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ILIST OF XLLUSTRATIONS

Grey iron mold. Cavity is 5 inches long, and
web is 1/2 inch thick.

Grey iron microstructure: flake graphite,
pearlite and carbides. 100X

Pouring basin. Basin is "vee"-shaped with a slit
opening in bottom, the width of the mold cavity.
It is made of high-fired zircon.

Thermal behavior of all-metal molds. A' - 304
stainless casting, 630°C mold; A - mold web,
304 stainless casting, 1550°C pouring; B - mold
web, IN-738 casting, 1470°C pouring; C - mold
web, IN-738 casting, 1470°C pouring; D - mold
end, IN-738 casting, 1420°C pouring.

IN-738 casting, web section. Mold temperature
200°C, superheat 50°C. Hot tear in lower right
of picture. Lower left is bottom of casting,
upper left is top of casting. 1.25X

IN-738 casting poured into 200°C mold. Metal
superheat was 100°C. Micrograph shows upper half
of thick section. Gross porosity present to
within 1 inch from bottom. 1.25X

IN-738 casting, center of thick section shown in
Fig. 4. Only slight amounts of y-y' eutectic
present. 750X

IN-738 center of web section, same casting as in
Fig. 5. Etched with Marble's reagent, shows no
centerline porosity. 150X

IN-738 grown at 1/4"/hr. Growth axis horizontal.
Y-Y' segregate in center of photograph. 250X
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Grey iron permanent mold for inserts. Thick
sections of casting shape same as in Fig. 1.

Grey iron mold witn inserts in place. Inserts
are designed to cnllapse and thus prevent hot
tearing.

Ceramic Riser configuration on top of permanent
mold.

Furnace arrangement: mold, pouring basin, and
riser. Thermocouples extending out of mold
monitor melt temperature, mold temperature, and
insert temperature. Mold arrangement is sur-
rounded by heater in actual use.

X-ray photograph of Mar M 302 casting made with
riser arrangement of Fig. 13. 1430°C pouring
temperature, 400°C mold temperature. Hole in
center left is thermocouple tube. Only slight
Porosity present, in upper left, next to web.

X~-ray »hotograph of IN-738 casting made as in
Fig. 13. 1470°C pouring temperature, 400°C mold
temperature. Hole in center left is thermo-
couple tube. Surface defects visible as small
circles. No porosity evident.

Thermocouple data showing casting temperature,
mold temperature, and temperature of insert.
Alloy cast was Mar M 302, mold temperature 400°C,
pouring temperature 1435°C.

Mar M 302 cast at 1430°C, 400°C mold temperature.
Center of thick section of casting. Co-base den-
drites, script MC carbide, MgC-Mp3Cg eutectic
(grey phase). Marble's reagent. 250X
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Figure 18 Same casting as Fig. 17. Center of web section.
Coarser structure tharn Fig. 17. Marble's
reagent. 250X
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Figure 19 TRW VI A cast in permanent mold at 1430°C and
400°C mcld temp. <Center of thick section of

IRy

casting. Ni-base dendrites surrounded by net-
- work of y-y' eutectic. Porosity associated with
eutectic in lower center. Marble's reagent. 250X

A i e e b e

Figure 20 TRW VI A casting same as Fig. 19. Center >f web
section. Same features as thick section except

coarser microstructure. Porosity associated with
Y=y' eutectic in lower right. Marble's reagent.
250X

Figure 21 TRW VI A casting same as Figs. 19 and 20. Micro-

porosity associated with y-y' eutectic. Marble's

X reagent. 25CX

Figure 22 Blade shape mold machined from bloc: of ZRBSC—M(R).
Mold has cracks in root section which occurred
during pouring.

Figure 23 Blade mold with alumina insert tubes. <{rzcks
repaired with powdered graphite and potassi um
silicate.

Figure 24 Mar M 302 blade shape casting. Poured at 1430°C,

550°C mold temperatare. Ceramic tube removel.

Figure 25 Cross sections of.casting shown in Fig. 24.
No gross porosity visible. Upper section is midi-
plane of rcot section. Lower section is mid-
plane through blade. Riser rot shown.

~N

Figure 26 Microstructur.: of blade castin; shown in Fig. 24,
Structure is finer than th-+ in Figs. 17 and 18.

No porosit7 evident. Marbie':~ reagent. 250X
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' Figure 27 Surface finish of IN-738 casting made in mold
] : plasma sprayed with Zxo,. Mold had high-fired
zircon inserts.

2 Figure 28 surface finish of 304 staiuless casting made in
mold plasma sprayed with zx0,. 1450°C pouring

temperature, 600°C mold temperature, all-metal

mold.

Figure 29 Scheratic of rheocasting attachment for vacuum
melting furnace. Motor and gear drive mount ex-
ternally. Shaft enters through O ring seal.
Paddles are alumina and plasma sprayed molybdenum.
There are Ta shields above paddle. Shaft with
paddle can be retracted to permit pouring.

Figure 30 Austenetic grey iron mold. Mold is identical
in shape to that in Fig. 22. Interior of mold
plasma-sprayed with Zxo,.

Figure 31 Schematic of grey iron blade mold showing position
of thermocouples. Thermocouples on face and edge
positions welded to inside mold face.

Figure 32 Schematic of thermocouple in edge position on

mold. Thermocouple is welded onto face. Hole
for thermocouple.

Figure 33 Alurina paddle and rheocasting. Paddle cracked
during stirring. Custing did not £ill, probably
due to poor stirring of melt.

Figure 34 Zro2 sprayed molybdenum paddle. Metal mechanically

adhering, but no penetration of coating.
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Zx0, sprayed molybdenum paddle. No metal penetra--
tion. Metal mechanically adhering.

Zxo, sprayed molybdenum paddle. No metal penetra-
tion. Design prevents metal mechanically adhering
to paddle.

Rheocasting of 304 stainless steel.
Conventioual casting of 304 stainless steel.

Grain size of IN 738 casting
(a) rheocast
(b) conventional permanent mold cast

Comparison of 304 stainless steel castings
(a) rheocast 48X
(b) conventicnal permanent mold cast 48X

Comparison of 304 stairless steel castings
(a) rheocast 150X
(b) conventional permanent mold cast 150X

Mold face temperature response after casting.
Face data may be affected by air gap formation
as casting freezes.

Low B and Zxr TRW VI A casting. vy-y' segregate
eutectic is reduced in size and morphology
changed. Marble's reagent. 250X

Stress rupture properties of permanent mold
cast TRW VI A.

Stress rupture properties of permanent mold cast
IN 738.
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Stress rupture properties of permanent mold cast
Mar M 302.

Stress rupture properties of permanent mold cast
Mar M 509.

Stress rupture properties of conventiornal and
rheocast 304 stainless steel.

Tensile properties of conventional and rheocast
304 stainless steel.

Tensile ductility of conventional and rheocast 304
stainless steel.

Stress rupture properties of modified TRW VI A.
Stress rupture properties of modified IN 738.

Properties are similar to the permanent mold
cast.

viii




II.

III.

Iv.

V.

VI.

VII.

VIII.

Introduction and Summaxry .
Permanent Mold Castings - Grey Iron Test

Permanent Mold Castings - Blade Shape

Surface Finish .

Rheocasting

Alloy Modifications

Mechanical Test Results

Discussion .

TABLE OF CONTENTS

ix

12
14
19

22




N aENET

7.
v

s Lo

SN TR

-1-

I. INTRODUCTION AND SUMMARY

To apply an automated machine casting process which uses
reusable metal molds to structural castings of materials, a
central problem to be overcome is the lack of soundness asso-
ciated with die castings. This lack of soundness is due to
both solidification shrinkage and to entrainment of gas during
injection of metal into the mold (l),

The general purpose of this work is to identify techniques
which will produce sound castings in reusable chill molds, -
which techniques are compatible with an automated machine
casting process.

To do this, we are studying castings made in permanent
chill molds, initially divorced from any consideration of the
type of machine which would produce such castings, since the
use of an automated process for structural materials depends
on the casting's integrity. The automated machine will have to
fit the process.

Initial work indicates that ceramic iunserts markedly improve
the soundness of chill castings. 1Inserts zre used to direct
heat flow to allow feeding of the casting. Inserts ara also
used to reduce hot tearing and craci:ing due to mold-casting
mechanical interactions.

Casting integrity is also a sensitive function of alloy
type. Castings with long freezing ranges have large amounts of
microporosity, while those with short freezing ranges have little.
Mechanical testing confirms this difference with a chill n~ast
short freezing range alloy having comparable stress rupture
behavior to the investment cast alloy, while a long freezing
range alloy has degraded properties.

Rheocasting has been extended to stainless steels and super-
alloys. Properties of rheccast material are equivalent to
conventionally cast. Measurements of mold temperature response

during casting indicate that the mold face temperature rise 1s

essentially the same for rheccasting and conventional casting.
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II. PERMANENT MOLD CASTINGS - GREY IRON TEST SHAPE

A mold test shape was designed as shown in Fig. 1. It
has two thick sections connected by a thin web. The shape was
chosen to define problems encountered in feeding thick and
thin sections and problems encountered with changing cross
section.

The initial choice of mold material was a grey cast iron.
Grey iron was chosen for ease in fabrication. For a true com-
mercial process where long iife would be required, mechanical
and rhysical properties might dictate other choices (1'2), but
mold material is not central to this investigation at this
time. A patterr was made in wood of the mold shape and grey
iron cast into sand molds made with this pattern. The grey iron
alloy chosen is listed in Table I. It had 0.40% Cr added to
stabilize the pearlite, since the permanent mold would see tem-
peratures where the pearlite would graphitize, leading to dimen-
sional changes. The grey iron castings tended to have a heavy
chill of white iron on the surface, and cracks due to hot
tearing. It was felt these problems were due to the Cr content,
and the alloy was changed to one containing 0.20% Cr. This
composition is also listed in Table I. Mold castings were satis-
factorily made from this alloy. The microstructure of this
second alloy is shown in Fig. 2.

TABLE I

C Si Mn Cr Fe

Initial Alloy 3.35 2.35 0.6 0.4 bal.
Final Alloy 3.54 2.35 0.6 0.2 bal.

Two molds were cast in this second alloy. After light
machining of the mating surfaces and smoothing of the mold in-
side surfaces, they were stress-relief annealed at 1100°F.
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The permanent mold had a pouring basin atop it. The
pouring basin was essentially a "vee"-shaped trough with the
opening at the bottom a thin slit. It was felt that surface
finish would be best if metal fell through the gate as a sheet
and rolled up the sides of the mold, rather than in a feeding
arrangement with more open gates which would tend to have un-
steady streams of metal. In such latter cases, metal hitting
the wall would immediately freeze, leaving a rough surface.

The pouring basin was made of a high-fired alumina ceramic.
The pouring basin on a mold is shown in Fig. 3.

It was initially felt that the pouring basin, even with
its narrow opening would feed the solidification shrinkage due
to the high thermal conductivity of the mold comparsd with that
of the ceramic basin. Since the upper surface of molten metal
would be in contact with the lower surface of the pouring basin,
the heat from the pouring basin would direct the solidification
front in an upward manner.

The surface of the mold was coated with a commercial Zir-
con mold wash applied as a slurry. The slurry was air-dried
on the mold at 400°F.

Master heats weighing 75 lbs. were made up of IN-738,

TRW VI A, Mar M 302, Mar M 509 and 304 Stainless Steel. The
heats were vacuum melted in 25 1lb, ingots. The compositions
are listed in Table II.

The intent of the experiments on casting was to duplicate
in an individual casting one cycle of an automated process.
Mold temperature and metal superheat were varied on individual
pours.

Castings were made in an induction furnace under an argon
atmosphere. The mold was preheated with nichrome wound heating
plates. The mold sat on a graphite block. Melt, mold and
casting temperatures were monitored with thermocouples. Normal
casting procedure was to heat the mold to the desired temperature;
melt and freeze the 2lloy in its crucible, recording the liquidus

Cadl *",‘




X3y

P aluiaaay

kil

3 ce T - - - - - - - - - - - 0°8T °*Tegq - 8 Ss vo¢€
ﬁ, - - - 09°* T0® 0S° - - 0L - S°€ c* - S°1Z O0°T °*T®eq 0T 6086 W IenW
m - - - g8°* 600° ST° - - 00T -~ 0°6 SL° - g °1¢ - °*Teq - 20€ W Ienw
,,M - - §° ET° ¢0° €1 ¢g¥° 0°¢ 8°S 1 0°6 0°T ¥%¥'s 0°9 - s*L °Teq ¥ IA MIdL

- - - LT T6°* O1° - SL°T 9°C¢ 6° SL°T P°€ ¥ 0°9T - g‘8 ‘1IRq 8€L-NI
i IS Ul ¥y D 9 Iz 3JFH OHW M 9> =L TL TY¥Y I 3 ©°O TN

II JTIgYdL

w




B LiSECIr < vl el rn Saviagn -4 T T T ey

arrest; reheat tha alloy to the desired superheat; and pour
the casting.

Castings of IN-738 were made varying superheat from 50
to 100°C and mold temperatures of 200°C and 400°C. ¥Findings
indicated that major departures were required from all-metal

ST RTINS T T S

T

mold practice.

First, in all cases, the casting was wedged severely in
the mold. The castings had to be removed with a chiscl. The
reasons for this lie in the thermal response of the mold and

in differences in thermal expansion.

The thermal response of the mold is shown in Fig. 4.
Thermocouples monitored temperature 1/4" in from the mold
face in the thick section of the casting, and a thermocouple
was inserted into the casting. 2s can be seen, the casting
is solid within 50 seconds after pouring, and is rapidly
cooling. However, the mold temperature rises for about 250
seconds. ‘'Then the casting is shrinking while the mold is ex-
panding. This will lead to a mechanical interaction locking
the casting into the mold. Then, even after both mold and
casting are cooling, grey iron has a lower thermal expansion
coefficient than the casting, further locking the casting into
the mold.

Second, due also to the mechanical interaction between mold
and casting, all castings had cracks in the thin web section of
the casting. The extent of these hot tears can be seen in
Fig. 5, a microphotograph of the web section of a casting.

Third, it was felt that the pouring basin would tend to
minimize shrinkage or at least move it into the upper section
of the casting. This turned out not to be so, as can be seen
in Fig. 6. There is a deep shrinkage pipe which extends down
into the lower half of the casting.

This gross porosity contrasts strikingly with the absence
of severe interdendritic microporosity in IN-738. Thic can be
seen in Figs. 7 and 8. These areas are away from the center
shrink,
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The absence of large amounts of microporosity indicates
much about the mode of solidification. The alloy is solidi-
fying not only rapidly, but under a sufficiently high tempera-
ture gradient that the physical distance between the dendrite
tip at the solidifying point and the last solid to freeze is
very short, allowing free flow of liquid back to this latter
area. The large shrinkage pipe occurs when the casting simply
runs out of liquid.

Another aspect of the microstructure of these castings is
the relative absence of segregate phases associated with IN-738
grown at 1/4"/hour in a Bridgeman furnace. There are large
pools of a eutectic as well as large blocky MC carbides. Large
section size castings, in which these microstructural features
are frequently found, tend to have porrer mechanical properties
compared with thinner sections(B).

There were two problems to solve as a result of the
initial casting results. The first problem is the m.chanical
interaction between mold and casting. The second is the need
to feed adequately the casting.

To reduce the thermal expansion mismatch requires choosing
a new mold material. Even with a new material, however, the
mold expanding while the casting is contracting will lead to
hot cracking or hot tearing.

For other casting geometries, where the casting is not
going to be locked at both ends, any mold material which with-
stands thermal shock might suffice. However, for this severe
a shape, it is impossible to remove mechanical constraints. A
new mold concept was defined, where parts of the mold would
yield under stress rather than the casting. Using disposable
pieces for these Sections, a mechanical casting process can be
pictured where after a casting is ejected, new crushable inserts

automatically placed in the mold, and the mold closed for a new
c asting.
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For adequate feeding of the casting, gating systems as
used in die casting are clearly insufficient. Gates in die
casting are always thin and small, designed from a standpoint

)

of minimum wasted metal and ease in removal. To get a molten
supply of metal to feed the casting, a small ceramic riser is
necessary. This pool of metal, cooling less rapidly than the

§ casting in the metal mold, would feed. The riser also could be
a disposable insert placed in the gate section of the casting.
In a machine casting process, it could be ejected with the

Milias et ok o 7
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casting and a new one automatically placed on the gate.

5 To test these concepts, new cast iron molds were made, of
the same alloy as the original molds. Fig. 10 shows such a mold.
The center section where the mechanical interaction occurred,

AT WY o TR

is left open, and in it ceramic inserts are placed as shown
in Fig. 11. The inserts were made from a high alumina CO,
setting sand. The holes in the inserts were designed to aid
in crushability. Only the corners of the mold web need have
been made of ceramic, but for experimental ease, the entire
section was made of a one-piece ceramic.
The riser used is shown in Fig, 12. It also was made from
) a high alumina COp-sand. The riser need not have been the
. shape of the casting. It would well have been two ceramic
tubes over the two thick sections of the casting; but for
experimental convenience, it was left in the casting shape.
The total assembly of mold, riser, and pouring basin is
shown in Fig. 13. The mold and -riser would have heaters placed
around them during casting. Castings of TRW VI A, Mar M 302,
IN-738 and 304 Stainless Steel have been made in this modified
mold.
The casting arrangement greatly. improved casting soundness.
The gross shrinkage w's confined to the riser area. The crush-
able inserts prevented hot tearing and cracking in the web sec-
tion. The increase in soundness ca2n be seen in Figs. 14 and 15.
These are X~ray photographs of two castings. 1In Fig. 14 is
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Mar M 302 poured at 1430°C (100°C superheat) and mold tempera-
ture 400°C. The only observable defect is in the region of
changing cross section on the upper left. This is a small
shrinkage pipe due to faulty pouring, The metal stream poured
against this part of the mold and cvreated a hot spot.

Fig. 15 is an IN-738 casting poured at 1430°C (100°C super-
heat). The only observable defects were in the thick section
exposure shown. These turned out o be surface pits rather than
internal shrinkage voids.

Aside from eliminating cracks, the inserts had other effects, -
notably, to slow down solidification in the thin section. Fig. 16
shows the thermocouple recordings of the Mar M 302 casting
shown in Fig. 14. The thermocouples are located in the mold,
one touching the back of the insert and another in the end,

1/4 inch in from the mold face. A third thermocouple extends
into the center of the casting in the thick section. As

Fig. 16 shows, the insert temperature rises much slcwer than
the outer mold. Heat is removed much more slowly.

The microstructure of the castings also reflect this dif-
ference in heat extraction. Figs. 17 and 18 are photomicro-
graphs of Mar M 302 cast at 1430°C and initial mold temperature
of 400°C. Fig. 17 is of the thick section, and Fig. 18 is of
the thin section. Both areas photographed are near the center
of their respective section. As can be seen, the ceramic in-
serts have now made the thin section freeze slower than the
thick. Qualitatively, both microstructures are the same.

Cobalt dendrites and an interdendritic cobalt-MC carbide eutec-

tic make up the bulk of the microstructure with the final

liquid to freeze being an MgC-M33Cg eutectic which appears as

dark unresolved pools in the photomicrographs. The thick sec-

tion has a much finer dendritic structure indicative of its

higher growth rate than the thin section. Both sections differ
from investment cast material as to amount of Co dendrites. 1In
investment cast Mar M 302, there are few Co-dendrites. The invest-
ment cast microstructure has a higher amount of Co-MC and MeC-

M23C6 eutectic(4). The larger amount of Co-dendrites in the
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permanent mold cast microstructure is most likely due to the
eutectic carbides requiring a higher kinetic under cooling than
Co, resulting in a shift in observed eutectic composition at the
high growth rates occurring in a chill casting(s).

TRW VI A shows the same general effects as Mar M 302,

Fig. 19 is a thick section and Fig. 20 a thin section of a per-
manent mold casting poured at 1430°C and 400°C mold temperature.
The microstructure in both sections is Ni-base dendrites with a
fine dispersion of MC carbides and pools of a y-y' segregate
eutectic. The sections have been etched tc show the y' pre-
cipitate in the Ni-base dendrites. As in Mar M 302, the struc-
ture is much finer in the thick section of the casting than in
the thin, indicating that the ceramic insert is having consider-
able thermal effect.

TRW VI A a2lso has a certain amount of microporosity asso-
ciated with the y-y' eutectic. This differs from the behavior
of Mar M 302, where no porosity was found in the last area to
freeze, - the MgC-M23Cg eutectic. This porosity is shown in
Fig. 21. TRW VI A has a high B and %r contert. Both B and 2r
have low distribution coefficients with Ni, - the ratio of con-
centration in the solid to concentration in the liquid, CS/CL,
is very low. It is likely that in the case of TRW VI A, that
there is a liquid to freeze left after the y-y' eutectic is
solidified. These small volumes of liquid are no longer inter-
connected and are then not fed.

IN-738 and 304 Stainless Steel have also been solidified
in modified permanent molds. Their gemcral behavior is similar
to the above discussed castings. Dendritic structure is coarser
in the thin section than in the thick. In the case of IN-738,
there are small areas of scattered porosity, not in the quantity
seen in TRW VI A and not large enough to be observed by X-ray
transmission photographs. It is porosity typical of large sec-
tion size investment castings of the same alloy. '

304 Stainless Steel has been cast without the ceramic in-
serts but with the ceramic riser., It has not yet been cast
with both inserts and risers. This casting made shows a slight

amount of porosity near the center of the casting, but no inter-

dendritic porosity.
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IXI. PERMANENT MOLD CASTINGS - BLADE SHAPE

7o further evaluate the ability of ceramic inserts to
feed castings made in permanent molds, blocks of ZRBSC-M(R),

a Norton Co. ceramic, were machined to cast a blade shape as
shown in Fig. 22.

ZRBSC is an experimental ZrBz-SiC—Graphite material manu-
factured by Norton and proposed for uses in metal gating sys-
tems, chills in permanent molds, and die casting melds. This
material was chosen for the rold to evaluate it for use as
chilling inserts or complete molds for ferrous casting.

An alumina tube was used as the gate and riser in the
blade mold as shown in Fig. 23. A larger alumina tube was
slid over the insert tube and glued to it to prevent the
smaller tube from sliding into the mold. The mold halves were
clamped together on their ends by steel clips.

Two castings were made of Mar M 302. Pouring temperatures
were 1430°C and moid temperatures were 550°C and 760°C. Tem-
peratures of the mold was monitored by thermocouples on the
back of the mold in the center of the thin section and at the
center of the root. Maximum temperatures reached by the mold
were 680°C and 820°C for the low and high initial mold tempera-
tures. As in the case of the cast iron molds, this temperature
was reached about 200 seconds after pouring.

On the first casting, the mould developed large cracks in
the root section. The cracking occurred while the metal was
still molten; the cracks left impressions in the casting. Fig. 22
shows the .nold after the first casting. It is likely that the
mold cracked as the first metal entered the root section. The
thin section of the mold did not crack at all. Presumably, the
amount of metal being less, and the metal temperature being
lower, reduced the thermal shock in this region.

The second Mar M 302 casting was made after clamping the
mold together. No rnew cracks opened up. The mold has been re-

paired with a mixture of potassium silicate and powdered graphite.
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The casting is shown in Fig. 24. The alumina insert tube
has been removed. The surface of the casting shows flow lines,
which indicate the need for a mold coating to slow down the

3 initial rate of freezing. Fig. 25 shows two cross sections

v through the casting. Referring to Fig. 24, after removing the

E riser, a vertical slice was made through the root section, then
) a horizontal slice was made through the blade section. As can
be seen, the structure has no gross porosity associated with it.

The microstructure is shown in Fig. 26. It is the same

type as seen in Figs. 17 and 18, but finer, indicating a higher

rate nf solidification. No porosity was found in thz specimen.
The soundness in the blade casting indicates that a simple
insert system works for this shape as well as the cast iron
mold shape, at least for Mar M 302. No other castings were
made in ZRBSC, since it is felt that the condition of the mold

" 422 .
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could effect results.

The blade shaped mold was fabricated in an austenetic
grey iron. Castings of all alloys were made in this shape. It
was found that a 3" riser insert was safficient to make sound

PNt 1 il

castings in MarM302, MarM509, and 304 stainless steel. A
pouring temperature was not critical, but between 100-150°C
superheat gave a good surface finish.
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IV. SURFACE FINISH

The surface of the castings made in the cast iron molds
and in the ZRBSC molds contained numerous folds and f£low marks.
In addition, the inserts and riser in the cast iron molds
caused the appearance of small bubbles near the surface of the
casting. These bubbles are gas filled and due to the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>