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ABSTRACT

This is the third interim report describing research conducted at
Massachusetts Institute of Technology as parf of a joint university-
industry research program on casting of ferrous alloys. It covers the
period of the eighteenth to the thirthieth month of a four-year program.
During this period the "Continuous Rheocaster" has been greatly improved
and a machine casting system using semi-solid alloys "Thixocasting" has
been developed and operated on pilot basis using a copper base alloy.
Work has also continued on low temperature "model" systems, and on other
supporting studies.

The high temperature "Continuous Rheocaster" described earlier has
undergone extensive modification and development. It has been used to
continuously produce a number of ferrous alloy slurries and a cobalt base
superalloy slurry. The apparatus has now been optimized for continuous
production of larger quantities of "Rheocast" ingots, and several hundred
pounds have been produced of the "model" bronze alloy employed previously
(905 alloy 88wt%Cu, 10wt%Cu, 10wt%Sn, 2wt%Zn). These ingots have been
cut to size, reheated to the semi-solid range and cast using a newly
developed "Thixocasting" system. This comprises an induction furnace to
rapidly reheat the ingot sections to the semi-solid range, coupled to a
commercial 125 ton cold chamber die cast machine. To date, more than

150 castings of a simulated D.0.D. part have been made in the bronze alloy.
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Results of this work confirm that castings with good surface quality are
obtained with internal soundness substantially improved over that of die
castings made from superheated metal.

Internal die temperature measurements were made during the casting
of both 1iquid and semi-solid bronze alloy 905. Computer calculations
indicate that use of semi-solid charge, as opposed to superheated 1liquid
charge, significantly reduces die surface temperature, (by a factor of 4),
rate of surface heating, (by a factor of 7), and maximum surface tempera-
ture gradient, (by a factor of 8).

The low temperature "Continuous Rheocaster" has been used with the
model Sn-Pb alloys employed previously to examine the effects on the slurry
structure of cooling rate, shear rate, composition and volume fraction
solid. Primary particle size decreased markedly with increasing cooling

! and to a lesser extent with increasing

rate, in the range 0-800°C min.”
shear rate in the range 0-1000 sec.']. Particle size increased with
fraction solid, particle sizes were in the range of 60-250um. The success-
ful production of pure Sn, Sn-Pb eutectic and near eutectic slurries has
confirmed the feasibility of Rheocasting alloys of narrow freezing range.
The feasibility of a modified "Thixocasting" process termed "Clap
Casting" has been demonstrated using as a model an aluminum-copper alloy.
This process eliminates both crucible and alloy injection equipment while

automating metal transfer. It is, therefore, particularly attractive for

high temperature alloys.
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Two different types of electromagnetic injectors have also been
studied and comparisons between them made on the basis of experiment
and theory. The first is an "induction" machine described earlier, the
second is a "universal" machine. Theory and experiment agree well in
both machines. A simply and inexpensively constructed apparatus can
propel metal at velocities of 20 m/sec. corresponding to casting pressures

of 400 psi.




INTRODUCTION AND GENERAL SUMMARY OF PROGRAM TO DATE

In January, 1973, a joint university-industry research activity
was undertaken to develop an economical method of machine casting ferrous
alloys. A central concept in the original planning was that the ultimate
development of such a process would depend on introduction of radically
new technology to the industry, rather than by introdqcing minor changes
to existing processes or by using better materials in existing equipment.

A phased program of research was planned and is currently being
carried out. The first phase was devoted to innovating and testing
innovative concepts. Subsequent phases are being devoted primarily to
selecting a few of these concepts, testing them on "model systems"

(e.g., bronze and cast iron) and then scaling the process up to steel.
A final phase is planned to measure economic as well as technical feasibility.

The portion of this program being conducted at Massachusetts Institute
of Technology has been primarily on machine casting of semi-solid alloys,
into re-usable metal dies. A variety of casting concepts have been explored
as reported herein and in previous reports,]’2 but major emphasis of the
work has been on two processes: Rheocasting and Thixocasting. The machine

casting systems developed for these casting processes are as follows:




Rheocasting

Producing a fluid semi-solid slurry and casting this
directly. The system developed is shown schematically in
Figure 1. Slurry is produced continuously or semi-
continuously in a continuous "Rheocaster", and then a
metered portion of this slurry is transferred directly to

the shot chamber of a cold chamber die casting machine.

Thixocasting

Reheating slugs of metals that were previously Rheocast,

and casting of these slugs. The system developed is shown

schematically in Figure 2. Slurry is first produced using

the continuous Rheocaster, and the metal so produced is

completely solidified. Slugs of predetermined weight are

then re-heated to a desired fraction solid, transferred to

the shot chamber of a die casting machine, and die cast.

Both the Rheocasting and Thixocasting systems described above were
developed and tested during the first twelve months of this program, using
tin-lead as model system. Construction was also begun of a continuous
Rheocaster that would be suitable for alloys of intermediate temperature
range (bronze, cast iron). This work was described in the first report of
this program,(]) covering work conducted during the year ending January,

1974.




These laboratory Rheocasting and Thixocasting systems were further
developed during the next six months of the program, as summarized in a

(2)

second report covering the period January - July, 1974. An important
result during that period was that the continuous Rheocaster was shown
to work for both bronze and cast iron, and a 1imited number of castings
were then Rheocast using a small laboratory ("home made") die casting
machine.

Results of the next twelve months of the program (the period
ending July, 1975) are summarized herein. A commercial die casting
machine (125 ton, B. T. Greenlee machine) has been installed and work
has focused on the Thixocasting process. The important applied aims of
the program during this period have been to:

1. 1Install and demonstrate operability of a Thixocast

system that would work on a pilot production basis.

2. Improve casting rate and reliability of the continuous
Rheocaster.

3. Produce significant quantities of a "model" alloy of
intermediate melting point (bronze) in the continuous
Rheocaster and produce castings of this material in the
above Thixocast system.

4. Modify the continuous Rheocaster and demonstrate its
applicability to casting of stainless steel and super-

alloys.
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Each of these aims have been met, and results are described in Chapters
1 and 2 of this report. Chapters 3 and 4 deal with more fundamental
studies that are closely related to the major applied objectives of the
program. Chapter 3 is on thermal studies of die behavior in Rheocasting
and Thixocasting and Chapter 4 is on structure control in continuous
Rheocasting.

Chapters 5 and 6 describe relatively small activities designed to
study other process innovations that might be used in conjunction with
Rheocasting and Thixocasting. Chapter 5 describes work on a process we
have termed "clap casting" and Chapter 6 is on development of an electro-

magnetic discharge device to replace the plunger of a die casting machine.

References

1. M. C. Flemings et al., "Machine Casting of Ferrous Alloys", Interim
Technical Report. ARPA Contract DAAG46-C-0110, 1 January - 30 December
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2. M. C. Flemings et al., "Machine Casting of Ferrous Alloys", Interim
Technical Report. ARPA Contract DAAG46-C-0110, 1 January - 30 June
1974, prepared for Army Materials and Mechanics Research Center,

Watertown, Massachusetts.
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TECHNICAL AND ECONOMIC ADVANTAGES OF
RHEOCASTING AND THIXOCASTING

It is appropriate at this point in the program to review our
current understanding of technical advantages of Rheocasting and
Thixocasting. The advantages, which it is believed will lead to a
technically and economically desirable process, are:

- Less thermal shock to mold and shot chamber

- Less turbulence in mold filling

- Less metal shrinkage in the die cavity

- Altered metallurgical structure

- Reduced energy consumption

- Improved materials handling

The major factor limiting development of a ferrous die cast process
heretofore has been intolerably short die and shot chamber life. A cen-
tral concept of this program, and an underlying reason for its existence,
has been that semi-solid metal will result in much less thermal shock to
these components of the machine, and therefore to much longer shot
chamber and die life. Experimental verification of this concept remains
a major program objective. Two results, however, offer strong encourage-
ment.

Firstly, direct thermal measurements just behind the mold face show
much less die heating when Thixocast metal is cast than when fully liquid

metal is cast. Computer extrapolation of these results to the die face
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shows that for Thixocast metal (bronze in this case) versus fully
liquid metal, maximum die surface heating is reduced by a factor of 4,
surface heating rate is reduced by a factor of 7, and initial surface
thermal gradient is reduced by a factor of 8. These results are
reported in Chapter III of this report. It should be emphasized that
these are preliminary results of a continuing study.

A second encouraging observation (as yet much less quantifiable)
is that the Thixocast metal heats the shot chamber and plunger much
less than does fully liquid metal. As expected, the Thixocast metal
remains in a compact "glob" when placed in the shot chamber, with
relatively little thermal contact between it and the chamber walls or
plunger tip. Liquid metal, on the other hand, spreads the length of
the shot chamber.

The fact that there is less turbulence in mold filling with
Rheocast or Thixocast metal has been demonstrated with high speed
movies.(]) This is certainly one factor leading to less thermal shock
of the die cavity. It also leads to less porosity in the solidified
casting from entrapped air. This fact, together with the lower amount
of solidification shrinkage of semi-solid alloys, results in the now
firmly proven observation that Rheocastings and Thixocastings are
inherently sounder than die castings produced of fully liquid metal

(see, for example, Chapter II of this report).
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The metallurgical structure of Rheocastings and Thixocastings is
markedly different from that of usual cast metals. Details of the struc-
ture and potential advantages of the structure modification achieved have
yet to be fully explored. As one example, the grain size of a Rheocast
or Thixocast casting is inherently extremely fine, much finer than the
grain size of usual castings. The grain size can be controlled by con-
trolling the size (and hence number) of the solid particles in the origi-
nal Rheocast material. A major part of the work presented in Chapter IV
deals with ways to control this original particle size (and, therefore,
grain size). The work is on the model system tin-lead. Beyond this, we
do not yet know a great deal about structural details or structure-
property relations, and studies in this area are planned as an important
part of future work.

Rheocasting and Thixocasting offer the potential for economies in
energy consumption and materials handling costs. For example, in one poten-
tial embodiment of the Thixocasting system, the original Rheocast slugs
would be made by a continuous casting process. This would require no sig-
nificant additional energy input over conventional continuous casting.

The slugs would then be shipped to the die casting foundry where they would
then be only partially remelted by highly efficient rapid induction heating,
resulting in substantial energy saving over conventional melting processes.
The semi-solid slugs would then be automatically fed to the chamber of a
die casting machine, eliminating the need for melting, hand ladling, and
incidentally the necessary pollution control equipment that accompanies

melting operations.

1
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PUBLICATIONS, PAPERS, AND PATENTS TO DATE

In addition to this report, two earlier reports describe work
at M.I.T. during the first 12 months and subsequent 6 months of the

program.(]’z)

In addition, a large number of papers have been pub-
lished, that describe various technical aspects of the program at
M.I.T. These are listed as References 3 to 11.

Much of this work has been conducted by graduate students, and
has formed the basis of their thesis research. To date 3 doctoral
theses and 5 Master's theses have been completed as part of this
program. These are listed as References 12 to 19.* Currently, as
part of this program, there are 3 Doctoral theses and 2 Master's
theses in progress.

A number of patents have been applied for as a result of
technical developments of this program. Of these, one has been

issued. It is on the continuous Rheocaster and is listed as Reference

20. Others are expected to issue in the near future.

Work of Spencer and part of the work of Joly were conducted under the
initial fundamental program sponsored by Army Research Office, Durham,
North Carolina, that led to this applied activity. All other theses
papers and reports listed come directly from this Advanced Research
Projects Agency Sponsored Program.
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CHAPTER I. HIGH TEMPERATURE CONTINUOUS RHEOCASTER

Summary

The high temperature "Continuous Rheocaster" (continuous slurry
producer) has undergone extensive modification and development. A number of
ferrous alloys and a cobalt-base superalloy have been processed with success.
The apparatus has now been optimized for continuous production of large
quantities of "Rheocast" ingots. These ingots will be used as charge

material in a high pressure die casting machine (i.e., in "Thixocasting").

Introduction

At the beginning of this contract period, the Continuous Rheocaster had
been operated successfully using bronze and cast iron alloys. These were
model alloys which allowed various convenient flexibilities in operation and
testing of the apparatus. During this contract period the emphasis was on
two areas of developments. The first area was materials improvement in the
equipment so as to increase its reliability and durability with the more
severe demands of ferrous slurry production. The second area of development
was that of design modification to increase the efficiency and rate of pro-

ductivity of the equipment.

The Continuous Rheocasting Equipment

The equipment, as it exists presently for ferrous slurry production, is

shown in Figure 1. Figure 2 is a schematic cross section of the furnace.
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The interior of the crucible can be visualized as two connected chambers.
The upper chamber ( 3 5/8 inches in diameter by 7 1/2 inches high) is a
molten alloy reservoir. In the lower chamber (1 1/4 inches in diameter
by 6 inches high) the alloy is vigorously agitated while heat is extracted
from it. The agitation is accomplished by a rotating ceramic shaft which
extends to the bottom of the lower chamber. The shaft seats against a
hard ceramic insert which forms the exit nozzle for the slurry. The
shaft can be raised and lowered while rotating to act as a valve control-
ling the flow rate of the exiting slurry.

The design and construction of early versions of the apparatus have

(1,2) Substantial modifications and

been discussed in previous reports.
improvements have been made during this contract period. These are dis-

cussed below; many are embodied in Figure 2.

Equipment Modifications

The induction coil which surrounds the mixing chamber has been re-
located from a position outside the furnace shell to a location within
the shell in rammed refractory about 1/2 inch from the crucible wall,
Figure 2. With this configuration, heat can be extracted from the mixing
chamber via the coil cooling water. This more efficient cooling of the
mixing chamber allows faster slurry production rates. With this modifi-
cation the rate of heat extraction is such that the apparatus can produce

ferrous alloy slurries at the rate of about 90 1bs./hr.
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As Figure 2 indicates, a separate induction coil has been added
to the apparatus below the mixing tube coil. This coil heats the
crucible in the area of the exit nozzte and the cylinder below the
nozzle. It allows the exit nozzle temperature to be controlled indepen-
dently from the temperature in the mixing tube. This added control re-
duces the chance of alloy blockage in the nozzle, especially during
intermittent flow operation.

Hollow ceramic thermocouple protection tubes have served success-
fully as rotors for ferrous alloys. The tubes are 18 1/2 inches long by
1 inch 0.D., with 1/8 inch wall thickness. The lower end of the tube is
hemispherically closed. Tubes of a mullite and glass composition
(stoichiometric mullite plus 15% free silica) have performed successfully
in producing hypoeutectic cast iron slurries. Tubes of high purity A1203
have been used with success for the superalloy and ferrous alloys tried
thus far. Table I summarizes rotor performance to date.

Tests have indicated (in bronze ingot production using a graphite
rotor) that at high cooling rates in the mixing chamber, a rotor of
"square" cross section gives more efficient agitation of the slurry than
a rotor of circular cross section at a given rotation rate. It has been
observed that slurry flows more freely and controllably under a given set
of conditions when a "square" cross section rotor is used. For example,
at maximum cooling rate copper alloy 905 slurry flows freely from the
mixing tube at a calculated maximum shear rate of 794 sec._] using a

"square" rotor. However, blockage in the mixing tube occurs at all
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shear rates below 1190 sec.'] when using a round cross section rotor
under the same conditions. Figure 3 shows the graphite rotor design

now used for bronze slurry production. Rotors of similar design,

slip cast in high purity alumina, are being purchased for use in ferrous
slurry production.

Three thermocouples (Pt-Pt+10%Rh) have been placed along the inside
wall of the mixing rotor, Figure 2. These thermocouples give a more
accurate indication of the thermal profile within the mixing tube than
the thermocouples at the crucible's outer wall. A set of rotary contacts
has been designed which permits continuous monotoring of the EMF from
these rotating thermocouples. The contacts are shown at the top of
Figure 4a. The thermocouple leads pass through the center of the stain-
less shaft and are attached to a series of copper slip rings at the top
end of the shaft. Electrical contact is made with these rotating rings
by a set of spring-loaded carbon brushes. The system has been tested
successfully under operating conditions during the production of stain-
less steel slurries (i.e., recording temperatures of 1450° to 1400°C at
a rotation speed of 800 RPM).

A roller feed type charging device has been added to the equipment,
as can be seen in Figure 4a. It allows continuous charging of rod stock
up to 9/16 inches in diameter into the upper chamber. With the induction
power to the upper chamber at its maximum of 30 KW, the feeding rate for

steel is about 40 1bs./hr.
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Operation

The equipment is usually operated to produce slurry continuously
at the maximum possible rate. The following procedure is employed.

With about 10 pounds of initial charge in the upper chamber and
the rotor in its seated position, power is supplied to the three induc-
tion coils. The chambers are heated at approximately the same rate to
avoid thermal shock to the rotor. After the initial charge has melted,
the top chamber is filled via the rod feeding device. The power to the
top coil is then set to hold the metal at about 50°C superheat. The
power to the bottom coil is set so as to hold the exit nozzle area at
the desired temperature. At this point, with 1iquid metal in the mixing
chamber, rotation of the stirrer is begun, and power to the middle coil
is turned off. The middle induction coil now acts solely as a cooling
coil for the slurry. When the thermocouples indicate that the desired
temperature in the mixing chamber has been reached, the rotor is raised
to allow flow through the nozzle. Regulation solely of flow rate at this
point will control slurry temperature and fraction solid. Increasing
the flow rate will reduce the metal residence time in the mixing chamber,
thereby decreasing the fraction solid. Decreasing the flow rate will
have the opposite effect. By regulating flow rate to stabilize the
thermocouple read out, steady state slurry production can be achieved.
Once slurry flow starts, the top chamber is replenished with alloy via

the feeding device.
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Ingot Making Procedure

The major use to which the Continuous Rheocaster will be put in
the immediate future will be the production of ingots for subsequent
Thixocasting, as described in Chapter 2.

The ingot molds consist of a stainless steel tube 1 3/8 inches
in diameter by 6 inches long, with a lining of "Fiberfrax" paper
approximately 1/16 inch thick. The insulating 1ining allows the slurry
to cool slowly enough so that it fills the mold shape. It also prevents
the ingot from adhering to the stainless tube. The lining is replaced
each time the mold is filled. Six molds are held in a "Transite" con-
tainer and separated by "Fiberfrax" packing, as illustrated in Figure 4b.
In operation, slurry which is being continuously produced as described
above is teemed into the room temperature ingot molds. Vibration of the
platform on which the mold container is placed aids slurry fillout of

the mold cavity.

Structure of the Semi-Solid Slurries

During the past twelve months, a number of high melting temperature
alloy slurries have been made successfully in the continuous apparatus.

In addition to the copper and cast iron alloys reported previous]y,(z)
several stainless steel compositions, a tool steel and a cobalt superalloy

have been investigated. Table II lists these alloys, along with their

nominal compositions and solidification ranges. Figures 5 and 6 illustrate
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typical quenched microstructures obtained for several of the alloys investi-
gated. As can be seen from the figures, the primary solid particles range
roughly from 100 to 200 microns in meaﬁ diameter. The slurries in these
figures range in fraction solid from about 0.3 to about 0.55. For compari-
son, several slowly cooled structures, typical of slurry ingot structures,
are shown in Figure 7. The uniform equiaxed grain structure is present

throughout all areas of the ingot.

Castings
In order to check the feasibility of casting stainless alloy slurries,
several castings were made from semi-solid 440A stainless steel in the

(2)

laboratory machine casting system described previously. Figure 8 shows
one of the castings produced with its biscuit still attached, along with
the casting microstructure. Figure 9 gives an indication of the homo-
geniety of solid particle distribution in various regions of the casting.

(3)

A somewhat more detailed account of this area of work has been published.

Ingot Production

Thus far about 300 1bs. of continuously Rheocast ingots have been
made in copper alloy 905, including one continuous run of 130 1bs.
Figure 10 compares the quenched microstructure of continuously Rheocast
copper alloy 905 with the corresponding ingot structure, which cools more

slowly. The etchant used on the ingot sample reveals the segregation
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which occurs during solidification, thereby indicating the Tocation of

what were solid particles when the ingot was cast. A small number of

440C stainless steel ingots also have been made in several test runs.

Figure 11 compares the Rheocast quenched microstructure with the Rheocast
ingot microstructure for this alloy. In the ingot structure the particles
which were solid when the ingot was cast are effectively "masked" by the
subsequent slow freezing in the mold. Larger scale ferrous runs are con-
templated after receipt of the special square cross section rotors discussed
previously.

With the present design, the maximum continuous slurry production
rate (assuming a slurry of 0.5 fraction solid) for bronze is about 60 1bs./
hr. The limiting factor is the heat extraction rate from the mixing tube.
The continuous slurry production rate for ferrous alloys is 90 1bs./hr., as
has been mentioned. However, in continuous operation, this production rate
for ferrous alioys will be limited by the maximum melting rate of the

current power supply, which is about 40 1bs./hr.
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TABLE 1

ROTOR MATERIALS TESTED IN HIGH TEMPERATURE ALLOYS

MATERIAL ALLOYS

MULLITE - 15% S‘iO2 CAST IRON

440A STAINLESS STEEL
STOICHIOMETRIC MULLITE 440A STAINLESS STEEL

HIGH PURITY ALUMINA 440A STAINLESS STEEL
440C STAINLESS STEEL
304 STAINLESS STEEL
M-2 TOOL STEEL
HS 31 COBALT SUPERALLOY

RESULTS

EXCELLENT; NEGLIGIBLE CHEMICAL
AND MECHANICAL EROSION AFTER
SEVERAL RUNS.

ROTOR SOFTENED AND PLASTICALLY
DEFORMED IN SLURRY MIXING AREA.

ROTOR SOFTENED AND PLASTICALLY
DEFORMED IN SLURRY MIXING AREA.

EXCELLENT RESULTS WITH ALL ALLOYS
TESTED; NEGLIGIBLE CHEMICAL AND
MECHANICAL EROSION AFTER SEVERAL
RUNS.

_Lz_




TABLE 11
CONTINUQUSLY RHEOCAST HIGH TEMPERATURE ALLOYS

ALLOY COMPOSITION FREEZING RANGE(°C)
COPPER BASE ALLOY 905 Cu - 10%Sn - 2%Zn 1000 - 855
HYPOEUTECTIC CAST IRON Fe - 2.6%C - 3.2%Si 1260 - 1130
440A STAINLESS STEEL Fe - 17%Cr - 1%Si 1510 - 1370
1%Mn - 1.1%C

440C STAINLESS STEEL Fe - 17%Cr - 1%Si 1480 - 1370
1%Mn - 0.6%C

304 STAINLESS STEEL Fe - 18.5%Cr - 9.5%Ni 1455 - 1400
0.08%C

M-2 TOOL STEEL Fe - 6.25%W - 5%Mo 1435 - 1240
4%Cr - 2%V - 0.85%C

HS 31 COBALT SUPERALLOY Co - 25.5%Cr - 11%Ni 1395 - 1340
7.5%W - 0.5%C

_82_
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Overall view of the Continuous Rheocaster,
set here for continuous ingot profuction
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Figure 2. Schematic cross section of the furnace section
of the Continuous Rheocaster.
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1 1/8"

11/8"

Graphite rotor presently used for 905 bronze ingot production.
Square cross-section extends 6 1/2" from lower end of rotor.




Figure 4.

4a:
thermocouples. 4b: 1ingot container in position below the slurry producer.

rotor drive mounting board showing attached roller feed device and rotary contacts for
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Figure 5.

~33-

Microstructures of continuously produced semi-solid alloys.
Samples were directly water-quenched. Top: 440A stainless
steel. Bottom: HS 31 superalloy, 50X.

]
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Figure 6. Microstructures of continuously produced semi-solid alloys.
Samples were directly water-quenched. Top: 304 stainless
steel. Bottom: 440C stainless steel, 50X.
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Figure 7. Microstructures of continuously produced semi-solid alloys.
Samples were slowly cooled. Top: microstructure of HS 31
superalloy. Bottom: microstructure of M-2 tool steel, 50X.
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Figure 8. Top: 440A stainless steel casting produced from slurry charge
in the low pressure laboratory machine casting system, 1X.
Bottom: microstructure of the casting, 50X.




(L

Figure 9.

Photomicrograph showing homogeneous distribution of primary solid particles in various regions
of a 440A stainless steel casting produced in the low pressure machine casting system, 50X.

_LE-
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Figure 10. Microstructures of continuously produced semi-solid
copper alloy 905 slurries. Top: rapidly cooled,
water quenched sample. Sodium hydroxide plus hydrogen
peroxide etch. Bottom: slowly cooled ingot. Chromic
acid electrolytic etch, 100X.
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Figure 11. Microstructures of continuously produced semi-solid
440C stainless steel alloy slurries. Top: rapidly
cooled, water quenched sample. Bottom: slowly cooled
ingot, 100X.
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CHAPTER II. MACHINE CASTING OF HIGH TEMPERATURE ALLOYS--
DEVELOPMENT OF A THIXOCASTING SYSTEM

Summar

Following successful operation of a laboratory scale machine casting
system for semi-solid slurries of high temperature alloys, a commercial
horizontal cold chamber die casting machine and a reheating furnace have
been coupled to produce a pilot plant scale "Thixocasting" system. This
system has been developed using a model copper base alloy and over 150
castings of a simulated D.0.D. part have been produced to date. Results
of this work confirm previous work that castings with good surface quality
are obtained, with internal soundness substantially improved over that of
die castings made of fully liquid metal. This soundness increases with
increasing fraction solid of the Thixocast material. Results of this work

will be applied over the coming months to casting of ferrous alloys.

Introduction

Previous work(]'3) using a laboratory scale low pressure system has
confirmed the feasibility and demonstrated some of the advantages of machine
casting semi-solid slurries of high temperature alloys. In this contract
period, the development of the process towards pilot plant scale has con-
tinued. A commercial 125 ton locking force, horizontal cold chamber die

casting machine has been purchased and installed. The machine has been
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coupled to a furnace designed to reheat sections of ingots previously cast
from semi-solid slurry. This "Thixocasting" system has been successfully
operated to produce more than 150 castings of a simulated D.0.D. part in
the model alloy employed previously: bronze 905 alloy (88wt%Cu, 10wt%Sn,
2wt%Zn, liquidus nominally 999°C).

Equipment

The Thixocasting system developed in this contract period comprises
a commercial horizontal cold chamber die casting machine and a reheating
furnace. A section view of the reheat furnace is shown in Figure 1, and
a photograph in Figure 2. It consists of a 21 turn induction coil of
1/4 inch copper tubing wound around a 3 inch I.D., 1/8 inch thick mullite
protection tube and insulated by a 7 inch I.D. 1/2 inch thick transite
cylinder. Ends are covered with 1/2 inch transite plates in which 2 2/3
inch diameter holes are cut to seat the mullite tube. Rheocast slugs
2.15 inches long x 1.25 inches in diameter contained in silica sand crucibles
can be rajsed into and lowered from the furnace by a mechanically linked
foot pedal. While the base of the silica sand crucible itself serves as a
thermal insulator, the top of the furnace is closed by firebrick through
which inert (argon) atmosphere can be added. Power to the coil is supplied
from a 50 KW, 3.8 KC Inductotherm unit and is regulated according to the
output of a stainless steel sheathed chromel/alumel thermocouple placed in
1 inch deep, 5/32 inch diameter holes drilled in the center of each slug.
More recently experiments have been undertaken to replace the disposable

Co2 bonded crucibles with re-usable thin wall clay-graphite crucibles.




-42-

The die casting machine, Figure 2, is a standard B.T. Greenlee high
pressure die caster. It has a standard 1 3/8 inch diameter, water
cooled plunger hydraulically powered by a 4 inch diameter piston, giving
a pressure multiplication of 8.46 to 1. With accumulator pressure set
at 800 psi, injection pressure is 6800 psi at the plunger tip. This
plunger pressure can be increased to a maximum of 17000 psi (2000 psi on
the piston) at any point in the stroke of the plunger by adjustment of
the position of a simple trip switch. Plunger speed can be varied between
64 and 114 ft./min. as measured via high speed photography. Electrical
resistance heating is supplied to both the shot chamber and the dies, the
shot chamber being held at approximately 150°C. Two rod resistance
heaters, nominally rated at 1500 watts, 240 volts, are contained in each
die cavity plate and are controlled according to the temperatures
measured by chromel/alumel thermocouples Tocated centrally within each
plate, close to the cavity.

The die steel used for the cavity, shot chamber and plunger tip was
H-13 (composition: 0.40 C, 0.30 Mn, 1.00 Si, 5.00 Cr, 1.35 Mo and 1.00 V,
weight percent). The die cavity was machined to produce a simplified version
of the hammer of an M-16 rifle. The gate geometry was modified several times
during the piloting stage to improve mold filling and surface quality. The
gating finally evolved is shown in Figure 3. The gate is semi-circular,
half-round in cross section, extending from the biscuit to the base of the
hammer. At the gate/cavity junction the gate dimensions are a maximum

width of 5/16 inch and a depth of 1/8 inch.
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Procedure

After cooling, the ingots produced with the Continuous Rheocaster
(Chapter 1) were cleaned of all "Fiberfrax" insulation and cut into
slugs 2.15 inches in length. Holes were drilled along their axes (5/32
inches in diameter by 1 inch deep) for thermocouples and they were placed
in sand crucibles. The crucibles were then raised into the reheat furnace
and the thermocouple inserted, Figures 1 and 2. Maximum power was then
applied to the furnace until the slug temperature approached the desired
final reheat temperature (within 100°C) at which point the furnace power
was regulated to 10 KW. This power was then further adjusted until the
approximate desired final temperature was reached as determined from a pre-
viously derived fraction solid versus temperature p]ot.(])

After reheating to the desired temperature (semi-solid or superheated
liquid) the slugs were manually emptied into the shot chamber of the die
casting machine and cast. Apart from an initial batch of 48 castings used
for system development and the first one or two castings in each subsequent
batch, injection pressure was maintained at 15200 psi. Plunger velocity,
as best as could be controlled with the standard machine equipment was

maintained at 64 ft./min. while die temperatures were varied in the range

70-360°C. Die lubricant employed for all castings was acetylene black.

Results

This work has adequately demonstrated the feasibility of machine

casting semi-solid slurries of high temperature alloys. A total of 162
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castings in the model high temperature bronze alloy have been made to date,
Table I. Of these, castings #1-48 were used to develop and gain experience
with the machine system, experimenting witﬁ process variables including
runner design. Castings #49-89 were produced with more uniform conditions,
with a gating design intermediate in the development of that shown in
Figure 3. This batch of 40 castings was analyzed in the manner described
in previous reports. This consists of (1) radiographic examination of
casting soundness, (2) surface quality examination and (3) microstructural
examination.

Generally, surface quality of these castings was good. The radiographs
and associated microstructures of three castings are shown in Figure 4.
These were cast in the liquid state (-100°C superheat), 0.43 and 0.52 volume
fractions solid, respectively and show the relative radiographic ratings
used in this analysis. This is the same as that employed in the previous
report.(])

The results of the radiographic analysis of castings #49-89 are
summarized in Figure 5 in which each plotted point represents the average
of at least 6 and generally 8 or 9 castings. This plot confirms previous
work that increasing volume fraction solid produces sounder Thixocastings.
It should be noted that these castings, made with slug temperatures typically
about 960°C, were cast into dies operating at between 156-276°C. The good
surface quality of the castings produced in such cold molds is further con-
firmation of the less turbulent die filling behavior of the semi-solid

slurry.
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A thin dendritically solidified skin exists on Thixocastings. The
interior of these castings had a homogeneous distribution of primary solid
particles, Figure 6. Particle distribution was also homogeneous through-
out the runner and biscuit as can be seen in Figure 7. Here, the primary
solid particles appear as both 1light and dark spots. A 100X photomicro-
graph of the runner of this casting is also shown in Figure 7. The primary
solid particles are white, surrounded by a dendritic matrix. This casting
was produced at a volume fraction solid of 0.43. The irregular primary
solid particle shape is typical of all Thixocastings produced.

Subsequent to casting #89, further castings using the same gate
geometry were made up to #118, at which point the final gate design (as
shown in Figure 3) was adopted. Al1 the castings #89-118 confirmed
qualitatively the results shown in Figure 5. However, with the final
runner design shown in Figure 3, and with added experience gained in
operating the equipment castings of generally superior quality were obtained
at a given fraction solid. Results of castings #118-169 are now being

examined in a manner similar to that described above for castings #49-89.

Conclusions

1. A commercial horizontal cold chamber die casting machine and a re-
heating furnace have been coupled to form a Thixocasting system for

casting reheated Rheocast slugs.
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This Thixocasting system has been developed and operated to produce
162 castings of a simulated D.0.D. part in a model, copper base,
high temperature alloy.

Results from this work confirm previous reports that castings with
increasing internal soundness and good surface quality are produced
as fraction solid of the charge material increase.

Cast parts exhibit essentially homogeneous distribution of primary
solid particles enclosed in a thin fully dendritic skin.
Considerable working knowledge of the machine system and gating
design has been gained from this work which will shortly be employed

as work progresses to ferrous alloys.
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TABLE I
DIE INJECTION SLUG
TEMPERATURE PRESSURE TEMPERATURE
CASTING # °C p.s.i. °C REMARKS
used for system
1-48 320-360 6800-15,200 975-1020 development, poor
runner
49-89 164-260 15,200 960-1108 first runner
modification, used
£$03838§ in analysis of
casting quality
89-118 150-250 15,200 940-1018
(1 slug
>1000°C)
118-162 70-270 15,200 940-1000 final runner

NOTE: Liquidus of the alloy is 999°C.

design
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Figure 1. Schematic of reheat furnace.
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Figure 2. Photograph of high pressure die casting system.
Top: overall view of B & T Greenlee, die
casting machine. Bottom: close-up view of reheat
furnace and shot chamber.
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Figure 3. Photograph of modified M16 hammer casting showing
the final gate geometry, 1X.




Figure 4.

Radiographs and associated microstructures of conventionally cast and
Thixocast copper base 905 alloy (88%Cu-10%Sn-2%Zn) produced in the

B & T Greenlee die casting machine. (a) made from ~100°C superheated
liquid. (b) and (c) from 0.43 and 0.52 volume fraction solid material,

respectively. Radiographs represent radiographic ratings of 5, 2,
and 1, 100X.
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Figure 7.
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—
: X.

Photographs showing homogeneous distribution of primary
solid particles in biscuit and runner. Copper base 905
alloy (88%Cu-10%Sn-2%Zn) cast at 0.43 volume fraction
solid. Top: Jlongitudinal section view of biscuit and
runner. Primary solid particles appear as light and
dark spots. Bottom: microstructure of runner, 100X.
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CHAPTER III. THERMAL ANALYSIS OF THE MOLD

Summar

A program has been undertaken to assess and compare the die thermal
behavior during the production of castings from fully liquid charge and
semi-solid (Thixocast) charge. Internal die temperature measurements were
made during casting of both Tiquid and semi-solid copper alloy 905. Computer
calculations were made based on these experimental measurements to extrap-
olate the data to the die face. The calculations indicate that the use of
semi-solid charge, as opposed to liquid charge, significantly reduces the
die surface temperature, rate of heating, and maximum surface temperature

gradient.

Introduction

One of the major contemplated advantages of using semi-solid charge
material in machine casting is its expected beneficial effect on the thermal
behavior of the mold during casting. This study is an attempt to determine
the difference in die thermal behavior between casting with fully liquid
superheated charge material and casting with partially solid (in this case
Thixocast) charge material.

The study incorporates both experimental die temperature measurements
and computer simulation. The stragegy of the approach has been to use the

measured internal die temperatures to calibrate the computer program, which
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in turn is employed to predict both the die surface temperature and surface
thermal gradient. This procedure has been utilized to examine the die
thermal behavior in both a low pressure laboratory casting machine and a
high pressure commercial die casting machine. In what follows, each phase

of the study will be presented separately.

Die Temperature Measurements

1. Temperature Measurement System

Miniature thermocouples were used to measure temperature near the
casting-die interface in both the high and low pressure casting systems.
The location of these couples with respect to each die cavity is shown in
Figures 1 and 2. The distance from the bead of each to the cavity surface
is .0139 inch. The detail of the thermocouple assembly is shown in
Figures 1 and 2. Chromel/alumel wire (38 gauge) is sheathed in a 35 mil.
two hole alumina protection tube which in turn is encased in a mild steel
plug. The bead at the top of the couple is formed by spot welding the two
wires and clipping off the excess.

The steel plug and thermocouple are fitted in a close tolerence
hole drilled from the back of the die cavity. Contact between the thermo-
couple bead and the die is insured by adjusting the forcing bolt which
applies pressure to the steel plug. The leads from the thermocouple are
insulated with high temperature glass tape and are extended to the cold

junction of the measurement system.
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The cold junction is of standard construction. The output of the

Junction is fed into a two channel D.C. amplifier (gain = 100). The
amplified signal is subsequently displayed in a Tektronix #533A dual
trace and photographed to produce a permanent record of the temperature

measurement.

2. Temperature Measurement Results

(a) Low Pressure System*

The first group of measurements were made during the casting of
both 1iquid and semi-solid copper base alloy 905 (88%Cu-10%Sn-2%Zn)
in the low pressure machine. The results of die temperature measure-
ments at a location 0.0139 inch from the casting-die interface for
two casting temperatures (T = 1100°C, fs = 0.0; T = 970°C, fs = 0.52)
are shown in Figure 3. The general characteristics of each curve are
similar--in both cases the die temperature heats rapidly for 0.2 - 0.3
seconds. At that time, however, the temperature of the die begins to
decrease gradually. In comparing the die thermal response for fully
liquid and semi-solid bronze 905, we find that the maximum temperatures
attained are 574°C and 507°C, respectively. Because the initial die
temperature (before casting) is 420°C in each case, the ratio of the
temperature rise for the two castings is 1.7. The initial rates of
heating for liquid and semi-solid bronze are 2000°C/sec. and 880°C/sec.

(ratio 2.3), respectively.

*
The "low pressure die casting machine" used for this por?ign of the study is
the "homemade" machine described in the previous report, and illustrated
in Figure 2, Chapter II of that report.
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(b) High Pressure System™

Die temperature measurements were made during the production of
bronze 905 alloy castings, using both 1iquid and semi-solid charge
material, in the high pressure die casting machine. The thermo-
couple was located 0.0139 inch from the casting-die interface.

The die temperature measured during the casting of superheated
liquid, T0 = 1100°C, and semi-solid TO = 960°C, fs = 0.57, bronze
905 are shown in Figure 4. For short times (t<0.15 sec.), each
temperature plot is characterized by a large amount of rapid vari-
ation. During this period the maximum temperatures attained are 645°C
and 315°C for the casting of liquid and semi-solid bronze 905,
respectively. After this period, however, the die temperature for
each case rises to a peak and then falls. After approximately 0.5
seconds, the die temperature at the thermocouple location levels and
maintains a constant value. The initial rates of die heating are
2.47 x 10%°C/sec. and 8.25 x 103°C/sec. (ratio = 2.99) for the fully
liquid and semi-solid castings, respectively. The die temperatures
at 0.60 seconds are 400°C and 270°C for the same two castings. The

ratio of the corresponding temperature rise above ambient is 2.08.

Die Heat Flow Simulation

1. Computer Model
A computer program was developed to simulate heat flow within the die of

a die casting machine. It is briefly discussed in the previous report.(])

*The "high pressure machine" used for this portion of the study is the
commercial machine described in Chapter II of this report, and pictured in
Figure 2, Chapter II.
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The computer program employs a finite one-dimentional heat flow model which
is solved using a forward difference technique. The geometry and dimensions
of the model are shown in Figure 5. The physical assumptions made are:

1. the die is filled instantaneously,

2. the die and casting comprise an adiabatic system with no
heat losses to the surroundings,

3. the die is initially at uniform temperatures and undergoes
no solid state transformations upon heating,

4. the physical properties of the liquid metal are independent
of temperature,

5. the solidifying casting is sound (has no porosity),

6. heat flow at the die metal interface is characterized by a
surface heat transfer coefficient which is a simple function
of time.

The mathematical problem can be represented by the following equation:

3T _ H
k — at

ax2

where T and H are the temperature and enthalpy, respectively, at position x
and k represents the thermal conductivity. Transcribing this equation to
finite difference form we obtain the following equation and boundary
conditions:

Hy (64 at) = Hy () * sraiyy [Ty (£)-275(8) + Ty y(0)] at
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(1) Ty(t) = Tyt)

(2) Tzs(t) o T24(t)

2 . KTp(t)
(3) H5(t+At) = Hs(t) + ok [ T (K§-+ h) T5(t) + hT6(t)]
) 2 kT.I.(t) K
H6(t+At) - Hﬁ(t) + pr [ Ax - (H + h) Te(t) + hTs(t)]
(4) t = 0, 1< 17 s 5; Ti = To
(5) t = 0,6%1is 25 Ti = TD

Where To and TD represent the initial charge and die temperatures respec-
tively, and h equals the surface heat transfer coefficient. The subscripts

on temperature and enthalpy represent specific nodes within the computa-
tional mesh. These equations are applied respectively at each node of the
computer model, Figure 5, thus producing the variation of temperature through-

out the die as a function of time.

2. Computer Results

The thermal computer program was implemented to simulate heat flow
within the dies of the low and high pressure casting systems. The value of
the surface heat transfer coefficient, h, was adjusted to provide agreement
between the output of the computer program and the experimentally measured
die temperatures previously reported. This approach was employed for fully
liquid and semi-solid copper base alloy 905 castings produced in both
casting systems.

The experimentally measured die temperature curves (for both high and

low pressure systems) each exhibit similar characteristics, Figures 3 and 4,
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as previously described. Initially, the dies heat up rapidly reaching
a maximum temperature between 0.05 and 0.3 seconds. However, at this
time the die temperature either levels or drops. In order to replicate
these characteristics with the computer program, the value of the surface
heat transfer coefficient, h, has been abruptly lowered during the
casting cycle.
(a) Low Pressure System
The experimentally measured and calculated die temperatures
at a location 0.0139 inch from the casting-die interface for fully
liquid (T = 1100°C) and semi-solid (T = 970°C, fS = 0.53) copper
base alloy 905 castings produced in the low pressure casting
machine are compared in Figure 3. The initial values of h
employed for calculation are 0.30 ca]/cm2 °C/sec. and 0.15 ca]/cm2
°C/sec. for the liquid and semi-solid castings, respectively.
The transition to the final value of h (0.08 ca]/cmz °C/sec.)
occurs at 0.25 and 0.15 seconds, respectively. Thus the initial
value of the surface heat transfer coefficient is both higher and
applicable for longer times when castings are produced from liquid
charge material. Using these values of h and the transition times,
the measured and calculated curves agree well for both 1liquid and
semi-solid castings, particularly for short times. For longer
times, the general behavior of the measured and calculated curves

is similar.
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(b) High Pressure System

It is more difficult to simulate heat flow within the dies
of the high pressure die casting machine during the casting of
fully liquid and semi-solid bronze alloy 905, owing principally
to the rapid temperature fluctuations which occur at short times,
Figure 4. However, it was possible to study isolated sections
of measured temperature curves and simulate heat flow during
these sections separately. For example, the initial temperature
rise for fully liquid (T = 1100°C) and semi-solid (T = 960°C,
fs = 0.57) bronze 905, Figure 4, corresponds to values of h equal
to 10.0 ca]/cm2 °C/sec. and 3.0 ca]/cm2 °C/sec., respectively.
These h values are significantly higher than those recorded for
the low pressure casting machine. However, examination of the
experimentally measured temperatures for times greater than 0.1
seconds (i.e., ignoring the period of rapid temperature fluctuation)
indicates that the initial values of the surface heat transfer
coefficient are 3.0 ca]/cm2 °C/sec. and 0.15 ca]/cm2 °C/sec. for
fully liquid and semi-solid bronze alloy 905 castings, respectively.
For the fully 1iquid casting the value of h changes to 0.04 cal/cm2
°C/sec. at 0.15 seconds; whereas for the semi-solid casting the
value of h changes to 0.08 ca]/cm2 °C/sec. at 0.35 seconds. Using
these h values and transition times yields good agreement between
the measured and calculated curves through ignoring the period of

rapid temperature fluctuation.
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Temperature Prediction at the Casting-Die Interface

The main objective of the thermal computer program was to predict
the die surface temperature and surface thermal gradient. The value of
the surface heat transfer coefficient for these computer runs was deter-
mined by matching the measured and calculated temperatures within the
die as described above. Simulations were conducted for copper base
alloy 905 and eutectic cast iron in both the high and low pressure

casting systems.

(a) Low Pressure System

The predicted die surface temperatures produced during the
low pressure casting of fully liquid (T = 1100°C) and semi-solid
(T = 970°C, fs = 0.53) bronze alloy 905 are shown in Figure 6.
The maximum temperatures attained are 614°C and 513°C, respec-
tively, yielding a ratio of temperature rise equal to 2.09. The
initial rates of die surface temperature increase for the two
castings are 2600°C/sec. and 1080°C/sec., respectively. The
initial die thermal gradients at the casting-die interface are
1300°C/cm and 590°C/cm for fully liquid and semi-solid bronze,

respectively.

(b) High Pressure System

The computer simulated die surface temperatures for fully
1liquid and semi-solid copper base alloy 905 castings made in the
high pressure die casting machine are plotted in Figure 7. The
initial period of rapid temperature fluctuation, Figure 4, has been

ignored as described earlier. In the fully liquid simulation, the
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initial value of h was 3.0 ca]/cm2 °C/sec. and was lowered to
0.04 ca]/cm2 °C/sec. at 0.05 seconds. On the other hand, for
the simulation of semi-solid castings, the initial value of h
was 0.15 changing to 0.08 at 0.25 seconds.

For copper base alloy 905, the computer simulation indicates
that the die surface temperature is lowered significantly when
semi-solid charge material is die cast in the high pressure
casting system. The maximum die surface temperatures attained
are 800°C and 315°C for fully liquid and semi-solid charge
material, respectively. As the initial die temperature was
150°C, the heating of the die surface was reduced by a factor of
4 for the semi-solid material as compared to the fully liquid
charge.

The initial rates of temperature increase are 11,000°C/sec.
and 1,600°C/sec. for the fully liquid and semi-solid material,
respectively. This is a reduction by a factor of 7 for the
semi-solid material. The values of the initial die thermal
gradient at the casting-die interface are 5,640°C/cm and 718°C/cm
respectively, a reduction by a factor of 8 for the semi-solid

material.

Discussion

Die deterioration is a major limitation confronted when attempts are
made to die cast fully liquid high melting temperature alloys. Two pre-
valent modes of degradation are die cracking and chemical and mechanical

erosion; each phenomena being governed by the behavior of heat flow
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within the die during filling. Severe thermal gradients and rapid
surface heating within the die at the casting-die interface are
believed to cause thermal cracking whereas high surface temperatures
lead to surface erosion.

In this study, both experimental measurements and computer
simulation indicate that during the die casting of semi-solid alloys
(Thixocasting) the die temperature, rate of temperature increase, and
thermal gradient at the die face are dramatically lTower than when
fully liquid alloys are die cast. For example, in the high pressure
system measured temperature rise is reduced by a factor of 4, rate of
temperature rise is reduced by a factor of 7, and thermal gradient at
the die face is reduced by a factor of 8 when casting a semi-solid
charge.

In order to provide good agreement between the measured and
calculated die temperatures it was necessary to change the values of
the surface heat transfer coefficient, h, during computer simulations.
The abrupt change in this value corresponded approximately to the die
fill time, t ~0.1 seconds, determined by measuring the plunger velocity
Figure 3. The two values of the surface heat transfer coefficient, hi

and h., denote the initial and final heat transfer coefficients.

f!
In the low pressure (laboratory) casting apparatus the calculated
hi and hf values were in the range of 0.10 to 0.30 and 0.06 to 0.08 cal/

°C/sec. cm2, respectively, for both the liquid (superheated 100°C) and

semi-solid (volume fraction solid ~0.5) charge bronze, Figure 3. The
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variation in the values of hi and hf between the castings produced with

the all liquid and semi-solid charge was much more pronounced in the high

pressure commercial die casting machine. For fully liquid bronze hi = 3.0,

hf = 0.04; for semi-solid bronze hi = 0.15 and h, = 0.08 cal °C/sec. em?.
This thermal study is continuing. The emphasis will be on refining

both experimental techniques and the mathematical model to better under-

stand the details of heat flow behavior in the die casting of both liquid

and semi-solid alloys.

Conclusions

1. Both experimental measurements and computer simulation indicate that
during the die casting of semi-solid alloys the die temperatures,
rate of surface heating and surface temperature gradients are
dramatically lower than when fully liquid superheated alloys are cast.

2. Correlation of experimentally measured die temperatures with computer
simulation enabled prediction of the value of the surface heat trans-
fer coefficient. An abrupt change in the surface heat transfer
coefficient occurs at approximately the same time that the die cavity
is completely filled.

3. In the low pressure (laboratory) casting apparatus the calculated
initial and final heat transfer coefficients were in the range of
0.10 to 0.30 and 0.06 to 0.08 cal/°C/sec. cmz, respectively, for

both the 1liquid and semi-solid charge copper-base alloy 905.
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In the high pressure commercial die casting machine initial and
final heat transfer coefficients for the superheated (100°C)
copper-base 905 alloy were 3.0 and 0.04 ca1/°C/sec. cm2, respec-
tively. The corresponding values for the semi-solid (volume
fraction solid ~0.5) were 0.15 and 0.08 cal/°C/sec. cm2. respec-
tively.

Computer calculations based on experiment show that when a semi-
solid charge material of copper-base alloy 905 is used,die surface
temperature, rate of surface heating, and maximum surface tempera-
ture gradient are all drastically reduced. In the high pressure
commercial die casting machine the predicted maximum die surface
heating for conditions studied was 650°C and 165°C for the liquid
and semi-solid (Thixocast) material, respectively. This is a
reduction by a factor of 4 for the semi-solid material. Initial
surface heating rates were 11,000°C/sec. and 1,600°C/sec. respec-
tively, a reduction by a factor of 7 for the semi-solid material.
Initial thermal gradients at the liquid-solid interface were

5,640°C/cm and 718°C/cm, a reduction by a factor of 8 for the semi-

solid material.
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CHAPTER IV. STRUCTURE OF Sn-Pb SLURRIES

Summar

Tin-lead slurries from the low temperature Rheocaster were examined
metallographically. Process variables during the production of the
slurries were the cooling rate, shear rate, volume fraction solid, and
composition. Primary particle size decreased markedly with increasing
cooling rate, in the range of 0.800°C/min.'] and to a lesser extent with

1

increasing shear rate in the range of 0-1000 sec.”' Primary particle

size increased with fraction solid. Particle sizes obtained were in the
range of 60-250um.

Production of pure Sn, Sn-Pb eutectic and near eutectic slurries
has confirmed the feasibility of Rheocasting narrow freezing range or
isothermal freezing metals and alloys. Slurries of alloys at or near the
eutectic composition contain both lead-rich and tin-rich phases. Primary
tin-rich particles retain the approximate size and shape they had at the

time the eutectic liquid composition was reached.

Introduction

The low temperature continuous Rheocaster has been described in
detail in earlier reports.(]’z) Superheated 1iquid metal or alloy is
allowed to flow from an upper reservoir chamber through a cylindrical
mixing chamber. Within the mixing chamber a concentric, rotating,

shaft produces shear within the metal or alloy as it is cooled below
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its liquidus temperature. The structure modification of the fraction
solid forming within the mixing chamber caused by the shearing results
in the alloy exiting the bottom of the miking chamber as a semi-solid
slurry. This study has consisted of an investigation, using the model
Sn-Pb low temperature alloy of the effects of the principle process
variables upon the Rheocast structure.

Those process variables considered are the cooling rate within
the mixing chamber, shear rate and volume fraction solid and composition.
Of these process variables two, the volume fraction solid and composition,
are not influenced by machine design. Furthermore, the apparatus as

(1,2) permitted large variation in shear

originally designed and described
rate (0-100 sec.']). However, the cooling rate within the mixing chamber
was not initially very flexible.

The cooling rate of the metal or alloy as it flows through the
mixing chamber is proportional to both the temperature gradient along the
length of the chamber and to the flow rate of the alloy through the
chamber. In order to increase both of these factors, the rate of heat

removal from the mixing chamber was increased by modification of the

apparatus.

Apparatus Modifications

Three types of cooling systems were used, the first two of which
were described in earlier reports.(]’z) The first is a shroud surrounding

the mixing chamber. Compressed air is blown through the shroud cooling
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the entire length of the mixing chamber. This system can produce
cooling rates of up to 100°C/min. with Snl15wt% alloy.

The second system is a one inch aluminum ring which slips over
the mixing chamber and which is cooled by water flowing through an
internal channel. Cooling in this design is limited by the poor
thermal contact between the outside of the mixing chamber and the in-
side of the ring. Nevertheless, cooling rates up to 400°C/min. can
be obtained.

The third and new system is a one inch aluminum ring with a
groove machined in its inside diameter. A water channel thus formed
by the inside diameter of the aluminum ring and the outside of the
mixing chamber is sealed by "0"-rings. This places the cooling water
in direct contact with the outside of the mixing chamber. Available
heat removal rates with this system are more than sufficient and in this
case the maximum slurry cooling rate is limited by the flow rate of
metal slurry through the mixing chamber. Maximum cooling rate obtained

thus far was approximately 800°C/min.

Experimental Procedure

The Rheocaster was heated to a temperature above the liquidus of
the alloy being used, and the rotor speed was set to give the desired
shear rate. The mixing tube was then cooled. When the desired fraction
solid at the exit port was reached, the coolant flow and slurry flow

were adjusted to maintain a constant fraction solid. Before samples were
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taken, the machine was allowed to run long enough to insure steady con-
ditions. Samples were quenched in ice water as they fell from the exit
port. Each sample was taken for a measured period of time and the sample
weighed to determine the flow rate. The cooling rate for the sample as
it flowed through the mixing tube was calculated from the temperature
gradient, the flow rate, and the volume of the mixing tube.

Tin-15wt%Pb alloy slurries were produced with cooling rates of
from 20 to 800°C/min. and shear rates of from 100 to 1000 sec.'].

Slurries were also produced from pure tin, Sn-5wt%Pb, Sn-25wt%Pb,

Sn-35wt%Pb and Sn-Pb eutectic (38wt%Pb).

Results

Sn-15wt%Pb Alloy

The effect of cooling rate, shear rate, and fraction solid on
primary particle morphology is shown in Figures 1 - 5. Figure 1 shows
how particle size decreases with increasing cooling rate up to 1000°C/
min. The change is most marked for cooling rates below 200°C/min.
Figure 2 shows representative photomicrographs of structures produced
at these different cooling rates. The shape of the particles is seen to
change little over this range of cooling rates.

In general, primary particle size decreases with increasing shear
rate as shown in Figure 3 for shear rates up to 1000 sec.']. The change
in size due to change in shear rate over this range is much less signifi-

cant than that due to change in cooling rate. Furthermore, as Figure 3
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shows, the effect of shear rate decreases with increasing cooling rate.
As shown in Figures 4 and 5, particle size increases with increasing

fraction solid at all cooling rates.

Other Alloys

Slurries were produced from pure Sn and from Sn-Pb alloys ranging
in Pb up to the eutectic. Alloys with Pb concentration less than 15 per-
cent produced slurries similar to the Sn-15wt%Pb slurries discussed
above.

For alloys near the eutectic, the eutectic temperature was reached
at a low fraction solid of primary tin-rich phase. With continued
cooling, structures such as those in Figure 6 were produced containing
both eutectic phases. Since eutectic liquid solidifies isothermally,
cooling rates as used for the Sn-15wt%Pb alloy are not applicable. How-
ever, the heat removal and solidification rates for the structures in
Figures 6a, b and c, correspond to Sn-15wt%Pb cooling rates of approxi-
mately 20, 100 and 250°C/min., respectively. As Figure 6 shows, the
structures obtained when the eutectic is formed within the mixing chamber
can be either radial lamellar growth as Figure 6¢c or as equiaxed par-
ticles of Pb-rich phase associated with Sn-rich particles as shown in
Figure 6b. This phenomena is currently under further investigation.

Before the eutectic begins to solidify, the primary tin-rich parti-
cles behave like the particles in the Sn-15wt%Pb alloy. However, when

the second phase begins to solidify the original primary particles cease
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growing as shown in Figure 7. Thus the primary particle size is con-
stant with increasing fraction solid, at the size dictated by the shear

rate and cooling rate experienced in pre-eutectic freezing.

Conclusions
For Sn-Pb Alloys

1. Primary particle size increases with increasing fraction solid
and decreasing cooling rate.

2. Primary particle size increases only slightly with decreasing
shear rate and only at low cooling rates.

3. The continuous slurry producer can be used with alloys that
freeze isothermally.

4. When the eutectic temperature is reached, primary tin-rich
particle growth ceases and the two eutectic phases solidify

as a distinct structure.

References

1. M. C. Flemings et al., "Machine Casting of Ferrous Alloys", Interim
Technical Report, ARPA Contract DAAG46-C-0010, 1 January - 30 December
1973, prepared for Army Materials and Mechanics Research Center,
Watertown, Massachusetts.

2. M. C. Flemings et al., "Machine Casting of Ferrous Alloys", Interim
Technical Report, ARPA Contract DAAG46-C-0010, 1 January - 30 June
1974, prepared for Army Materials and Mechanics Research Center,

Watertown, Massachusetts.




® FRACTION SOLID O.51 to 0.59
O FRACTION SOLID 0.60 to 0.69

n
®
®

_18-

100

PRIMARY PARTICLE SIZE , microns ()

o) | | l |
0 200 400 600 800 1000

COOLING RATE, €, °C/min

Figure 1. Effect of cooling rate on slurry particle size of
Sn-15wt%Pb alloy s]Yrry. Shear rates from 340
sec.~1 to 980 sec.-!.




-82-

*X001

€' = °b L'uW/D.G/9 = 3 (9) ‘*Ulw/9,0pl = 3 (4)
“TuLw/9.,69 = 3 (e) ¢sajed BuL[00D JuBUBIILP P
pasnpodd saLJun|s Aop|e qd%IMG|-uS 40 sydeabouddLwoloyqd

*2 ?anbL4




PRIMARY PARTICLE SIZE , microns ()

300

200

100

15 to39°C/min

€ =
‘ /gs= 0-2 sy
®
=
€ =50to80°C/min
/gs= 0.75 ]
/\
A
A
O A
O ad O
€ =160 to 210 °C/min
0™ 0.6 -
! | \ l ! | ! |
200 400 600 800 {000
SHEAR RATE, y, sec”
Figure 3. Effect of shear rate on particle size of Sn-15wt%Pb

alloy slurries.

_88_




PRIMARY PARTICLE SIZE , microns (u)

300 T | T | 1 | T
| ]
200+ —
€=23t0 39 °C/min A
=
/ A
®
‘,/’
100 |— 7
€=70 to 200 °C/min O
€ =600 to 700 °C/min
0 ! | ! | ! | !
0 0.2 0.4 0.6 0.8

VOLUME FRACTION SOLID, g¢

Effect of fraction solid on particle size of
Sn-15wt%Pb alloy slurries. Shear rates from
340 sec.! to 870 sec.-1,

Figure 4.

-V8-




Photomicrographs of Sn-15wt%Pb alloy slurries at various
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Figure 7.

Photomicrographs of Sn-35wt%Pb slurries showing
increasing fraction solid; equivalent cooling rate
100°C/min.; (a) gg = .06, (b) g = .15, (c) gg = .60,
100X.
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CHAPTER V. DEVELOPMENT OF NEW CASTING PROCESSES -- "CLAP CASTING"

Summar

The feasibility of a modified Thixocasting process termed "Clap
Casting" has been demonstrated using as a model an aluminum-copper alloy.
This process eliminates both crucible and alloy injection equipment while
automating metal transfer. It is, therefore, particularly attractive for

high temperature alloys.

Introduction

The unique properties and die filling characteristics of semi-solid
Rheocast and Thixocast metal permit development of a wide range of innova-
tive forming processes. One of these has been carried through an experi-
mental study of its feasibility. In this process the end of a Rheocast
rod is heated by induction to a temperature where it is semi-solid. A
controllable quantity of metal detaches and gravity delivers the charge
material to a pair of horizontally driven dies. This process has the
advantages of both eliminating crucibles and automating metal transfer, and

as such is attractive for high temperature alloy casting.

Apparatus

A schematic diagram of the apparatus is shown in Figure 1, and a

photograph in Figure 2. The apparatus consists of a pair of drive rolls

to feed a 1/2 inch diameter rod through a temperature stabilizing water
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cooled copper chill into a short 1 inch I.D. induction coil powered by a
20 KW, 400 K cycle Lepel unit. Immediately below this coil, which is
insulated from the rod by a transparent Vycor fube, is a photocell detec-
tion unit. This unit has two functions. Firstly, it is used to accurately
position the rod at the start of each shot, by observation of the degree of
shadowing the rod end produces on the photocell. This can be monitored via
the output of the detection unit. Secondly, the photocell detector unit is
used to trigger, via an appropriate variable delay circuit, Figure 3, the
pneumatic cylinder which drives the die cavity plate against the stationary
die half. In this operation the Lepel unit is also automatically switched
off.

The simple die cavities are made from mild steel and to date have
been operated unheated. They are driven by a 3 1/2 inch diameter pneumatic
cylinder operating at its maximum pressure of 250 psi to minimize frictional

delays.

Procedure

A Rheocast rod 1/2 inch in diameter, cast from a batch Rheocaster was
fed by the rolls into the induction coil and its position was adjusted to
give a particular output from the photocell detector unit. Power to the
coil was switched on at a predetermined level such that a volume of metal
of approximately 2 cubic centimeters at the end of the rod partially melted
and eventually detached. The falling drop was then sensed by the photocell

detector and this triggered, via a preset delay, the pneumatic cylinder.
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This drove the dies together to entrap the falling drop which passed adjacent
to, but not touching, the vertical center line of the stationary die half.
Mechanical ejection of the casting was effected on the die opening sequence

via a centrally located pin.

Results and Discussion

After an initial period of operation in which optimum rod position and
power levels were established, the apparatus produced consistently approxi-
mately 2 cubic centimeters volumes of semi-solid charge material. Sufficient
success has been obtained with the apparatus to date to demonstrate the
feasibility of such a casting system.

Two types of die cavities have been investigated. These are shown in
Figure 4. Castings made with these cavities are shown in Figure 5, and
demonstrate that reasonable die fill out has been obtained. A typical micro-
structure from one such casting is shown in Figure 6. This exhibits the
familiar large rounded primary solid and finer dendritic structure formed
from the remaining 1liquid as the casting completes its freezing in the die
cavity. While insufficient castings have been made to date to justify
radiographic analysis, initial metallographic examination suggests that in
castings in which good die fill out is obtained, good internal soundness is
also obtained. These features should be further improved by casting
slurries of higher fraction solid.

Inconsistencies in the drop detachment position (observed as varying

outputs from the photocell detector prior to detachment) have been sufficient
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in some cases to cause the dropping semi-solid slug to partially miss
the cavity, resulting in non-fill of the die cavity. Some simple
changes would eliminate this problem. Firstly, a stepping motor could
be introduced into the rod roller drive driven by feedback from the
photocell detector unit. This would maintain the rod end position
throughout the pre-melting stage. Secondly, a second sensor could be
employed which would permit drop velocity to be computed and used to

select the delay time in the trigger circuit.

Conclusions

1. A new Thixocasting system termed "Clap Casting" has been investi-
gated which offers the advantage of both eliminating crucibles
and alloy injection equipment while automating metal transfer.

2. Preliminary results, using a model aluminum-copper alloy, show

that good castings can be produced in this way.

References
1. M. C. Flemings et al., "Machine Casting of Ferrous Alloys", Interim
Technical Report, ARPA Contract DAAG46-C-0110, 1 January 1974 -
30 June 1974, prepared for Army Materials and Mechanics Research

Center, Watertown, Massachusetts.




-92-

~a
@ @-—FEED ROLLS
| . CHILL
CHARGE Na
ROD
% INDUCTION COIL
LIGHT _ ] LIGHT
e e i SENSOR
STATIONARY
DIE HALF EJECTION PIN

—

1110

/ AIR N\
H CYLINDER

DIE CAVITY 4MOVING DIE HALF

Figure 1. Schematic of the apparatus.




-93-

-

....!.‘.;..

-

)

Photograph of the laboratory set up.

Figure 2.




T PHoTo TuBE | 10X 1 [ INVERTING |
AMPLIFIER

IOK&

ROD POSITION lejt
ONITOR
fig ¥ j
LEPEL : 27K
100 | | +5V
}i——o(:-‘h:' ShUT = i | i 1008
SHUT OFF ! |
r RELAY Slose 1} a2 555 [T WY
- I
7 fomoemo SOLENOID | T I l
E ~ 2000 b _,'
o s 1008
%/—'\N\’-O\—
PIE RETURN DIE OPEN SOLEI\;OID
|7 1

V.AC. 3

Figure 3. Rod position monitor and casting control circuit.

_VG_




Figure 4.

-95-

Photographs of the experimental die cavities.
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Figure 5. Photographs of castings made.
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CHAPTER VI. ELECTROMAGNETIC INJECTION OF SEMI-SOLID ALLOY

Summar

Two different types of electromagnetic injectors have been
studied and comparisons between them made on the basis of experiments
and theory. The first type of device is the "induction" machine,
reported earlier. The second is the "universal” machine described
below. Theory and experiment agree well in both machines leading us
to believe that we understand the processes involved. A simply and
inexpensively constructed apparatus can propel metal at velocities of

20 m/sec. or more corresponding to casting pressures of 400 psi.

Introduction

The purpose of this work is to replace the piston - shot sleeve
part of a die casting machine in injecting metal into a die.

Work during this contract year has centered upon the evaluation
of two machines, which we term the induction and universal types. The
first considered was the induction machine, shown schematically in
Figure 1. This machine relies upon the principle that a current
varying in time above a conducting body will produce field and induce
current in the conductor in such a way that there is repulsion between
the two. In order to determine the characteristics of this device and
its applicability to casting different metals, the following program

was followed:
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(1) A machine was constructed which was capable ofﬁnaking
simple castings. This has been described in a previous

report.(])

(2) A theory for determining the net force upon the slug was
developed and tested experimentally. This model made use
of experimentally determined circuit parameters. It
includes scaling of the force with size and conductivity.
This theory was tested experimentally, as described below.

(3) A theory describing the fluid mechanics of a jet impulsively
injected into a simple cavity was developed. This theory
seems to explain qualitatively results obtained in casting
experiments.

(4) On the basis of (1), (2) and (3) above, the practical

limitations of the device were considered, along with

consideration of the capital costs of such a machine.

These topics will be discussed in the following section.

A second type of machine, the "universal" type, was considered
next as a possible answer to some of the problems encountered in the
investigation of the induction machine. The universal machine is shown
in Figure 2. As of the end of this report period, the following work has
been completed:

(1) The construction of a simple pendulum experiment to test

the idea of the universal machine.
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(2) The development of a theory to describe the pendulum
experiment and a general theory to describe the driver
section actually envisioned.

(3) Experiments in ejecting rheocast lead-tin alloy from a
prototype driver section.

These three topics will be discussed in the section titled, "The

Universal Machine".

The Induction Machine

Results of casting experiments have been described previous]y,(])
so we will begin here immediately with our efforts to understand the
physical basis for those results.

The first part of this task is to find the net electromagnetic
force on the fluid. We will cast our model in lumped parameter terms,
this being most directly connected to experimental measurements. The

circuit model for this machine is shown in Figure 3. Then we have:

~

: - 3. 5% ~R Rz_ 1

i Re[ ipe>"], s = 5+ A7) = (1)
sMg

. = st

i Re[ ST, TR, e"] (2)

Lp and is are the primary and secondary currents, and s is the natural

frequency of the circuit.




-101-

For consideration of the net force, we need only consider the

magnetic field caused by the driving coil:

uof(ro’ Z)

= —F— 1ip (3)
r‘0

f0 is a dimensionless function of o and z, and u, is the permeability

of free space (4w x ]0'7 H/m).

~

u f(r., 2) 'l sMi
o'o : st st
= —————— Re [ i e’ ] Re[ e . 2mr (4)
o ) sLS ¥ RS 0
o 1T
p.flr , z) sMi sMi_i*
- 0 0 (27”' ) Re [ P eZSt > pp eZsrt] (5)
r 0 sL_ + R sL_+R
0 s 3 s S
u f(r_, z) Mi sMi i
e @ _ .0 p pp
mv = (2mr_) Re [ + ] (6)
2ro ) 2(sLS + R, ZSrTSLS+RS)

F is the instantaneous force; v is the final velocity. Simplifying and

substituting for ip, we have:

2 4 LS 2
n(CVo) Is| (ﬁ;) K Lp Mg f(ro, z)
mv = 5 (7)
r

M2 (8)
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This holds assuming X;§-<< 1 and (§F) << 1. A more complicated
general relation follows straightforwardly from the next to last equa-
tion. For typical experimental values this approximate expression is
accurate to within 20 percent.

The net specific impulse predicted by this theory was substan-
tially that found experimentally, as shown in Figure 5. The experiment
was done with the same equipment as described in a previous report.(])
The values for the circuit parameters were determined directly by small
signal analysis using an oscillator and diagnostic equipment.

From equation 7, we can see that the impulse delivered is to RS-],
“the geometry and primary circuit characteristics being held constant.

RS is proportional to o'], o being the conductivity of the fluid. So
the force to be expected goes as 02. (This is true, of course, only for
small values of o, such as we will here encounter.) The implication of
this is that in going from a solid alloy slug to a semi-molten steel slug
of the same size we will have only 4 percent as much velocity. (Material
properties for Cerelow alloy and other metals are listed in Table 1.) As
we increase the size of the slug system, we receive a greater impulse, but
this is counteracted by the increase in mass of the system. For steel,
then, we can conclude that to obtain velocities suitable for casting
requires either a capacitor bank with a much quicker discharge time or a
much bigger system, since the scaling laws favor size. Since neither of

these courses seems practical at this time, we were led to look for

another type of device.
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The Universal Machine

Since the problems with the induction machine is too little
induced current in the fluid, an alternative that suggests itself is to
impose a current through the fluid. The disadvantage of this method is
that it requires contact between an electrode and the fluid. The advan-
tage is that it is very insensitive to fluid conductivity. There are ways
in which to meet the first objection, one of which is shown in Figure 6.
In this system the electrodes would be cast and would be fed in and
melted by an induction heating coil. When enough Rheocast material had
accumulated, the heating coil would be removed and the material driven
into the mold below. A simple thermal analysis indicates that this could
well be feasible, though an induction power supply of ~30 KW would be
required. Another alternative is to simply clamp water cooled electrodes
on to the metal just before discharge and allow for a reasonable amount of
erosion by pushing the electrodes in slightly periodically. This also
seems possible from a thermal standpoint. The first experiment done is
shown in Figure 7. It was chosen because of the very simple fluid
mechanics that results. This simple fluid pendulum experiment was done
to test the imparting of momentum to a fluid in an unambiguous way. The
theory of this device is composed of two parts: the amount of momentum
imparted by the electric pulse and the response of the pendulum (maximum
height attained) for a given momentum. We will consider the first part
as a special case of the general driver theory given below. The maximum

height, Xg? is given by
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X = v (9)

This results from direct appiication of Bernoulli's
equation.

The Universal Machine. The coordinates and variables used in the

following derivation are shown in Figure 8. The fluid velocity at the
bottom of the injector section is derived under the following assumptions,
which are justified below:
(1) The velocity of the middle stream of the exiting jet is
governed by the equations of inviscid fluid mechanics.
(2) The electrical force acts as a mechanical impulse.
(3) The magnetic field is imposed by the coil; image currents
make no contribution to the field.
(4) The field is uniform over the region of interest.

Justification of Assumptions.

(1) The time associated with the diffusion of the viscous boundary

layer into the bulk of the flow is

T = E%Q (10)

\Y

The transport time is

. 2
LI (11)
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We are concerned with velocities of 10m/sec. and depth

of 1 cm. The density and viscosity in MKS units are about

7 x 103 and .5 respectively. Thus:

_(107%)? (7 x 10%)
v (5 x 10-1)

T ~1 sec. (12)

So the material is through the system before the effects of
viscosity can reach the free stream.

(2) The electrical pulse is approximately 1 m/sec. long. Thus
it acts as an impulse for velocities less than ~20m/sec.
For some of the higher velocities attained experimentally,
this assumption begins to fail.

(3) The critical parameter here is Wl W being the frequency
of excitation and t being the magnetic diffusion time;uiz.
Typically u ~10"6 and o =100, so that Ty ~10-6 sec. The
frequencies used are all less tha k kHz, so that W, < 10-3
This means that the ratio of induced to applied field is
roughly one part in 103.

(4) This can only be related to a particular coil. In the case
of the coil used experimentally, the field varied by no more
than 40 percent over the face of the slug.

Derivation of Velocity. The velocities and forces for an inviscid

system are related by Bernoulli's equation:
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b 3y vb2 va2 b -
P g ﬁ. de + Pb+ p —-2—= Pb+ p—z- fa f . de (]3)
Or, in moving coordinates
-d—t}\'/ de + P_ - P_ - (v2-v2)= bf%-di (14)
et V- b~ "a~ P Wy a -

If B is uniform, then:

F = JxB, Ba constant

5 is only in the x and y directions; B is uniform and in the z direction.
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;
where ¢ (r) = B, L J (r) x d2
r
0

If we consider the velocity component vx in Bernoulli's equation,

we obtain the result:

a
o % ALY (v - v,) = 1B, (17)
This is independent of the particular distribution and direction of
the current.

Since the electrical force is taken as an impulse, only the following

terms remain:

g 0 .
o gt g vxdx = 180 (18)
or
b v
du X X - s
pl 'd—t- fa —u—d ('E) = 'IB0 (19)

Evaluating the above integral requires a detailed knowledge of the
velocity distribution. We do not know this, but can guess that in normal-
ized form it should be of order unity. For a capacitor discharge the

above equation quickly becomes
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v = (20)

p2wR

v \O
<

X 40X
P a v d(g)

Where Rp is the circuit resistance and a is the ratio of B0 to

Experiment
The pendulum experiment described above was constructed with the

following parameters measured:

C = 3.6x105F
« = 2.0x10°°
o = 7.2 x 10° kg/m
£ = .45m
) -2
w = 2.0x10 " m
Ry = 078

The experimental results of the pendulum experiment are shown in Figure 9.
This agreement leads us to believe that the momentum impulse theory ade-
quately describes this interaction.

A driver section such as described above was constructed for tin-lead
alloy. Rheocast slugs were partially melted into the liquid-solid range in
the shot chamber and ejected past a photo-electronic timing apparatus via
a capacitor discharge.

For our experiment:
3

4.75 x 10°
4

c F

2.0 x 107

o
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7.2 x 10° kg/m°

p =
g = 10']m
w = 107
R = .05Q
p

A Thixocast slug is melted to the appropriate fraction solid. At
that point one of the side walls is removed and the driver coil put
into place and secured. The pulse is then applied to the coil and to
the electrodes.

Velocity of the ejected fluid was measured via two photocells and
timing circuitry. The arrangement of photocells and amplifiers is such
that they respond to the first inpingement of the metal into the light
beams with a delay of less than .2 m/sec. The resulting measured
velocities are shown in Figure 10. The theoretical line shown uses a
value for the fluid mechanical constant a of .8.

The correlation between theory and experiment evidenced here
leads us to believe that:

(a) The theory developed is a true picture of the way in

which the device works and can be used as a reliable guide
for further designs.

(b) That such an apparatus can propel masses of metal on the

order of a pound at velocities of 20 m/sec., pv2 (the

dynamic pressure) at this velocity is 400 psi.
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Conclusions

1. Theory and experiment agree well in both machines leading
us to believe that we understand the processes involved.

2. A simply and inexpensively constructured apparatus can
propel metal at velocities of 20 m/sec. or more corre-

sponding to casting pressures of 400 psi.
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TABLE I
Approximate
Conductivity Density
Material (mho/m) (kg/m)

Cerelow-117 2 x 108 6.8 x 10°
Aluminum 7 3
(Solid, 25°C) 3.5x 10 2.7 x 10
Aluminum 6 3
(Liquid, 700°C) 6 x 10 2.7 x 10
Steel 5 3
(Liquid) 5x 10 7 x10
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ful production of pure Sn, Sn-Pb eutectic and near eutectic slurries has
confirmed the feasibility of Rheocasting alloys of narrow freezing range.

The feasibility of a modified "Thixocasting" process termed "Clap
Casting" has been demonstrated using as a model an aluminum-copper alloy.
This process eliminates both crucible and alloy injection equipment while
automating metal transfer. It is, therefore, particularly attractive for
high temperature alloys.

Two different types of electromagnetic injectors have also been studied
and comparisons between them made on the basis of experiment and theory.
The first is an "induction" machine described earlier, the second is a
"universal" machine. Theory and experiment agree well in both machines.

A simply and inexpensively constructed apparatus can propel metal at
velocities of 20 m/sec. corresponding to casting pressures of 400 psi.
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j# ia the third {ntarim teport describing rasearch comducted st Massachusetts
htituts of Technology as part of a foint university-industry resesrch program om
pting of ferrous alloya. 1t covers the period of the sjghteeoth to the thirthieth
hth of & four-year progrsm. During thia period the “"Cootimuous Rheocaster” baa

in greatly improved and s machine caating system umiog semi-selid alioya

using a copper basa
reture “model” syatems, and on othar
pporting studies. The high tempereture “Continuous Rheocastar” dascribad aarlfar

} undergone axtensive modification and development. It hsa besm used to contimu-
jly produce a numbar of farrous slloy slurries and s cobalt basw auperalloy alurcy.
j_epparatua hss nov beac optimized for continuous productioo of largar quantitles
“Eheocast” ingots, and seversi hundred pounds have been producad of tha “"model”
hoza elloy employed previously (905 alloy 99we2Cu, 10we2Cu, 10welSn, 2wtllam).

pae togots have been cut to size, rashasted to tha semi-solid ranga and cast using e
bly developed "Thixocaating” aystem., Thia comprisas en induction furneca to

jidly rebeet the ingot sections to tha semi-solid range, coupied to a commercial

F ton cotd chamber dia ceat machine. To date, mors thao 150 castings of a simuia-

i} D.0.D. part have been mads in the bronse alioy. Results of this work confirm
pt castings vith good surfaca quality ere obtained with internal soundness sub-
pntlally improved over that of die cestings wmade from superhoetad metsl. {nterval
} temperature measuremeots wers mada during tha casting of both liquid and semi-
jid brooze alloy 903. Computer calculations indicata that uss of semi-solid charga,
opposed to superheated liquid charga, significsotly reduces dle surface temperature
b # fuctor of 4), reta of surfaca hsating, (dy a factor of 7), and maximum surface
hperatura gradtent, (by a factor bf 8). The lov temperature “Coatinuoua Rheocaster”
| been used witd the model Sn-Ib affoys employed previously to examino the sffects
ths alurry structura of cooling rata, shear reta, compositioo and volums fraction
jiid. Primary particla sise dacressed markedly with increasing cooling rsta, in the
jiga 0~800°C min."l and to a lesser sxtent with focrsasing ahear rats io tha resnga
000 sec."!, Particls atze Increased with fractioo soiid, particie airae were in
b renge of 60-250um. Tha succeesful productioo of pure So, So-Pb eutactic and near
pectic slurrias has confirmed the feasibility of Rheocasting siloys of ocarrow
pezing range. Tha fsasibility of a sodifted "Thixocasting” procaas termed "Clep
::n"' has beso demcostrated using as s model an aluminus-coppar alloy. Thia

ss allsinates both crucible and elloy Lnjection aquipment whila sutomating metsl
jnefer. 1t 1w, therafore, particulacly attractive for high temperature alloya.
P d1fferent typas of slectromagnetic injectors hava efao deen atudied end compari-
jia datwesn tham made on the basils of experimaut and theory. The first is an
jduction” machine described earifer, the aecond {s a "univerael” machine. Theory
|| experiment agree well io both machinas. A almply an inexpensively constructed
baretue can propel metal at velocicias of 20 m/asc, corresponding to casting pres-
Fea of 400 pai.
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jla fs the third foterim raport descriding rasearch conductsd at Massachusetta
tituta of Techaology as part of s joint univeralty-industry rasearch program on

fting of farrous alloys. 1t covars the period of the elghteenth to the thircthieth

th of a four-year program. During this period the "Continuous Rheocaster” hsa
Eu greatly improved and a machine casting syatem using semi-solid alloys
tzocasting” has daen devaloped and operated op pilot basis ualng 8 copper basa
rhy. Vork has aiso continued on low temperature "sodel”™ eyatems, sod on other
poreing studles. The high temperstura "Continuous Eheocaster™ dascrlbed aariier
undargona extensiva modification and Jevalopment. {t hae been used to cootiou-
jaly produce s musber of fartous slloy slurrlas and a cobalt basa superalloy alurry.
@ apparatus hae nov beeo optimized for continwoua production of larger quantitica
“Rhaocast® fngota, and several hundred pounds hava been produced of tha "modal”™
jonea alioy employed praviousiy (905 alloy 99weICu, 1DwtXCu, 10wtiSa, 2wtila).
joaa ingots have been cut to sise, reheeted to tha asmi-aclid range and cast using a
Wiy developed “Thixocasting” aystem. This comprisea an induction furnaca to
Ipidly rebeat the ingot sections to tbe semi-soiid ranga, coupled to s cowmarcial
|5 ton cold chasbor dia caet machioa. To d » mora than 150 caatinga of a simula-
jd D.0.D. part heve been mada in tha bronze ailey. Rwaults of this work confirm
jat castings with good surfacs quelity are obteined with internal soundneas sub-
jantially improved over that of dia caatings made from superheated mstal. internal
e temperetura measurements vers made during ths ceating of both iiquid and wemi-
11d brooss sifoy 305. Computer calculstions indicate that usa of semi-solid cherga,
oppoaad to superhested 1iquid charge, vignificantly rsducea die surfsce temperatura,
y & factor of 4), vats of surface heatiog, (by e factor of 7), mnd maximus surfaca
faperature gradient, (by e factor of 8). The fov tempersturs "Contiouous Rheocaster”
| baun used with the modai S0-Pb alloys employed previoualy to examina tha ef facts
tha alurry structure of cooling reta, shear reta, composition end voiume fractiom
114, Primary particle siza decraassd markedly with incrasaing cooiing rate, io the
nge 0-800°C min.~! and to & lesser extsnt vith {ocraasing shaer rats in the ranga
1000 sec.~l. Particla sizs {ncressed vith fractlon scild, particla sizas were in
e ranga of 60-250um. Tha succaasful productica of pura Sa, Sn-Fb eutectic snd near
tactic slurrias has confirmed tha faasibility of Rhaocasting alloye of narrow
cesing vange, The fasaidility of s mod1find "Thixocasting” proceaa tersed "Clep
Jordng™ haa besn demooatrated using es a modal an afumiaun-copper siloy. Thia
cesn alimfoatea both crucibia and ailoy injection equipment while eutomating meral
anafec, it is, tharafore, perticularly attractiva for high tempereture alioys.
}o different types of alactromagnetic iojectora have sisc baen atudied and compari-
Ine between them made on the beals of sxporiment snd theory. The first ls an
aduction” mechine described eerlier, the ascond fe a "univeraai” machine. Theory
Jd axperiment sgree veil 1o both machloas. A simply an inexpensively constructed
jparatus can propel matal at velocitles of 20 m/eec. corraaponding to casting pres-
jrea of 400 pui.

Army Materiale and Mechanics Resesrch Ceoter AD
Watertown, Massachusetts 02172
MACHINE CASTING OF FERROUS ALLOYS UNCLASSJPLED
M.C. Flemings, R. Mehreblan, J.R. Malcher UNLIMITED DISTRIRUTION
R.G. Rfek, K.P. Young, N. Mataumoto
D.G. Beckmsn, F.5. Blackell, B.E. Bond,

E.J. McHale, F.S. Schottman Kay Words
Technical Report AMMRC CTR 75-22, Octobar 1975 Die Canting
120 pp - fliuatrations, D/A Project ARPA Soiidiflcation

Order No. 2267, AMCMS Code 4D10

This ts the third interim raport deacribing rasearch conductsd st Masaschuaetta
institute of Techmology as part of a jolst univeraity-industry rasearch prograa on
casting of fsrrous alioya. 1t covers the perfod of the sightaenth to the thirthieth
sonth of a four-yeer program. During thia pericd the "Contisuoua Rhecceater” has
been grestly lmproved and a machine caatfog system using seml-soild slloys
“Thizocasting” has been daveloped and operated om pilot bssis using a copper beas
elloy, Work has almo continued om low temperatura “modal” wystema, and oo other
supporting studlas, The high tempersturs “Continuous Xheocastar” dascribed serllec
has undargone sxtenaiva modification and devalopwent. 1t has been used to contimu-
ously produce s mmbar of ferrous alloy slurrias aud a cobalt bese superalloy siurry.
The appsratus has nov been optimtzad for cootinuoua production of larger quentities
of "Rheocast” ingots, end several hundred pounds hava baeo produced of the "modai®
bronze slloy empioyed previcusly (903 alloy 99wt2Cu, 10wtICu, 10vtlSm, 2wtXZn).
These ingota have bean cut to size, rsheated to the seml-soiid range and cast usiog s
newly developed "Thixocasting™ system. Thia comprises sn induction furmaca to
rapidly roheat the ingot sections to the semi-solid range, coupled to a commsrciel
125 ton eo0ld chamber die caat machine. To deta, wore ‘than 150 castinga of a simula-
ted D.0.D. part have besn made in tha bronze alloy. Reaults of thias work confirm
that castings with good surface quality are obteinad with internsl soundoass aub~-
stancially improved over that of dia castings made from superhested metal. Intarnal
dis tempersturs mesaursments vere mada during the casting of both llquid and ammi-
#0lid bronze alloy 305. Computer calculations indicate that vse of sesi-solld charge
en opposed to superhaatad liquid charga, sigoificantly reduces dic aurface temperatur
(by a factor of &), reta of surfaca heatiog, (by a factor of ?), and maxlmum surfece
tempareture gradient, (by a fsctor of ). The low temperaturs "Continucus Rhaocester’
has baen used with the model Sa-Pb alloys employed previousiy to examina the effecta
on the slurry structura of cooling rate, shear rate, composition and volume fraction
solid. Primsry particle slza dacresased markedly with increasing cooling rata, in tha
range 0-800°C min.~! end to s lasser extemt with iocresaing shear rsta o 'the range
0-1000 sec.=!. Perttcle size incrassed vith frsction sclid, psrticia slzes vere in
tha ranga of 60-250um. Tha successful production of purs So, En-Pb eutectlc end near
eutectic slurrisa has confirmed tha feasibility of Rheocasting elloys of nerrow
freezing rangs. Tha feaaibility of a wodifiad "Thizocasting" procsss tarmed “Clep
Casting” has baen demonstrated uaing as a model an eluminua-coppar alloy. This

proc slimfnates both crucidle and alloy injection equipmeot whlla automsting metal
tranafer. it is, therafora, perticulerly attractive for high tempereture alloys.
Two different typea of slectromagnatic fojectors have alsc baen studied and compari-
sons between them mada om the basis of axperiment snd theory. The first is en
“Induction” machine daacribed earliar, the second is s "universal” machine. Theory
and experiment egree weil in both machines. A almply an loexpensively coastructsd
appsratus can props] metal at velocitfas of 20 m/sec. correspoading to casting pras-
surea of 400 psi.
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This is the third intarim report dascriding rasearch conducted et Massechusetta
lostltuta of Technology as part of a joint uolvarsity-induatry research progrems oa
casting of farroua alicya. It covers the perlod of the efghtsenth to the thirthieth
mnth of 8 four-yeer program. DOuring thia period the "Cootinuous Rhsocsster™ ha
been greatly improved end a machine casting system using semi-solid elloys
"Thixocasting™ has been developed and opereted om pilot basia using e coppar baae
alloy. Work has s0 continued on low temperatura “wodel’ tems, and on other
supporting studies. The high temperature “"Continuous Rheoceatar” described sarlier
has umdargone axtenaive modificetion and development. 1t has been used to contlinu-
ously produce a mmber of ferrous alioy slurries snd a cobalt bass auperalloy siurry.
The apparetus hes nov been optimized for coatimuous production of farger quantitlea
of "Rheocast” ingota, and severai huodred pounda hava been produced of the "wodei”
bromze alloy ewpioyad previousiy (905 ailoy 99weiCu, {0wt2Cu, 10wtISo, 2wtiZa).

These ingote have been cut to size, reheatad to the semi-eolid range sad cast unfog s
nevly developed "Thixocasting” system. This romprises en induction furnace to
rapidly raheat tha ingot sections to the semi-soiid renge, coupled to e commercial
125 ton cold chambar die cast machine. To data, wora than {50 castinga of e aimula-
ted D.0O.D. part have been made in the bronze ailoy. Reaults of this work confirm
that castings with good surface quality are obtained vith tntarnel soundnasa aub-
stantially improvad over that of dia.csatings mada from superheetad metsi. Internal
die temperatura measurements wera mads during the casting of both iiquid and seml-
a0iid bronza elioy 905. Coaputsr calculetions ladicate that uas of semi-sclid charge
as oppoaed to muperheeted lliquld chargs, significantly reduces die surface temperetur:
(by a fector of &), rste of surface heating, {by s factor of 7), and maximum surface
temperatura gradient, (by a factor of 8). The lov temperatura “Contlnuous Rheocastsr
hea been usad with the model Sn-Pb alloys mmployed previouaiy to examine the effecta
on tha slurry structure of coolling rate, ahaer rete, composition and volume fractiom
soild. Primary particie size decreased murkadly vith {ncreaning cooling rata, in tha
rangs 0-800°C mtn."! and to e laaser extant with incrassing shear rata {n the rangs
0-1000 sec."l. Perticie size locrassed vith fraction solid, particle sizea vere in
the renge of 60-250um. The succasaful production of purs Sn, So~Fb sutectic end near
wutactic slurriea has confirmed the feeaidiiity of Rheocasting slloya of marrow
freozing ranga. The faaelbility of a modlfied "Thizocesting” process termed "Clap
Caating” has been demonstrated using as ¢ modai eo elumfnum-copper alfoy. This
process aliminatse both crucibdle snd alloy Injectlon equipment whila automating wetal
tranafar. it ls, tharefore, psrticularly sttractive for high temperatura alloys.
Two differeat types of electromagnetic injectora hava aleo been studied and compari-
sons batveen them made om the besis of xperiment and thaory. The first {a en
“induction” machioe deecribed earlier, the second 1s e “oniveraal” machina. Theory
and experiment agraa wall in both machinea. A aimply an inexpenaively constructed
appatatus can propal wetal at vefocities of 20 m/aec. corresponding to cesting pres=

sures of 400 pei,
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