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ABSTRACT

This is the second Interim Report of a program initiated on
June 24, 1976 to investigate the feasibility of producing net
or near-net shape components by forging-type operations, Thixo-
forging, using Rheocast metals.

This report summarizes some of the findings from the first
year of the program and covers the details of the investigations
on high temperature alloys and results of the Thixoforging experi-
ments in the past twelve months,

During the past two years a number of Thixoforging systems
(reheat furnaces with penetrometers and heated dies adapted to
existing hydraulic presses) were designed, constructed and opera-
ted. These include: Two laboratory apparatuses with 50-ton
hydraulic presses and a pilot plant size system with a 200-ton
forging press.

The continuous Rheocasting apparatus was modified and located
near the large press to permit direct transfer of partially solid
charge material to the dies without going through a solidification
and reheating cycle.

Experiments on the high temperature slurry producer showed
that primary solid particle size in Rheocast cobalt-base Haynes
alloy 31 and 4340 low alloy steel are of the same size as primary
dendrite arm spacings in conventional specimens solidified under
identical cooling rates.

A theoretical model previously developed for homogenization
(solution) heat treatment of Rheocast structures was used in the

heat treatment of 2024 aluminum alloy forged specimens. The




specific phases in this alloy before and after homogenization heat

treatment were identified using an Electron Microprobe.

An extensive theoretical and experimental program was carried
out to study the effect of pressure and die coatings on the heat
transfer coefficient at the die-metal (aluminum alloy) interface
during the forging operation. It was found that application of
19.6 x 107Pa pressure increases the heat transfer coefficient from

nv 3.4 x 100 Wm~ 2Kk~ to 5.25 x 10% Wm~2k™'. The effect of different

Wm~
die coatings on the heat transfer coefficient were also determined.
A large number of Thixoforged parts of aluminum alloys 6061
and 2024 were produced, heat treated and their mechanical proper-
ties were determined. The disc-shaped parts, 0.12m in diameter by
0.025 to 0.04m high, produced from both Rheocast and liquid charge
of 2024 aluminum alloy responded to heat treatment and possessed
properties comparable to the wrought alloy. For example, tensile
properties of the Thixoforged parts in the T-6 condition were n
35Kg/mm2 (& 0 46.4Kg/mm2 (U.T.S.) and 11.2% Elongation. These

properties were slightly lower than those measured on Squeeze Cast

parts made in this study. On the other hand, the fatigue proper-

ties of the Thixoforged parts were slightly superior.
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I. INTRODUCTION

The current emphasis on reduction of manufacturing costs by
the government and industry has resulted in renewed efforts to

develop new and innovative processes that would permit forming

metal parts to net cr near-net shapes. One such forming process,

Thixoforging, has been the subject of this investigation. This

e

program was initiated on June 24, 1976 to investigate the feasi-
bility of producing net or near-net shape components by forging-

type operations using Rheocast metals. The aim of this study was
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to exploit the special structure and thixotropic rheological be-
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i: havior of Rheocast metals to produce porosity free, heat treatable

N parts, in a single forming operation, thus eliminating the substan-

tial manufacturing costs associated with machining operations. Sev-

eral areas of possible applications of such a process were envi-
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sioned. First, the deformation could be viewed as a competitive

[ TR

i forming operation to precision casting or forging. Second, the
altered metallurgical structure may permit forming of alloys that

are presently only forged or only cast. Third, a most important

application could be in preparation of near-net shape preforms for

subsequent precision forging or machining. Finally, the process has i
a major advantage over processes such as die casting in that solid-

ification of the Rheocast alloy takes place under direct applied
9

pressures of thousands of psi (107 to 10”7 Pa) resulting in compon- g

ents free of internal porosity.
The liquid metal equivalent to Thixoforging is Squeeze Casting.
This process was developed in the USSR (1,2) and has been used to

produce a variety of shapes from simple gear blanks to valves with

R B B R e P N
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internal cored passages. Steel castings of up to 100 1bs. have been
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manufactured in this way. Major advantages of this process include:
production of porosity free heat treatable parts with forging prop-
erties, good surface finish, high metal utilization (absence of
gates and risers), automation, etc. Some disadvantages of liquid
metal Squeeze Casting include: time delay necessary for partial
dendritic solidification of the liquid metal prior to pressurization
(resulting in some macrosegregation), limitations in press speed

due to induced turbulence in the liquid metal, difficulty in pro-
tection and transfer of high temperature liquid metals from cru-
cible to the female die and short die life. Use of a partially
solidified, Rheocast, charge material does not require further
solidification in the die prior to pressurization; its high viscos-
ity permits rapid deformation without turbulence and finally, pro-
tection and automatic transfer of a semi-solid charge is much easier
than a completly liquid charge.

While it is generally recognized that pressurization during
solidification enhances heat transfer across a metal-die interface,
little experimental and theoretical work has been carried out to
investigate this phenomenon. The heat transfer coefficient would
affect die thermal behavior, hence die failure, in important ways.
Therefore, a portion of this investigation dealt with the effect
of applied pressure and die coatings on the heat transfer coef-
ficient at the metal-die interface during the forging of liquid and
Rheocast charge materials.

The investigation, as reported herein, can be divided into two
major areas. First, the effect of process variables during slurry

production, Rheocasting, on the resulting structure and the homo-

genization heat treatment response of ingots produced directly under
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a continuous Rheocasting ap;aratus was studied. The aim of this
work was to; (a) determine the relationship between cooling rate
during slurry production and primary particle size in Rheocast
specimens and compare the findings with dendrite arm spacings in
conventionally cast specimens solidified under identical cooling
rates, and (b) establish the necessary relationships between homo-
genization heat treatment times and Rheocast structures. Second,
the deformation behavior of Rheocast alloys at temperatures below
and above their solidus temperature was studied and Thixoforging
apparatuses were developed to produce net or near-net shape com-
ponents starting with a partially solid charge material. The ap-
paratuses developed were extensively used to study the effects of
process variables on heat transfer coefficients at the die-metal
interface and the structure and properties of the parts produced.
The initial aim of this work was to use commercial aluminum
alloys and high temperature cobalt-base and iron-base alloys for
both the Rheocasting and Thixoforging experiments. However, due
to the unavailability of a high power induction power supply for
the reheat furnace associated with the Thixoforging apparatus, only
aluminum alloys were used in forging experiments. Part of the
findings from the first year of this effort were described in the

first technical report (3). This report included the following:

1. Rheocast ingots of a model system Sn-15% Pb alloy and alum-
inum alloys 6061 and A356 were produced in a continuous slurry pro-
ducer.

2. The feasibility of producing parts to net or near-net shape

starting with these Rheocast ingots was demonstrated by the produc-




“
tion of sound flanged shaped cup parts and cylinders using a 50-ton l
hydraulic press equipped with controlled temperature dies. {

3. Die thermal behavior was studied as a function of applied
pressure by correlating experimentally measured temperatures to a i

computer heat flow model.

This report summarizes some of the earlier findings and covers {

details of the investigations on high temperature alloys and results

o

of the Thixoforging experiments in the past twelve months of this

program, ‘

Specific areas covered include the following:

NS, SIS RS GRS NI

T During the past two years a number of Thixoforging systems §
K (reheat furnaces with penetrometers and heated dies adapted to ex- '
isting hydraulic presses) were designed, constructed and operated.
E | These include: s
(a) A small laboratory Thixoforging apparatus was built which
consists of: (i) a resistance furnace for reheating of Rheocast and
a‘ conventionally cast charge materials, (ii) a controlled pressure
penetrometer for monitoring the charge material characteristics, and

"‘ (iii) a 50-ton Wabash hydraulic press which was modified to accept

controlled temperature die sets for the forging experiments.
: (b) The hydraulic press noted above was replaced with a more
i} versatile electronically controlled MTS machine. This machine was i
modified to accept the controlled temperature die assembly. !
(c) A pilot plant size (200 ton) Squeeze Casting machine,
donated by the Doehler-Jdarvis Division of NL Industries, was instal-
led in our laboratories. An induction heated reheat furnace was

built and equipped with a penetrometer for reheating of large (~two

1bs. or more of aluminum) charge material. [
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(d) The continuous Rheocasting apparatus was modified and
located near the large press to permit direct transfer of partially
solid charge material to the dies without going through a solidif-
ication and reheating cycle.

2. Experiments were carried out on the high temperature slurry
producer to study the effect of process variables, especially cool-
ing rate, on the structure of cobalt-base Haynes alloy 31 (alternate
designation X-40) and 4340 low alloy steel.

35 Elevated temperature rapid strain rate tests, Gleeble tests,
were carried out on Rheocast ingots of cobalt-base Haynes alloy 31.
4. A theoretical model previously developed for homogenization
(solution) heat treatment of Rheocast structures was used in the
heat treatment of 2024 aluminum alloy forged specimens. The spec-
ific phases in this alloy before and after homogenization heat
treatment were identified using an Electron Microprobe.

5. An extensive theoretical and experimental program was carried
out to study the effect of pressure and die coatings on the heat
transfer coefficient at the die-metal interface during the forging
operation. Model System Sn-15% Pb, commercial aluminum alloys 6061
and A356 were used in these experiments in both the partially solid,
Rheocast and completely liquid states. A1-Si binary eutectic alloy
was also used in a series of controlled experiments to better cor-
relate the experimental conditions with the plane front solidifica-
tion assumption of the computer heat flow model.

6. A large number of Thixoforged parts of aluminum alloys 6061

and 2024 were produced, heat treated and their mechanical properties

were determined.
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7 Rheocast ingots of cobalt base Haynes alloy 31 and 4340 low
alloy steel and Thixoforged ingots of 2024 aluminum alloy were sent

to AMMRC for their in-house evaluation.

i
ga
|
-
il ;

1




II. APPARATUS AND PROCEDURE

Continuous Rheocasting

Partially solid, Rheocast, slurries were produced continuously

in the machine shown in Figure 1. Details of this apparatus and

its operating procedure have previously been reported (4). The

ey EGas e W

production strategy was to melt solid metal fed continuously into

the upper chamber of the machine. Simultaneously, in the lower

chamber, the alloy was cooled and vigorously agitated to produce
a semi-solid slurry composed of spheroidal solid particles sus-

pended in solute enriched liquid. The slurry product exiting

from the lower extremity of this machine was either cast into
ingot preforms for subsequent reheating and Thixoforging opera-
tions or was collected in a heated Taddle for direct transfer to
the forging dies. In either operation the volume fraction of
solid in the exiting slurry was controlled via direct torque mea-
surement on the rotor and thermocouples located along the mixing

chamber and at the exit port of the machine. Torque measurements

were correlated to a calibrated master curve of torque versus vis-
cosity which was predetermined on the machine using various viscos-
ity fluids. Finally, average cooling rate during primary solidif-
ication in the lower chamber was calculated from the flow rate

of the slurry and data relating volume fraction of solid to temp-

erature in the solidification range. Volume fraction of solid in

the slurry was determined by quantitative metallography of water-
quenched specimens.

2. Laboratory Thixoforging Apparatuses

The two laboratory Thixoforging apparatuses used in this work

are shown in Figures 2 and 3. Both systems consist of: (a) a
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resistance furnace; (b) a controlled pressure penetrometer for
monitoring the charge material characteristics; (c) temperature
measurement and control devices; and (d) a hydraulic press con-
taining a controlled temperature die set. The hydraulic unit in
the apparatus shown in Figure 2 is a 50 ton Wabash press, while
the one in Figure 3(a) is an MTS machine with its associated con-
trols which was modified to accept the die assemblies used in the
forging experiments.:

The resistance furnace for reheating, partial or complete
melting, of the charge material is shown on the left side of Fig-
ure 2(a) and consists of a vertical cylindrical chamber, 0.06m in
diameter and 0.12 m long. 1Its temperature is controlled to *IK,
The charge material contained in an alumina crucible can be moved
out of the furnace by a hydraulic jack Tocated below it. This
furnace with the penetrometer mounted above it was used with both
presses shown in Figures 2(a) and 3(a).

The penetrometer consists of a 3.2 x 10'3m diameter alumina
rod attached at one end to a small air cylinder. The lower end of
the penetrometer rests on top of a slug of the charge material and
exerts a controlled amount of pressure on the slug. It is calibra-
ted to penetrate slugs of partially solid materials at a given vel-
ocity when the slugs reach a desired volume fraction solid during
the heating cycle. Calibration, pressure setting, was done by
locating two thermocouples in the slug, one near the center and
one close to the edge. During reheating cycle of the various par-
tially solid charge materials, the penetrometer was the primary
control for determining when the charge was ready for the forging

operation. The temperature in superheated liquid charge materials

s [T i BT e ST
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was monitored by a thermocouple located in the alloy. Once a
charge material was deemed ready for the forging operation, it
was manually transferred to the lower cavity of the die in one of
the hydraulic presses.

H-19 and H-13 steel dies were used to produce a flanged shaped
cup part, Figures 2(b), 3(b) and 4(b),and unidirectionally solidified
cylinders, Figures 4(c), 4(d) and 5. The dies were preheated to
the desired temperature via six or more 1000 Watt cartridge and
cylindrical resistance heaters. Die temperatures were closely
monitored via a control device coupled to the heaters. In the first
year of the program the cylindrical die assembly shown in Figures 4(c)
and 4(d) was used which contained an H-13 steel ejector cylinder
located at the bottom of the lower die. Thermocouples were press
fitted in this piece at various distances from the die-metal inter-
face. Essentially, unidirectional solidification was achieved by
insulating the sides of the lower die and the bottom of the top die.
Once a charge material, liquid or partially solid was placed in the
lower die, the ejector cylinder containing the thermocouples began
heating and the effect of pressure was only recorded after the two
die halves were closed. Thus, thermal profiles obtained were in
two distinct regimes, one before and one after pressurization. This
necessitated the use of two different heat transfer coefficients in
the computer heat flow model to simulate heat flow in each regime.
In order to alliviate this problem, the alternate cylindrical die
design shown in Figure 5 was used in the second year of the program.
In this design the thermocouples are located in the cold top die
half and die thermal behavior is recorded simultaneously with pres-

surization. Therefore, a single heat transfer coefficient is used
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in the computer heat flow model for a given set of experimental
variables (pressure and die coating).

In experiments designed to determine the heat transfer coef-
ficients at the die-metal interface, the lower die was heated to
700K while the upper die was kept at room temperature. The lower
die surface was insulated with a layer of fiberfrax and a mixture
of clay and high temperature cement, The bottom surface of the
upper die was polished with a 600 grit paper and treated by one of
the following methods prior to the forging operation:

(a) No coating was applied.

(b) The surface was coated by acetylene soot to a thickness
of about 0.05mm,

(c) A mixture of graphite powder and isopropyl alcohol (pre-
pared from dilution of "Dag 1545 with the alcohol 1:20) was sprayed
on the surface for a period of about 3 seconds. The thickness of
the coating was approximately 0.05mm.

(d) The same mixture as in (c) above was sprayed for 10 sec-
onds, building up a coating of about 0.2mm on the surface.

(e) A mixture of die release agent and water (prepared by di-
luting a release agent 1163* with water 1:40) was sprayed on the
surface for 3 seconds.

Thixoforged flanged shaped cup parts and unidirectionally solid-
ified cylinders were produced in both apparatuses with model system
Sn-15% Pb alloy, commercial aluminum alloys 2024, A356 and 6061.
Die thermal behavior was studied vith Sn-15% Pb alloy, commercial

aluminum alloys A356 and 6061 and A1-Si binary eutectic alloy.

*
Supplied by Acheson Company, Port Huron, Michigan 48060
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3. Pilot Plant Thixoforging System

This system consists of; (a) an induction powered (“4KW) re-
heat furnace; (b) a controlled pressure penetrometer; (c) temper-
ature measurement and control devices; and (d) a fully automated

200 ton AutoForge specially modified for use in Squeeze Casting

and Thixoforging. Photographs of this system are shown in Figure

6. Figure 6(a) shows an overall view of the apparatus which in-
cludes the reheat furnace and its associated power supply. A photo-
graph of the reheat furnace with the controlled pressure penetro-
meter located on top of it is shown in Figure 6(b). Rheocast ingots
are placed in an alumina crucible, O0.Tm in diameter and 0.17m tall.
This crucible rests on a table which is counter weighed and moves

up and down vertically on two bearings riding on vertical rods.

The motion of the table is electronically coupled to the penetro-
meter.

The charge is again manually transferred from the reheat fur-
nace to the dies. The temperature of each Rheocast ingot was ini-
tially monitored with two thermocouples located at the center and
one extremity of the ingot. The power input to the induction coil
was altered during a reheating cycle such that no more than a 1 to
2K temperature differential was noted between the two thermocouples.
The penetrometer was again calibrated to penetrate the Rheocast
ingots at a given velocity when the slugs reached a given volume
fraction of solid. Temperature for the superheated liquid charge
material was monitored by a single thermocouple located in the alloy.

A large number of experiments were carried out with this ap-
paratus using Rheocast ingots of 2024 aluminum alloy weighing ap-

proximately one killogram. Metallographic examination of the disc
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shaped parts (~0.12m in diameter by 0.025 to 0.04m tall) revealed
that some of the surface oxides on the Rheocast ingots were entrap-
ped within the parts. This was deemed undesirable and an alter-
nate Thixoforging approach was developed for the production of

high quality, heat treatable parts with little or no entrapped ox-
ides. In this approach the continuous Rheocasting machine was
redesigned with a larger lower mixing chamber and was relocated near
the forging press as shown in Figure 7(a). Partially solid charge
material was intermittently collected in the coated stainless steel

ladles shown in Figure 7(b) and directly transferred to the lower

die shown in Figure 7(c). The ladles were initially preheated to
a temperature of ~ 500K to avoid further solidification during charge }ﬂ

A
collection and transfer. Rheocast Charge collection and transfer
was synchronized with the operation of the forging press to permit {:
Thixoforging of aluminum alloy parts every few minutes. The dies

were coated after each forging operation with a mixture of graphite

powder and isopropyl alcohol (coating (c) described in the previous
section). Thixoforged discs of 2024 aluminum alloy produced are
shown in Figures 7{(b) and 7(c). Finally, part thickness was varied I

by changing the ladle height as shown in Figure 7(b).
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ITI. RHEOCASTING, HEAT TREATMENT
AND DEFORMATION STUDIES

The general aim of this portion of the investigation was to;
(1) determine the relationship between cooling rate during slurry
production and primary particle size in Rheocast specimens and com-
pare the findings with dendrite arm spacing in conventionally cast
specimens solidified under identical cooling rates; (2) establish
the necessary relationships between homogenization heat treatment
times and Rheocast structures; and (3) study the deformation behav-
ior of Rheocast alloys below their solidus temperatures.

) i Effect of Process Variables on Rheocast Structures

The two alloys used in this study were cobalt-base Haynes alloy
31 (alternate designation X-40) and AISI 4340 low alloy stee]t The
former alloy was used in concurrent studies in this program and
another program sponsored by the Department of Defense which was
reported separately (4,5). The 4340 low alloy steel was only in-
vestigated in this program.

Previous fundamental (6) and applied (4,5,7) studies on the
effect of process variables during Rheocasting on the structure and

the rheological behavior of partially solid slurries has shown that:

(a) The structure of a partially solidified, vigorously agita-

ted metal slurry is a function of the process variables (cooling

rate, shear rate and volume fraction solid). That is, the size,
distribution of size, shape of the primary solid particles and the
volume fraction of entrapped liquid in these particles can be signif-

icantly altered by varying the processing conditions. For example,

* The nominal compositions of these two alloys are: cobalt-base Haynes
alloy 31 (Co-26.5% Cr -~ 10.5% Ni - 7% W- 0.5%C), AISI 4340 Tow alloy
steel (Fe 0 0.7% Mn - 0.25% Mo - 0.8% Cr - 1.85% Ni - 0.3% Si -

0.4% C - .035% max. p - 0.04% max.S).
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increasing the average cooling rate makes the primary solid par-

ticles more uniform and smaller in size, but increases the amount

of entrapped liquid in each particle - increases the effective

volume fraction of solid in the slurry, hence increases its vis-
cosity (4-7).

(b) The thixotropic behavior of a metal slurry as quantitized

by a measure of the hysteresis loop, determined on a high tempera-
ture viscometer, is a function of the structure as well as the con-
ditions under which the loop is generated (6).

(c) The rheological properties of a metal slurry are similar

to those of many well known non-metallic suspensions (6).

One important finding from the previous studies (4,5) on a low
temperature Sn-15% Pb alloy was that primary dendrite arm spacings
in conventional castings and primary particle size is continuously
produced slurries are of the same order of magnitude if the average
cooling rates during solidification are identical, Figure 8.

This observation was confirmed in the high temperature alloys
used in the present investigation. The results obtained for the
cobalt-base alloy and the low alloy steel are shown in Figures 9 and
10, respectively.

The relationships between primary and secondary dendrite arm
spacings and average cooling rate in these high temperature alloys
were determined from directionally solidified ~0.13m tall ingots in
which six or more thermocouples were located at different distances
from the bottom chill. The measured dendrite arm spacings close to
the thermocouple locations were then correlated to the average cool-

ing rates recorded during solidification. As anticipated, measured

dendrite arm spacings were inversely proportional to average cooling
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rate to an exponent. For each alloy the relationship is given by:
. -n
d = b(eAvg) (1)

where d is primary or secondary dendrite arm spacing in microns,
b and the exponent n are constants (different constants for pri-

mary and secondary dendrite arm spacings), and €A is the average

vg
cooling rate during solidification.

The constants in equation (1) for the two alloys were calcula-
ted from Figures 9 and 10. The equations for the cobalt-base Haynes

alleoy 31 are:

-0.32 ;
d = 90 EAvg Primary
(2)
-0.27
d = 40.4 EAvg Secondary
The equations for the 4340 low alloy steel are:
-0.3 i
d = 245 EAvg Primary
(3)
-0.29
d = 116 EAvg Secondary

The effective average primary particle size, p.p.S., in the
slurries were determined from specimens water quenched directly
under the continuous slurry producer. Figures 11(a) and 12 show
the Rheocast and water-quenched structures of the cobalt-base Haynes
alloy 31 and the 4340 low alloy steel, respectively. Note the dif-
ference between the structures in Figures 11(a) and 11(b). The form-
er was water-quenced as it exited from the slurry producer while the
latter was cast in an ingot mold. The rapid solidification exper-

ienced by the remaining solute enriched liquid during the water
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quench resulted in the fine dendritic structures which delineate

the primary solid particles.

P ——

The average cooling rate during primary solidification in the
lower mixing chamber of the slurry producer was calculated from the

following equation:
Eavg - ATglag)/t (g4) (4)

where 9 is the volume fraction of the primary solid particles in
the slurry determined by metallography, AT(gs) is the difference be-

tween the liquidus temperature and the temperature of the exiting

slurry determined by locating a thermocouple in the direct path of
i;s the exiting slurry, and tr(gs) is the average residence time of the
iv, alloy in the mixing chamber determined from the volume of the mixing ]
chamber and the measured average flow rate of the slurry. é:
| Note that the data in Figures 9 and 10 are for effective vol-
}f ume fraction solid, 9> in the slurry in the range of 0.45 to 0.6
1

and average shear rate during slurry production of ~600 sec '. The

plots in Figure 10 also include data from Bye (7) who has carried out

e

an extensive study of the rheological behavior of 4340 low alloy
steel confirming earlier findings of Joly and Mehrabian (6).
Finally, it should be noted that the primary particle size in

Rheocast slurries is also a function of shear rate and volume frac- )

[—— |

tion of solid. It decreases with increasing shear rate at low cool-

ing rates and increases with increasing volume fraction of solid in {}

the slurry (5.6,7).
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2. Heat Treatment Studies

The effect of cast (Rheocast) structures on microsegregation
and heat treatment response of the two high temperature alloys and
commercial 2024 aluminum alloy were studied. A portion of this
work has overlapped with a previous program sponsored by the De-
partment of Defense (4,5). As example, the theoretical model for
solution heat treatment of Rheocast structures previously reported
(5) was developed for both investigations. However, work in this
area, especially identification of insoluble second phases, was
continued in the present program and will be reported in detail
herein. On the other hand, only a summary of the earlier findings
will be given where appropriate.

In general, electron probe microanalysis of water aquench Rheo-
cast slurries show a relatively flat composition profile of alloying
elements in the primary solid particles with abrupt changes in their
boundaries. For example, note the concentration profiles of chrom-
jum, nickel and tungsten versus position in the primary solid par-
ticle of cobalt-base Haynes alloy 31 shown in Figure 13. This seg-
regation profile differs from conventional dendritic microsegregation
where a minimum or maximum concentration is usually observed at the
center of dendrite arms. During high temperature heat treatment
significant solute redistribution and second phase dissolution was
expected and observed. Some of the primary carbide phase in the
interparticle boundaries dissolved and reprecipitated as M23C6 type
carbides during very slow cooling from the heat treatment temperature.
Increased carbide dissolution, diffusion of solute elements into
the primary solid particles, carbide reprecipitation and coarsening

were noted with increasing heat treatment times. Microhardness
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measurements carried out across the primary solid particles of
the as-Rheocast and heat treated specimens shown in Figure 14
confirmed these observations.

Similar trends were noted in the 4340 low alloy steel speci-
mens. Chromium, manganese and nickel showed some positive segreg-
ations in the interparticle spaces which were significantly reduced
after homogenization heat treatment.

Analytical and computer models were developed for solutionizing
of Rheocast and conventional cast (dendritic) alloys. The details
of this model have been reported (5). As in the case of dendriti-
cally solidified structures, the critical dimensionless parameter
for dissolution of non-equilibrium second phase particles and solute
redistribution is [Dst/zz]. Where Ds is the diffusion coefficient
of solute atoms at the heat treatment temperature, t is the time of
heat treatment, and 2 is a characteristic distance over which micro-
segregation manifests itself. 1In dendritic solidification 2 is one-
half the dendrite arm spacings while in Rheocast structures it
denotes the radius of the primary solid particles.

Experiments were carried out on commercial 2024 aluminum alloy
to verify the prediction of the model. Figure 15 shows the experi-
mental measured variation in the volume fraction of interdendritic
phase as a function of solutionizing time at 788K for the Rheocast
and the conventional cast commercial 2024 aluminum alloy. Although
the curves for each processing mode exhibits similar characteristics,
the initial volume fraction for the Rheocast alloy is only 0.062
whereas the initial volume fraction for the dendritic material is

0.075 After 50 hours, however, both materials retain approximately

0.014 volume fraction of interdendritic or inter-particle phases.
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Since little change is detected between the amount of interdend-
ritic and inter-particle phases after heat treatment for 10 to 50
hours, one can conclude that 0.014 is the equilibrium fraction at

the heat treatment temperature of 788K.

i e W W e

Figure 16 shows the results of the diffusion simulation for the
solidification and solutionization of Rheocast commercial 2024
{ 1 . aluminum alloy. The general shape of both the numerical simulation
= : and the analytical curves is similar; however, the analytical curve
predicts that at any dimensionless time more dissolution will occur
than is predicted by the numerical technique. Of the two curves
the numerical simulation technique agrees most closely with the ex-
: perimental points, particularly at short times.
E | One important implication of the findings from this work was
that for a given value of dimensionless time, Dst/ré, the spherical
Rheocast structure solutionizes faster than the plate-Tike dend-
ritic structure (5). The increase in dissolution rate of Rheocast
, structures is due to the spherical geometry which provides a larger
51 | surface area of the second phase/primary solid interface per unit

volume than that for any other simple geometrical shape.

Due to the high solutionization temperature, 788K, used in the

earlier concurrent investigations some incipient melting of the inter-

dendritic eutectic phase was noted in the commerical 2024 aluminum
» alloy. Furthermore, only preliminary studies were carried out to

identify the soluble and insoluble second phases. These investiga-

composition of the second phases, especially the iron-rich phases,

'. tions were continued in the present program to better identify the
{ prior to and after solutionization at a Tower temperature of 778K.
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A JEOL Type 50A Electron Microprobe was used. The data from the
microprobe was corrected for absorption coefficient, atomic number
and fluorescence via a computer program especially designed for this
purpose.

In the as-Rheocast condition the following second phases were
identified: CuAlz, CuMgA]z, a(Al1-Fe-Mn-Si) which contains some Cu
and (Cu-Fe-Mn)A16. The composition of the second phases were quan-
titatively and qualitatively established using the electron micro-
probe and the associated elemental x-ray maps, respectively. Figure
17 shows Secondary Electron Images of the eutectic in the as-Rheocast
structure. The SEI's of the ternary eutectic o + CuA]2 + CuMgAl2
and the binary eutectic o + CuA]2 are shown in Figures 17(a) and
17(b), respectively. In addition to the microprobe data a differ-
ential etching technique was used to identify the CuMgA]2 phase in
the ternary eutectic. The etchant was a 10% H3P04 water solution
which darkened the CuMgA12 phase without affecting the CuA]z.

Figure 18 shows a Secondary Electron Image and the associated
X-ray elemental maps of the a[Al-Fe-Mn-Si] phase. The average
composition of this phase from electron microprobe analysis was 74
at %A1 - 8.5 at %Fe - 2.5 at %Cu - 7.5 at %Mn - 7.5 at %Si. Figure
19 shows a Secondary Electron Image and the associated x-ray element-
al maps of a (Cu-Fe-Mn)A]6 type particle. The elemental x-ray maps
in Figure 19(c) and (d) show high concentrations of Fe and Mn in the
particles, while the Cu map shows higher concentrations of copper
in the eutectic phase. The average compostion of the a(Fe-Cu-Mn)A]6
from microprobe analysis was 84 at %A1 - 2.5 at %Cu - 7 at %Fe -

6.5 at %Mn.

During short solutionizing heat treatment (~% hour) at 778K.

T ——

o et b

pE—




23

significant dissolution of the CuMgAl2 phase was noted leaving
behind nearly pure o + CuA12 eutectic. Most of the CuA]2 sec-

ond phase particles disappeared as solutionizing time was increased

to 50 hours. Dissolution of CuMgA]2 and CuA]2 during solution heat

treatment accounts for most of the measured drop in the overall

|
  |
|

volume fraction of the second phases in Figures 15 and 16. The
a(A1-Fe-Mn-Si) phase which contains some Cu did not dissolve during

solutionization. However, the (Cu-Fe-Mn)A]6 type phase could not

food e eWm W W WS W

be detected in the structure after a heat treatment of ~10 hrs. at

SERESEIE a0 SR T

778K. A new iron-rich phase, possibly CuZFeA17, was observed in
b | : the 10 hr. solutionized specimens.
It is postulated that this new phase is due to modification
| of the existing (Cu-Fe-Mn)A]6 phase during the homogenization heat
P | treatment. These latter observations are in contrast to those re-
| ported in our earlier investigations (5).
Identical phases to the above were also noted in the conventional

dendritic as-cast and homogenized specimens of the commercial 2024

\’ : aluminum alloy.

3s Gieeble Tests

| ; Elevated temperature rapid strain rate tensile tests, Gleeble

é tests, are generally used to determine the hot working characteris-
tics (ductility and strength) of alloys. Rheocast ingots of the

X‘ cobalt-base Haynes alloy 31 were sectioned longitudinally and mach-

ined into Gleeble test specimens 6.35 x 10'2m (1/4") in diameter

by 8.89 x 10'2m (3 1/2") long. These were tested at Cabot Corpor-
ation in Kokomo, Indiana. The specimens were heated to the test

temperature at a rate of 222K/sec. Specimen temperature was moni-

Lo b A U L A -

tored by a thermocouple spot welded to its surface. Crosshead

?‘ speed of 2.54 x 1072 m/sec were used. The ultimate load, apparent
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yield load, and reductions in area were measured. The data ob-
tained is shown in Figures 20 and 21, Data available on dendri-
tically solidified specimens from the literature (8) is also shown
on these plots. The hot ductility of the air melted Rheocast ingots
were consistently lower than that reported in the literature for
investment cast or electroslag remelted ingots (8,9) while the

yield strengths were slightly lower. Metallogiaphic examination of the
Rheocast specimens showed that the failures originated from distri-
buted porosity in the Rheocast ingots. This was expected since the
ingots were produced from a 0.5 volume fraction solid slurry without
application of pressure in a relatively cold mold.

Table I shows compiled data of tensile and stress rupture prop-
erties of cobalt-base Haynes 31 alloy from previous investigations
(5,10). These data show that internal porosity in as-Rheocast ingots
and thin foil die castings affects ductility and stress-rupture
properties adversely. Data in Table I also show that hot isostatic
pressing of Rheocast ingots and Thixocast airfoils closes the in-
ternal porosity - improves stress-rupture life significantly. As
noted in a subsequent section of this report, Thixoforging combines

the net shape forming of a casting process with the high pressure

(porosity free) forming of a forging process.
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IV. DIE THERMAL BEHAVIOR

The theoretical and experimental investigation of die thermal
behavior during forging of liquid and partially solid aluminum al-
lToys previously initiated (3) was continued and expanded to include
the effects of applied pressure and die coatings on the heat trans-
fer coefficient at the metal-die interface. Both the die 'geometry
and the aluminum alloy used were altered in this work to get closer
agreement between the assumptions of the computer model and the ex-
periments.

Figures 22 and 23 show the recorded die temperatures during
forging of superheated 1liquid and partially solid commercial 6061
and A356 aluminum alloy charge materials, respectively (3). The
applied pressure was v 9.1 x 107 Pa. The data in these Figures
show an abrupt jump in recorded die temperatures due to pressuriza-
tion - the vertical arrows indicate time of pressurization. The
data in Figures 22 and 23 also show that there was 10 to 50K differ-
ence between the highest die temperatures recorded when the charge
was parerally solid and completely liquid. This temperature dif-
Torence can be attributed to the difference in the initial charge
temperature rather than any significant difference between the
heat transfer coefficients at the die-metal interface. This fact
is deduced from the heat transfer coefficients listed in Figures 24
and 25 for the completely liquid and partially solid charge materials,
respectively, of the commercial A356 aluminum alloy.

A one-dimensional computer heat flow program was developed to
simulate the heat flow in the unidirectionally solidified cylindri-
cal part and the steel dies. From the correlation of computer pre-

diction and measured temperatures, it was found that the heat transfer
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coefficient increases by one order of magnitude or more upon appli-

cation of 9.1 x 107Pa pressure. Heat transfer coefficients before

3 and 3.4 x 104, respectively,

for a liquid and 8.4 x 102 and 3.1 x 10* w'm™? - k™1, respectively,

and after pressurization were 3.4 x 10

for a partially solid A356 aluminum alloy (3).

In the second year of this program the alternate cylindrical
die design shown in Figure 5 was used. In this design the thermo-
couples are located in the cold top die half and the die thermal
behavior is recorded simultaneously with pressurization. Therefore,
a single value of heat transfer coefficient is used to correlate
the computer heat flow model with the experimental findings. Since
no significant difference in die thermal behavior was noted between
the partially solid and liquid charge materials, Al1-Si alloy of eu-
tectic composition was used in this work to better simulate the
discrete liquid-solid interface position assumed in the computer
heat flow model. Finally, the computer heat flow model was slightly
modified to account for the altered die geometry employed in this

study.

Ve Computer Heat Flow Calculations

Heat transfer coefficients were calculated by matching computer
simulated and experimental die thermal response curves. The details

of the computer heat flow model were previously reported (3,11).

Hence, only a brief description of the model and the changes made will

be given here.

The mathematical problem is presented by the one-dimensional

thermal diffusion equation:
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where H, T, t, p and k represent the enthalpy, temperature, time,
density and thermal conductivity, respectively. The boundary and

initial conditions employed are:

R A
1) X = LC’ — 0
2) x = 0; 2 . hAT
A S (6)
3) t = 0, 0< ¥ < LC; T = T0

4) t= Gy ~heas € 203 T 2 17

D D

where TD and T0 are the initial die and metal temperatures, respec-
tively, ATS is the temperature difference at the metal-die interface.
The ratio 6/A represents the rate of heat flow through a perpendic-
ular surface of unit area. LD and LC are the die thickness and for-

ging thickness, respectively.

The thermal diffusion equation, expression (5), was solved using
a forward difference technique with the boundary conditions (6) also
reduced to the finite difference form.

The construction of the solution to the problem involved the

incorporation of the following assumptions:

1) Pressurization commences instantaneously after a fixed
time following lower die filling.

2) The upper die with the thermocouples is initially at a
uniform temperature and undergoes no phase transformation
on heating.

3) The heat transfer coefficient remains constant during pres-
surization.

4) The physical properties of the liquid metal are independent

of temperature.
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5) From the physical geometry and location of the die assembly
and thermocouples any other heat flux could be incorporated
by a heat input proportional to the difference in tempera-
ture of that location and the ambient.

The simulated version of the response curve was constructed
after monitoring temperatures at fixed nodal points corresponding
physically to thermocouple locations in the casting and the die. Thirteen
nodal points along the length of the die and eleven nodal points
along the vertical axis of the casting were used. The thermophysical
properties of the materials used are given in the Appendix. Finally,
a CYBER 175 computer was used and calculated temperatures were docu-
mented every 0.2 seconds.

2. Comparison of Experiment With Theory

A number of unidirectional heat flow experiments were carried
out to determine the effect of pressure and die coatings on the heat
transfer coefficient, h, at the metal-die interface. The applied
pressure was varied from m107pa to 20 x 107Pau Five different die
coatings were used as described in a previous section. In order to
obtain agreement between computer predictions and the experimentally
determined temperature profiles, several computer simulations were
carried out using different values of h for each experiment.

Representative plots of the experimentally recorded temperatures
at different locations from the metal-die interface at a high applied

7

pressure of 19,7 x 10° pPa is shown in Figure 26. Figure 27 shows

the results from a computer simulation and experimentally determined
die temperatures. The applied pressure in this experiment was 13.1

x 107 pa and the die was coated with a 0.05mm thick mixture of graph-

ite powder and isopropyl alcohol. In general, the agreement between
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the thermal response of the thermocouples at Imm and that of the
computer was excellent. However, it was found that heat input from
the lower die half after pressurization affected the thermal re-
sponse of the other thermocouples located at 4 and 10mm from the
metal-die interface. Therefore, a heat input consistent with
assumption (5) of the computer heat flow model was intro-
duced to obtain the close match between the measured and simulated
temperature profiles shown in Figure 27. The assumed side heat tran-
sfer coefficient for this case was 1.87 x 10% wn™%k™'. This value
is reasonable because a thin layer of liquid metal was consistently
pushed into the gap between the sides of the two die halves.

Data similar to those in Figure 27were generated for all of the
heat transfer coefficients reported below.

(a) Effect of Applied Pressure

The effect of applied pressure on the thermocouple located at
Imm from the metal-die interface is shown in Figure 28. As expected,
increasing the applied pressure resulted in a corresponding increase
in the recorded die temperatures. A plateau followed by a second
temperature rise was noted for the lower applied pressures. This
observation may be associated with the formation and subsequent col-
lapse of a gap at the metal-die interface at the initial stages of
solidification. However, no definite explanation of this phenomena
can be offered at this time.

Figure 29 shows the effect of applied pressure on the heat
transfer coefficients at the metal-die interface. Data from the

first year of this investigation on commercial A356 aluminum alloy

are included in this Figure. In general, the data show that heat

transfer coefficient for a given die coating increases with increasing
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applied pressure. The highest heat transfer coefficient, h = 5.25

x 10% wm=2 k-1

, was obtained for an applied pressure of 19.7 x 107
Pa. Finally, there is a general trend in these curves indicating
a diminishing effect of pressure on the heat transfer coefficient
with increasing pressures.

(b) Effect of Die Coatings

The effects of various die coatings on the die temperature and
the heat transfer coefficient at the metal-die interface are shown
in Figures 29 and 30. As anticipated, the highest die temperatures
recorded were for the case of no die coating, curve (a) in Figures
29 and 30. Acetylene sooth, curves (b), produced the second lowest
resistance to heat flow at the interface, while increasing the thick-
ness of the graphite powder-isopropyl alcohol mixture from 0.05mm
to 0.2mm resulted in a corresponding increase in the resistance to
heat flow - note the decrease in the heat transfer coefficients from
curves (c) to (d) in Figures 29 and 30.

Finally, the values of heat transfer coefficients determined
in this study appear to be in reasonable agreement with those reported
in a study by Y. Nishida et al (15). They reported values of 0.42
x 10% and 4.2 x 10* for applied pressures of 0.5 x 10%Pa and 6.5 «x

107Pa, respectively,during Squeeze Casting of pure aluminum.
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V. STRUCTURE AND PROPERTIES
OF THIXOFORGED PARTS

The two laboratory Thixoforging apparatuses, Fiqures 2 and 3,
and the pilot plant size Thixoforging system, Figures 6 and 7, were
used to produce a large number of flanged cup, cylindrical and disc
shaped parts. The commercial alloys used were 2024, A356 and 6061
aluminum alloys. The alloys were used both when the charge was com-
pletely liquid, Squeeze Casting, and partially solid, Thixoforging.
The parts were examined meta]]ographica]]y.for soundess and micro-
structural characterization. Tensile properties were determined on
both the Squeeze Cast and Thixoforged parts. Some of the data gen-
erated in the first year of this effort was previously reported (3)
and will be only summarized herein. All the experiments on the pilot
plant system, which permits applications of pressures as high as
2.1 % 108Pa on a 0.12m diameter disc shaped component, were carried
out in the second year of this investigation.

The microstructures of flanged cups produced in the laboratory
apparatuses from partially solid and superheated iiquid 6061 aluminum
alloy charge materials are shown in Figure 31. Figure 31(a) shows
the characteristic structure of a Thixoforged material. Each grain
resulted from coarsening of a primary solid particle in the initial
slurry. The dendritic structure of Figure 31(b) is that expected
from conventional solidification of a completely liquid charge. The
microstructures of unidirectionally solidified cylinders of commer-
cial A356 aluminum alloy produced from a partially solid and a com-
pletely liquid charge material are shown in Figure 32.

Similar unidirectional castings to that shown in Figure 32(b)
were produced using commercial 2024 aluminum alloy with and without

applied pressure. These experiments were done to ascertain whether
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the increased heat transfer coefficient at the metal-die interfa ¢
could induce a corresponding refinement of the microstructure near
the interface. Measured primary dendrite arm spacings at 2mm and
8mm from the metal-die interface were 28um and 40um, respectively,
when no pressure was applied during solidification. Application of
8.8 x 1O7Pa pressure resulted in a significant refinement of the
microstructure. The measured primary dendrite arm spacings for the
same two locations were 13um and 20.5um, respectively.

Flanged cup parts of commercial 6061 aluminum alloy made in the
laboratory apparatus from both liquid and partially solid material
were sectioned, heat treated and tested for tensile properties. Av-
erage tensile data from several specimens are listed in Table II.
These data show that porosity closure during Thixoforging of previ-

ously Rheocast ingots improves the ductility of the alloy. However,

as previously noted, some of the oxide from the ingot surface was
entrapped in the forgings reducing the overall measured ductility -
compare percent elongation in the Thixoforged parts with that re-
ported for the wrought alloy in Table II. On the other hand, mea-
sured strengths of both the Thixcforged and the Squeeze Cast speci-
mens exceed the reported values for the wrought alloy heat treated
to a T-6 condition.

Most of the experiments in the pilot plant system were done
with commercial 2024 aluminum alloy. Initially, all the partially
solid charge material was Rheocast into 0.075m diameter ingots, re-
heated and Thixoforged in the apparatus shown in Figure 6. However,
metallographic examination of the parts produced revealed that some of
the surface oxides on the Rheocast ingots were again entrapped within
tha forged components. As previously noted, all subsequent speci-

mens were produced using the apparatus and charge transfer mechanism
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shown in Figures 7(a) and 7(b). A typical microstructure of the
Rheocast and water quenched alloy is shown in Figure 33, The vol-
ume frac;ion of solid in this material was ~ 0.55. Thixoforged
discs were produc:c by direct transfer of this type of charge
material to the lower die of the forging press. A typical Thixo-
forged comﬁercia] 2024 aluminum alloy disc and its associated
microstructure prior to heat treatment are shown in Figures 7(b),
7(c) and 34. No porosity or significant oxide entrapment was
noted in these two parts. Similar disc-shaped parts were also
produced from an initially superheated liquid charge material.
Typical microstructures of both Squeeze Cast and Thixoforged parts
are shown in Figure 35. The structures are almost identical except
the primary solid particles, better delineated in Figure 33, are
still discernable in the microstructures of Figure 35(a) and 35(b).

Both the tensile and fatigue properties of the Thixoforged and
Squeeze Cast parts were determined after heat treatment. All the
specimens were first solutionized for twenty-four hours at 768K.
The tensile specimens were subsequently aged to a T-6 condition
while fatigue tests were carried out on the as-solutionized speci-
mens, T-4 condition. Table III lists the tensile properties of
both Thixoforged and Squeeze Cast parts. While the average tensile
properties of Thixoforgings are slightly Tower both sets of prop-
erties are comparable to the properties reported for wrought com-
mercial 2024 aluminum base alloy (12).

The fatigue 1ife tests on the Thixoforged and Squeeze Cast
commercial 2024 aluminum alloy parts were conducted on a MTS Series

300 four-column Load Frame at room temperature. The unnotched

specimens underwent stress (load) controlled compression - tension
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cycles with a zero mean and a constant frequency of 300 cpm. The
tests were conducted under different stress levels in the range
of ~ 10 to 25 Kg/mmz. Under each stress level, the number of
cycles that the specimen withstood before fracture was recorded,
and the test was repeated three times at the same stress level
before a reliable average fatigue 1ife was obtained. Two types
of specimens, Figure 36(a) and 36(b) were used in these tests.
Both specimens are cylindrical in shape and are threaded at both
ends. The one shown in Figure 36(a) has a uniform test section.
The other one with a continuous radius between ends, shown in
Figure 36(b), was used to avoid plastic buckling at high stress
levels. Finally, the surface of each specimen was polished down
with a 600 grit SiC paper prior to testing.

The fatigue test results are plotted in Figure 37. The Thixo-

forgings consistently showed slightly higher resistance to fatigue

failure compared to the Squeeze Cast parts.
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APPENDIX

Thermophysical Properties used in

Computer Simulations. From References (12-14)

Density The values of density for the H-13 and the aluminum
alloy are 7800 and 2660 Kg/m3, respectively.

Thermal Conductivity

. Steel = 33.5 W/m K
2 A1-Si Eutectic = 162 W/m K
Enthalpy The variation in Enthalpy in J/Kg with temperature for

the steel die and the aluminum was represented

by:

Steels AB = ABAET < .93 % 107 (T >  304K)

AT1-S1 Eutectic: AH = 739.6T7 + 0.226T% - 2.41 x 10” (298K < 1

< 850 K)

5 (T > 850 K) }

H=2947.1T - 2 x 10




(a) Properties of Cobalt Base Haynes Alloy 31 Ingots (From Reference 5)
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TABLE I

Investment Design
Property As-Rheocast Cast Minimum
0.2% Tensile Yield Strength (Kg/mm?) 54.2 53.5 35.2
Ultimate Tensile Strength (Kg/mm) 67.6 76 58.5 !
% Elongation 3.0 7 4.0 ’
Stress-Rupture at 1063K and 21.1 Kg/mm2 58.6 60 -———

following is
and 10.56 Kg

(b) Tensile Properties of Machine Cast Cobalt Base Haynes Alloy 31 (From Reference 10)

ostgtic pressing at 1486K

/mm

Tensi]e 2 2
Specimen Temp (K) Y.S. (Kg/mm“) UTS (Kg/mm“) El (%) R.A. (%)
1 R.T. 55.4 72.2 7o 4.9
2 R 62.2 84 5.0 5.0
Goal Rl 35.2 58.5 4.0 7.0
3 1061 28.9 38.4 6.0 5.0
4 1061 26.8 37.6 6.8 6.4
Goal 1061 16.9 40.9 8.0 6.0

(c) Stress-Rupture Properties of Machine Cast Cobalt Base Haynes Alloy 31 Tested

At 1061K/21.1 Kg/mm° (From Reference 10)

Rupture
S/R Specimen Condition Life (Hrs)

1 As-Cast 4.7 ‘
2 As-Cast 8.5
3 As-Cast + HIP* 28.7 l
4 As-Cast + HIP* 35.7
5 As-Cast + HIP* 42.1

Goal 30.0

*1486K/10.6Kg/mn’/4 hours




R —

[ ]

[

P

LR

Material

As-Rheocast

39

TABLE II

Tensile Properties of Heat Treated
Commercial 6061 Aluminum Alloy Flanged
Cup and Cylindrical Parts. Note That
Thixoforgings Were Made By Reheating
of Previously Rheocast Ingots.

Ultimate Tensi]g 0.2% Offset
Strength, Kg/mm

Yield Strength, gg/mm2 %Elong.

Ingot, T-4 21.5 17.1
Thixoforged

T-4 23.8 16.6
Thixoforged

T-6 36 -
Squeeze Cast

No Pressure T-6 32 -
Squeeze Cast

~108Pa pressure

T-6 36 -
Wrought Alloy

from Ref. (12)

T-4 24.7 14.8

Wrought Alloy
(12

from Ref.
T-6

)

317 28.2

12.8

9.0

14.1

22

12
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3 TABLE 111

MECHANICAL PROPERTIES OF THIXOFORGED AND
SQUEEZE CAST COMMERICAL 2024
ALUMINUM ALLOY
(Heat Treated to T-6 Condition)

THIXOFORGED
0.2% offset
Ultimate Tensils YieleStrength
Strength, Kg/mm Kg/mm % Elongation
| 1 45,1 36.1 11.0
‘ 2 47.3 34.3 10.8
3 47.5 35.2 12.3
4 46.8 35.3 11.2
5 43.4 31.8 1.2
1 6 47.4 35.6 1.3
| 7 47.3 34.9 10.3
3 8 46.7 34.3 1.3
‘ Averaae 46.4 (65.9Ksi) 34.7 (v49,3Ksi) 11.2

SQUEEZE CAST

1 49.2 36.9 15.6 t]
1 2 47.4 36.4 14.9
1 3 48.2 36.8 15.6
1 4 47.4 36.7 12.4
5 50.2 36.2 8.5
6 47.3 36.8 15.3
7 48.3 35.3 13.7 I
8 48.9 36.2 11.8 .
9 47.7 34.2 14.0 l
: 10 48.3 36.2 12.8 .
} Average 48.3 (v68.6Ksi) 36.2 (v51.4Ksi) 13.4 t
i ; WROUGHT ALLOY
| in T-6 condition f

(from Ref. (12)) 48,5 (v69Ks1i) 40(57Ks 1) 10

vy




Figure 1.
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(b)

Photographs of the continuous slurry producer; (a)
shows an overall view of the apparatus with some of
the associated power supplies and control systems;
(b) shows the top chamber of the apparatus into which
a solid rod of an alloy is fed continuously.




3 Figure 2. Photograph of laboratory Thixoforging apparatus; (a)
f shows an overall view of the apparatus including the
! resistance reheat furnace, penetrometer, hydraulic

;? press and temperature controllers; (b) shows the two
& die halves and a Thixoforged aluminum alloy cup shaped
P part.
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Figure 4. Schematic illustration of the dies used in the
laboratory Thixoforging apparatuses; (a) and (b)
represent the cup shaped part; (c) and (d) repre-
sent the cylindrical parts unidirectionally solid-
ified by heat extraction from the bottom.

T s P A e S NG

e




////////7/ ...“
///////1 “r"'
7

%

/ STATIONARY A
DIE HALF f4;173§4;§ 00
2 resee

//4/ s e -
AL ,
~

e /A
C;;(: SOLIDIFIED B/
/f?: CHARGE 7,

|
/////f' ||

CHARGE 7,

SIDE
\\\\\ RESISTANCE
HEATERS -
THERMOCOUPLE
LOCATIONS
3 i
:
4
o
2
2
P4
H LIquiD
)
P4
°

NDIae

MOVABLE
/4444 DIE HALF
ALl ¢

N

RESISTANCE
CARTRIDGE
HEATERS

Figure 5. Schematic illustration of the dies used in

the recent die therma

1

behavior studies.

Thermocouples are located in the cold top
die half which extracts heat from the cylin-
drical specimen simultaneously with pressur-

ization.
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Figure 8. Variation of dendrite arm spacings, DAS, in
conventionally cast, and variation of primary
solid particle size, average PPS, in continu-
ously produced slurry of Sn-15% Pb alloy with

cooling rate during solidification (from Ref-
erence 5).
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Figure 9. Variation of dendrite arm spacings, DAS, in conven-
! tionally cast, and variation of primary solid parti-
E | cle size, p.p.s, in continuously produced slurry of
cobalt base Haynes alloy 31 (alternate designation
. X-40) with average cooling rate during solidification.
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Figure 11.

Microstructure of Rheocast cobalt-base Haynes alloy
31; (a) water quenched specimen showning spheroidal
primary solid particles delineated by the rapidly
solidified remaining liquid in the slurry; (b) ingot
microstructure. Magnification 50X.
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3 Figure 12. Microstructure of Rheocast 4340 low alloy steel;
k (a) magnification 50X, (b) magnification 100X.
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Secondary Electron Images of the eutectic
phases in the as-Rheocast commerical 2024
aluminum alloy. (a) and (b) show the struc-
ture of a + CuAlp at 5000X and a + CuAl, +
CuMqA]2 at 800X, respectively.
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Figure 22. Die thermal response -- comparison between a super-
heated liquid and a partially solid initial charge (3). }
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‘ ‘ Figure 23. Die thermal response -- comparison between a
E | superheated liquid and a partially solid ini-
| tial charge (3).
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Figure 25. Composite of die and forging thermal responses -- com-

parison between measured and calcuiated temperature
profiles (3).
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Die thermal ;esponse at a high applied pressure
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Figure 27. Die thermal response - comparison between com-
puter simulation and actual measured die temper-
atures.
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die interface.
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Figure 31.

Microstructures of commercial 6061 aluminum alloy
cup shaped parts at 55X magnification. (a) Thixo-
forged part - initial volume fraction solid ~0.65,
(b) Part made from a superheated (~50K) Tiquid.
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| Figure 32. Microstructures of commercial A356 aluminum alloy |

forgings made in the unidirectional die cavity.

4 Magnification 100X. (a) Thixoforged part - initial
B : volume fraction solid ~ 0.6. (b) Part made from a
i superheated (~50K) liquid.
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Figure 33.

Typical structure of Rheocast and
quenched commercial 2024 aluminum

at 70Xx.

water
alloy




Figure 34.

Cross-sectional views of a Thixoforged commercial
2024 aluminum alloy disc shaped part; (a) shows
the microstructure of a section of the part; (b)
shows the microstruct R
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Figure 35. Microstructure of disc shaped parts. (a) and (b) show

! . the microstructure ofaThixoforged part at 70X and 180X,
respectively. (c) and (d) show the microstructure of a
Squeeze Cast part at 70X and 180X, respectively.
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Dimensions (in mm) of the two types of
specimens used in the constant stress
fatique tests.
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a fatigue life tests carried out on Thixoforged
and Squeeze Cast commercial 2024 aluminum base
alloy disc-shaped parts.







