt
stock or electrode, drop-in material from
the furnace interior, and solidification
defects.12 To eliminate each of these, itis
first necessary to characterize their fea-
tures, understand formation mecha-
nisms, and determine rates of formation
or dissolution. Solidification defects in
particular depend on thelocal solidifica-
tion environment as well as thermal and
compositional perturbations to the so-
lidification zone. Process modeling?
strongly contributes to understanding
defect formation because it can give im-
portant insights into thermal conditions
within the ingot pool and at the solidifi-
cation interface during steady-state and
transient furnace operating conditions.
Improved sensors and process controls*

can then be used to detect and avoid
operating regimes that cause defects.
The Specialty Metals Processing Con-
sortium (SMPC) has conducted a num-
ber of laboratory- and industrial-scale
experiments toinvestigate defect forma-
tion and survival in nickel-based and
titanium alloys. These experiments typi-
cally span a range of melting conditions
and may include melt-rate transients in
order to establish specific thermal con-
ditions that produce the type of defect
being studied. Process modeling is used
as a tool to design the experiments to
produce carefully controlled inputs. In-
gots produced in the experiments are
routinely sectioned and analyzed for pool
shape, solidification structure, alloy
chemistry distribution, and defect struc-
ture. These ingots can be large (up to
91 cm diameter), so a facility was devel-
oped at Sandia National Laboratories in

Figure 2. (a) A low magnification macrograph
of aline of freckles in the upper left section of
alloy 718 ingot; and (b) a higher magnification
view of the freckle microstructure.
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Figure 3. A niobium map of the freckle region
in alloy 718 ingot, 10 cm x 10 cm.
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Figure 4. A line trace of niobium concentra-
tion across the freckle in alloy 718 ingot,
showing a high concentration within the freckle
region.’

Livermore, California, to map the chem-
istry of large ingot slices (up to 60 cm
square and 140 kg) using x-ray fluores-
cence (XRF) analysis.® This analyzer can
map at both the macro- and microscale
and has been extremely useful to quan-
tify the effects of process variations on
local alloy composition.>

NICKEL-BASED ALLOYS
DEFECT STUDIES

Two classes of macrosegregation de-
fects are of concern in the remelting of
nickel-based superalloys. One is freck-
les, which are enriched in a primary
strengthening element,” and the other is
white spots, which are depleted in
strengthening elements.® Both classes
of defects can occur in the melting of
alloy 718,in which the primary strength-
ening element associated with these de-
fects is niobium (typically 5.5 wt.%). Itis
generally known that freckles are more
prone to form at high melt rates, while
white spots are more likely to occur at
low melt rates. Thus, melters are left
with a process window thatislimited by
the formation of these macrosegregation
defects. By improving the understand-

ing of the formation mechanisms of such
defects and by better defining the condi-
tions under which they can form, we are
better able to predict optimum melting
conditions and determine which pro-
cess parameters are the most important
to control.

In VAR-melted alloy 718, channel-type
freckles can form within the ingot and
are most commonly found near mid-
radius. An extreme example of this is
shown in Figure 1, which is a longitudi-
nal section through the center of a 52 cm
diameter ingot produced under a very
wide range of melt conditions. The fig-
ure contains maps of pool profiles, freckle
locations, and niobium content. Freckles
were formed under a variety of condi-
tions. The upper left corner of the ingot
is shown at low magnification in Figure
2a and at higher magnification in Figure
2b. At lower magnification, the defects
are nearly aligned with the pool surface,
but upon closer observation it is deter-
mined that the freckles actually lie at an
angle somewhat more horizontal than
the microstructural bands outlining the
pool surface. Thus, the freckles can be
concluded to actually grow in a down-
ward direction. In the higher magnifica-
tion micrograph, the freckle region con-
tains a high concentration of niobium-
containing solidification products.

An x-ray map of niobium from a re-
gion of a freckle is shown in Figure 3. As
expected, the freckle region is enriched
in niobium, but a depletion of niobium
in the region above the freckle is also
apparent. A line-trace analysis travers-
ing the freckle is shown for niobium and
chromium in Figure 4. The data were
obtained using a beam size of 500 pm.
The niobium content is increased from
the nominal value of 5.3 wt.% to more
than 11 wt.%. In the same region, the
chromium content is decreased from its
nominal value of 17.7 wt.% to a mea-
sured value of less than 16 wt.%. The
niobium content is also slightly de-
creased, and the chromium content
slightly increased in the region above
the freckle. Channel-type defects form
as a result of density changes in the
liquid within the mushy zone resulting
from elemental partitioning during so-
lidification.

The mechanism by which the freckle
forms is shown schematically in Figure
5, starting first with a phase diagram. (In
the more common case of upward-grow-
ing channels, the freckles form as aresult
of the liquid density decreasing during
solidification.) In alloy 718, the parti-
tioning of niobium evidently results in
an increase in liquid density during so-
lidification. As shown schematically in
Figure 5a, when a liquid of composition
CL2is increased from T2 to T1 the com-
position of the liquid will tend to de-
crease to CL1 by remelting some of the
surrounding solute-lean solid. This dis-
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Figure 5. The mechanism of freckle formation
showing the sequence of the density-driven
downward-forming channel to form a freckle.
(a) Analloy 718 niobium pseudo-binary phase
diagram. When liquid of C ,is increased from
T,t0T,, Cs,—Cg,and C, — C, 4, (b) increased
density of interdendritic liquid results in a
downward flow, (c) channel defects form by a
dissolution mechanism, and (d) the channel
consists of a high-solute dendritic fragmented
region.

solution process, resulting from inter-
dendritic liquid flowing into a higher
temperature field, is the basis of the
mechanism by which the channel de-
fects form and propagate. From the high
niobium composition and porosity asso-
ciated with the freckles, it appears that
they form fairly deep in the mushy zone.

An analysis to predict the freckle po-
tential, similar to that obtained by
Gaimei® for vertical-growing channels,
shows that for systems such as alloy 718
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Figure 6. An etched segment of 56 cm diam-
eter ESR ingot of alloy 625 showing an
equiaxed grain center region and surrounding
columnar dendritic grains.

Figure 7. A micrograph of an alloy 625 freckle
within an ingot-equiaxed solidification zone.

where the liquid density increases dur-
ing solidification, increasing the thermal
gradient, G, and decreasing the local
solidification time, AT, reduces the
freckle potential. Within an ingot, this
would suggest that the freckle density
would be low at the outer region of the
ingot and highest at the ingot center. It
hasbeen found that the freckle density is
often highest in the mid-radius region of
the ingot, where the gravitational driv-
ing forceneeded for liquid to flow down-
ward intoanincreasing temperature field
is sufficiently high and the dendrite arm
spacing is sufficiently large so as not to
impede fluid flow. Such freckle-poten-
tial criteria are being incorporated into
mushy-zone solidification model pre-
dictions to establish quantitative predic-
tions of channel freckles for different
melt conditions in alloy 718.

Alloy 625 is another commonly pro-
cessed nickel-based superalloy that has
a lower niobium content than alloy 718
(3.5 wt.% vs. 5.5 wt.%). Freckles in ESR-
melted alloy 625 do not form as channel-
type defects at the ingot mid-radius, but
instead form with a more globular mor-
phology within the equiaxed solidified
grains at or near the center of the ingot.
A pair of SMPC experimental 56 cm ESR
ingots were produced at Inco Alloys to
investigate the range of melting condi-
tions that could produce this variety of
freckles and provide measured pool
shapes for ESR model verification.? Five
melt rates were selected, and periodic

melt transients were introduced as
plunges in electrode-immersion depth,
ranging from 1.2—4.8 mm. The ingots
were sectioned and analyzed for solidi-
fication microstructure and composition
using the XRF system.’

An example of an etched ingot is pre-
sented in Figure 6, which shows the full
56 cmingotdiameterin asegmentmelted
atarate that produces theequiaxed struc-
ture. Under this condition, approxi-
mately the center one-third of the ingot
solidified as equiaxed dendrite colonies,
while the outer areas solidified as a co-
lumnar dendriticstructure. The equiaxed
grains form within the low thermal gra-
dient at the center of the ingot under
these ESR melt conditions. In all of the
ingot sections, freckles were observed
only within the equiaxed solidified grain
region. The etched freckle microstruc-
ture (Figure 7) shows a sharp interface at
its bottom, with a diffuse transition at
the top. Visually, the fairly subtle ap-
pearance of these freckles makes it diffi-
cult to accurately map their distribution.
However, the freckle concentration was
similar in all of the ingot equiaxed re-
gions, independent of melting condi-
tions. The extent of the equiaxed region
increased with melt rate, as did the total
number of freckles. Also, no observable
patternin freckle concentration could be
associated with melt perturbations due
to the electrode plunges.

Macro-XRF compositional mapping
was conducted on the ingot; this showed
enriched niobium and molybdenum con-
centrations (by several tenths percent)
within the equiaxed area (the ingot cen-
ter) corresponding to the freckle loca-
tions. Electron microprobe analysis was
conducted to determine the nature of the
phases associated with freckles. Also of
interest was the likely change in liquid
density during solidification, which
plays the major role in determining the
nature and susceptibility to freckle for-
mation. Several different phases are as-
sociated with these freckles. Comparing
compositions at dendrite cores (the first
to solidify) and the interdendritic re-
gions (the last to solidify), the inter-
dendriticregions were depleted innickel
and chromium and enriched in niobium
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and molybdenum. Thus, during solidi-
fication, nickel and chromium partition
to the solid and niobium and molybde-
num to the liquid. With the high atomic
weight of niobium and molybdenum, it
is likely that the last liquid to solidify
was of higher density than that of the
average alloy concentration.
Solidification in the equiaxed zone
starts with the formation of grains ahead
of the primary solidification front. They
likely nucleate heterogeneously, possi-
bly from dendrite fragments. As the den-
drites grow, solute elements (niobium
and molybdenum) are rejected to the
liquid, some interdendritically and some
to the surrounding liquid ahead of the
dendrite tips. As the grains impinge and
interlock, they will be surrounded by
high-solute-content liquid. Shrinkage
also occurs due to liquid/solid volume
change. This liquid flow of enriched,
higher-density liquid results in solute-
enriched regions, primarily along grain
boundaries, that eventually solidify into
freckles. The primary cause of this type
of defect is high process melt rates at
large ingot diameters, which result in
low thermal gradient conditions at the
ingot center and cause the equiaxed so-
lidification structure that is susceptible
to this segregation defect. The results of
the integrated experimental and com-

Figure 8. (a) A schematic of a TiN dissolution specimen placed in an EB hearth surface and (b)
the surface of the EB furnace hearth after six sample molten pool exposures.
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TiN Dissolution in CP Ti EB Hearth

06| = AT

s Solid
0.4 m Sponge

&

0.2

Length Dissolved (cm)

| Length Dissolved (cm)=0.016 Time (min} |

o bs \
0 10 20 30 40 50 60 70
Exposure Time (min.)
Figure 9. Dissolution of solid TiN and 15%
nitrogen titanium sponge in an EB furnace
hearth.

putational modeling program are being
used to provide the ability to predict the
relationships between melt conditions,
ingot microstructure, and the formation
of melt-related defects.

HARD-ALPHA
INCLUSION DISSOLUTION
IN TITANIUM

The possibility of hard-alpha inclu-
sions in titanium alloys has been a sig-
nificant concern to melters and aircraft-
engine manufacturers since the airliner
crash in Sioux City, Iowa, several years
ago, which was caused by loss of engine
containment due to a fatigue crack initi-
ated by a hard-alpha inclusion. These
inclusions are made up primarily of tita-
nium nitrides (TiN) or other alpha stabi-
lizers that enter the melt with the feed-
stock or may be produced during fur-
nace operation. These alloys are cur-
rently produced by VAR melting or a
combination of cold-hearth melting,
PAM or EB, followed by a VAR final
melt. To eliminate any possible alpha
inclusions from the ingot, VAR process-
ing depends on particle dissolution over
the time the particle is resident in the
molten ingot pool; multiple remelts are
often used. Hearth melting provides the
opportunity to have denser particles,
including high-density inclusions (HDIs,
typically tungsten from welding elec-
trodes or tungsten carbide from cutting
bits) sink to the bottom of the hearth and
be trapped. Nitride particles may sink to
the bottom and possibly dissolve, float
to the hearth surface and be destroyed
by EB or PAM high surface superheat,
or, if close to neutral density, float
through the hearth and be dissolved or
escape to the ingot.

To predict hard-alpha inclusion sur-
vival, it is necessary to understand the
thermal environment the particle would
see for each process as well as character-
ize particle-dissolutionratesin thehearth
or ingot environments. There has been
work in both areas. Hearth thermal and
fluid-flow modeling hasbeen underway
at Sandia/Massachusetts Institute of
Technology, General Electric Aircraft
Engines, by Ablitzer et al.'’ and Bellot et
al.* for EB, and at Concurrent Technolo-
gies Corporation for the PAM process.
VAR models continue to be developed

by the SMPC .3 Particle-dissolution rates
have been measured by several direct
approaches.'>!3

Dissolution experiments by the SMPC
have been conducted in the EB furnace
at Sandia’s Liquid Metal Processing
Laboratory. Samples were either pure,
fully dense titanium nitride or Timet-
nitrided sponge (average 15 wt.% nitro-
gen). Rods of each material 0.95 cm long
and 0.32 cm diameter were fabricated,
inserted into holes drilled 1.3 cm deep
into a commercially pure (CP) titanium
hearth surface, and covered with a CP
titanium plug (Figure 8a). A 2.5 cm
defocused electron beam was switched
over the rod location to melt in a small
pooloftitaniumaround therod; samples
were exposed for 5-60 minutes. The bot-
tom of the rod remained fixed into the
solid, and the top dissolved into molten
titanium. An average of 1.5 kW was di-
rected at each pool by applying a pulsed
diffuse electronbeam to thearea. A post-
test hearth surface with six samples is
shownin Figure 8b. After exposure, each
sample was cut out, and the nitride
sample was metallographically sectioned
in order to measure the remaining rod
length. From this, the length dissolved
was calculated.

The values of solid rod TiN dissolu-
tion length versus time exhibit an ap-
proximate linear relationship (Figure
9) with an average measured rate of
0.016 cm/min. Dissolution data for the
nitrided sponge are much more erratic,
but rates for the sponge rods are at least
50% higher than the solid nitride. Cross
sections of the samples showed that the
pool depths increased with exposure
time due to heating of the hearth mate-
rial, but the bottoms of all samples re-
mained fixed in their drilled holes. The
dissolving sample tops alwaysremained
afew millimeters above theliquid /solid
interface, therefore it is likely that the
temperature was just above the liquidus
temperature of 1,670°C for CP titanium.

Reddy" measured a dissolution rate
for TiN in Ti-6-4 of 0.004 cm/min. at
1,650°C under static pool conditions. In
the present experiments, weak circula-
tion was observed on the pool surface,
which suggests the sample tips were
continuously sweptby flowing titanium.
This would tend to removenitrogen from
the vicinity, lowering nitrogen activity
at the particle boundary; this likely in-
creased the dissolution rate relative to a
static pool with diffusion-limited nitro-
gentransport. The cross sections showed
that the sponge particles had varying
amounts of porosity and nitrogen level
from sample to sample; this contributed
to the scatter in measured dissolution
rates. For modeling calculations of par-
ticle survival, a conservative assump-
tion is to use the lower rates measured
for solid TiN.

Using these experimental values, sur-
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Figure 10. The calculated survival times of
TiN solid particles that are floating in molten
titanium.

vival of nitride particles in titanium has
been modeled by Powell et al.”? as a
function of particle density and diam-
eter. Themodel assumes spherical shape
and calculates terminal floating or sink-
ing ratesbased on abalance of drag force
with buoyancy force for the moving par-
ticle. Figure 10 shows calculated resi-
dence times of two size particles, 1 mm
and 0.5 mm, for varying densities, as-
suming a hearth melt depth of 5 cm.
Particles with near-neutral density sur-
vive the longest (190 seconds for a 1 mm
particle); those significantly lighter or
heavier quickly float up to the surface or
sink to the bottom. Slow-moving par-
ticles remain suspended until they dis-
solve or pass out of thehearth. Theanaly-
sis indicates that there is only a very
narrow density range near neutral den-
sity where particles larger than 1 mm
will remain suspended. With these esti-
mates of survival times, the hearth-melt
process can be designed to provide suf-
ficient residence time to ensure the dis-
solution of particles up to a given size.
Care must be taken to prevent a direct
rapid flow path through the hearth,
called short circuiting. Advanced mod-
els and experiments of flow-circulation
patterns within the hearth as a function
of electron-beam pattern or plasma-torch
pattern will provide a more detailed
description of particle trajectories and
survival times.

In the VAR of titanium alloys, con-
cerns for hard-alpha TiN particle sur-
vival are somewhat different. For alloys
that are melted at high melt rates, such
as Ti-6Al-4V, the ingot molten pool is
very large withlong solidification times?
Likewise, foralloys melted atlowerrates,
suchas Ti-17 or Ti-10V-2Fe-3Al, the pools
are smaller, but solidification times are
still many minutes. Near-neutral den-
sity particles with long rising or sinking
times (which also can circulate with pool
flows)willlikely dissolve. Strongly float-
ing particles are rapidly dissolved by arc
superheat at the pool surface. Sinking
particles, larger and higher density, are
the major concern since they can rapidly
fall to the pool bottom. Here they may

(Continued on page 49.)

1998 March ¢ JOM

25



Van Den Avyle (Continued from page 25.)
not dissolve, because the alloy liquidus
temperature is below the melting tem-
perature of TiN or nitrogen-stabilized
alpha titanium that may form by diffu-
sion around the particle. For this reason,
multiple VAR steps may be needed to
remove the particles.
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