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~..varying volume fractions of solid were inspected at different die temperatures and injection speeds and were
evaluated both non-destructively and metallographically. Results indicated that quality of high volume fraction
parts was improved using high injection speeds and low die temperatures. An alternate die design was also evaluated.

Heat treatment response studies were also performed on machine cast specimens. Results indicated that long term
anneals followed by aging yielded microstructures similar to cast and heat treated Haynes 31.

Mechanical property evaluation consisted of room temperature , 1000°F and 1450°F tensile testing, 1450°F
stress rupture and room temperature high cycle fatigue (HCF) testing. Tensile data indicated that tensile design
goals could be achieved. Stress rupture and HCF goals were achieved through the use of hot isostatic capacition
to reduce internal porosity in the machine cast specimens.~~

An economic analysis was performed which indicated that machine casting has the potential for competing with
foreign for gas turbine components, however there appeared to be no significant cost advantage when compared
to investment casting.
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FOREWORD

This report covers work done during the period 1 March 1976
through 30 April 1977 under the general title “Machine Cast-
ing of High Temperature Alloys for Turbine Engine Compo-
nents ”. The work was administere d through the Pratt & Whit-
ney Aircraft Group, Government Products Division , West Palm
Beach . Florida , with the work being performed at the Pratt &
Whitney Aircraft Group, Commercial Products Division , East Hart-
ford , Connecticut by the principal investigators. J. D. Hosteller,
C. C. Law , and L. F. Schulnieister. The work was sponsored by
the Defense Advanced Research Projects Agency under DARPA
Order No. 2267 (Amendment No. 6 - Code 4Dl 0) and Contract
No. DAAG46-76-C-0029 at the Army Material and Mechanics
Research Center , Watertown , MA 02 1 72.

The authors are gratefu l to W. H. Rand and J. S. Erickson
for their active parti cipation in the early phase of this pro-
gram. We would also like to express our appreciation to
C. W . Steiiike for his technical assistance , C. P. Sullivan
and A. F. Giainei for their interest in and helpful discus-
sions on this work and Pro f. R. Mehrabi an , Unive rsity of
Ill inois, for his t imely assistance during the entire course
of this e ffort.
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Figure 1 Die Cast Ferrous Alloy Compressor Vane (left) and Compressor Blade (right) Approximately
1.51)

High -cycle-fatigue testing of the die cast ferrous airfoils indicated that the presence of inter-
nal voids adversely affected the fatigu e strength of the material. Fatigu e strengths for the
die cast AM 355 blades were about 60 percent of the fatigue strength levels normally achieved
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in forged AM 355 blades. Reduction of porosity through hot isotatic pressing (HIP) improved
attainable stress levels to 80 percent of normal fatigue strength , indicating the potential for the
die casting of critical components for gas turbine engines provided that internal casting sound-
ness could be achieved.

More recently the Defense Advanced Research Projects Agency (DARPA) has initiated pro-
grams directed toward the “Machine Casting of Ferrous Alloys”.~

1’
~~ One of the innovative

approaches being pursued involves forming h~,gjl temperature alloys in the thixotropic state
in order to obtain improved product quality. ’ , 1 0) The anticipated quality improvement re-

‘, , sults from the fact that a thixotropic alloy is injected in the machine casting system in the
slurry (partially solid) state , thereby improving die fill characteristics. In addition , since the
metal is partially solid at the time of injection , less shrinkage porosity results and the castings
spend a shorter time in the die before they are completely solid . The lower temperatures
associated with the thixotropic input material as contrasted to current die casting practice
should provide for improved die life by reducing the thermal shock experienced at the die
face.

Pratt & Whitney Aircraft Group has recently joined the DARPA Machine Casting Activity.
The program described in the following section is the Pratt & Whitney Aircraft part of the
overall DARPA effort and involves applying the machine casting processes to the fabrication
of gas turbine components in order to see if this approach has the potential to significantly

F improve casting quality.
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II . PROGRAM AND FACILIT Y DESCRIPTION

A. I ROGRAM OUTLINE

During the course of the program , thi xotropic processing of ferrous and superalloy material s
into gas turbine components was evaluated. A general outline of the program is presented in
Figure 2.

MACHINE CASTING

HIGH TEMPERATURE ALL OYSI

— [ PRELIMINARY
CAST PART
EVALUATION

I 1
STATISTICAL TEST PLAN ME CHANICA L

= PREF OR M TEMPER ATU R E TRANSFER SYSTEM

— DIETEMPER AT URE
— INGATI NG OESIGN

PART EVALUATION
— NON DESTRUCTIV E TEST
— MICROSTRU CTURE
— PROPE RTI ES

PROCESS
EVALUATI ON

I I I
NON DESTRU CTIVE MICROST RUCTURAL PR OP ERTY EVAL UATI ON
EVAL UAT ION ANALYSI S &  HEAT — T ENS ILE

— VI SUAL TREATMENT — CREEP RUPTURE

— X-RAY RESPONSE — HIGH CYCLE
FATIGUE

I I
I OVERALL
I ASSESSMENT &
I ECONOMIC ANALYSIS
I OF MACHINE CASTING
~ PROCESS

Figure 2 General Outline for DARPA - P& WAG Machine Casting Program
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A continuing effo rt to improve the machine-casting system was conducted throughout the
program. This included both equipment modifications and m echanization of various steps
in the process. Concurrent with this e ffort was a series of planned experiments designed to
determine tile influence of critical process parameters , such as rheocast preform temperature ,
gate velocity conditions , die temperature , gating configurations , and rheocast prefo rm quality
on cast part qual i ty.

A comprehensive metallurgical characterization was perfo rmed , including microstructural
analysis amid alloy heat treat m ent response. Mechanical property evaluation , including high
temperature tensile and creep rupture test ing as well as high frequency fatigue testing, was
also conducted. This information was u sed to determine the feasibility of applying machine
casting concepts to the fabrication of critical gas turbine components. An assessment of
overall Part quali ty,  using standard nondestructive testing niethods was incorporated into this
feasibility analysis.

In add itio i i to the metallurgical ch aracterization 01’ machine cast components , a preliminary
— economic analysis of the process comparing it with existing fabrication techniques was per-

fonned.

B . MACHINE CASTING UNIT

Pratt & Whitney Aircraft has , under independent funding,  modified an injection-molding
press for use in their machine casting prQiects . This equipment (Figures 3 and 4) was used
throughout this machine casting contract as a method of producing high temperature alloy
gas turbine shapes. The press is a converted transfe r press originally used for the forming of
thermosetti llg plastic parts and consists of a press frame , die assembly, hydraulic die clamping
system , amid hydraulic injection systeni . These details are depicted in Figures 5 and 6. Clam-
ping force on the die assembly is maintained at  approximatel y 25 tons , and injection force
is limited to 6000 pounds to prevent (lie separation. The addition of an accumulator system
(Figure 6) allowed the a t ta inment  of ram velocities up to 30 in./ sec. An instrumentation re-
cording system , shown in Figure 7 . automatically recorded process parameter data such as
ram velocity, pressure , amid ram position , An example of the type of data recorded is shown
in Figure 8.

The die assembly, used for a majority of the injection trials , is shown in Figure 9. In the in-
terest of p,~omoting uniform front filling with this particular die , a relatively large gate
(0.062 in. — ) with a constant cross section was used. The die , pre form loading cradle , and
liner were made from H~l I tool steel. The die assembly, which was thermally insulated
from the press frame , was heated by m eans of cartridge-type resistance heaters placed in
cavities machined into the die halves. Die temperature s as high as 1100°F could be main-
tained .

Work performed at the University of Illinois ( 11) indicated , however , that  the die design of
Figure 9 could lead to poor tilling behavior and internal porosi ty. A modified die (shown
in Figures 10 and I I ) ,  using design data generated at University of Illinois , was const ructed
and used in the latter stages ot’ the program. Results of the use of this die design will be
found in Section 111 - E
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Figure 3 Machine Casting Unit
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Figure 4 Schematic of Machine Casting Unit
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Figure 5 Machine Casting Unit Showing A )  Injection Ram, B) Preform Loading Cradle with Preform
and C’ontainer in Place and C) Die A ssembh’
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Figure 6 Machine Casting Unit Showing A )  h ’vdrau lic Die clamping System , B) Press Fra enc and C)
Accumulator
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Figure 7 Instrumentation Monitor Console for Measuring and Recording Machine Casting Unit Process
Parameters
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Figure 8 Sample of Data Automatically Recorded During Machin e C’asting Trials
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Figure 11 Sketch of Modified Die

The thixotropic alloy pre form , usually of cylindrical shape , is preheated to the desired pro-
cesssing temperature in a directly coupled , inductively heated furnace , as shown in Figure
1 2. The induction coil is powered by a high frequency Pilar power supply. The preform is —

placed in a ceramic container which is positioned on a pedestal attached to a hydraulically
activated cylinder. The preform and containor is then raised into the furnace. The proper
volume fraction solid in the heated pre form is monitored through the use of a variable-load
penetrometer. After the penetrometer stylus penetrates the preform , indicating that a given
fluidity (and , therefor e, volume fraction solid) has been achieved , the pre form is removed
from the furnace by lowering the platform and is manually transferre d to the machine cast-
ing unit , placed in the preform loading cradle , and injected into the die.

C. PROCESS AUTOMATION /MECHA NIZATION

Machine casting processes are dependent on a variety of factors , including starting material
costs, die life , ability to cast multiple parts , etc. However , a major factor in achieving high
part quality is process reproducibility. Parametric studies can point toward the proper pro-
cessing conditions to achieve high quality part s : however , part reproducibility is also a func-
tion of the consistency of the machine casting equipment operation. In order to achieve
operational reproducibility, it is necessary to automate/m echani r e wherever possible to in-
sure minimal variations in the processing procedures.

9
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Figure 12 Preform Heater Showing A )  Induc tion Furnace , B) Loading Cylinder, C) Pedestal and DI Preform
and Container

A description of the manual operating mode for the machine casting unit appeare d in the
prior section (lI-B). The critical operations , preform unloading, transfer , and injection , are
keyed to the skill of the operator and can normally occupy a combined interval of from .5
ti 4.5 seconds under ideal conditions. Excessive length and variability of transfer time migh t
adversely affect the quality of the machine cast part because of variable preform heat losses.
These can readily be compensated for through the use of automated control of the process.

An assessment of automated transfe r of the rheocast specimen machine casting unit was made
a part of this program. A simple means of process control is shown in Figure 13 and Figure
14 and basically consists of limit-switch control in the heating, transfer , and injection steps
of the process. The preform heater is located directly above the loading area of the machine
casting unit. The preform and container are placed on a hollow pedestal attached to a load-
ing ram and located in the heater . When the part reaches the proper volume fraction solid ,
the penetrometer pierces the preform . The downward movement of the penetrometer trig-
gers a limit switch which activates the loading ram. The platform which holds the pedeste ’
is both ported and hinged and has a cam follower wheel attached. As the platform is low-
ered , the wheel will follow the cam surface , shown in Figure 14. The cam surface translates
the preform and container from its initial vertical position to a horizontal position directly
into the preform cradle. When the preform reaches its final position , another limit switch
is tripped which in turn activates the injection ram. The ram travels through the platform
“port ” and the hollow pedestal , and then through the preform container injecting the pre-
form into the die. This transfer and injection can occur in less than three seconds with varia-
tions of as little as ±0. I second. Cylinder dampers , alignment rods, cover shields, etc. were
also added to insure consistent alignment and operation. Operational details will be discussed
in Section UI - E .
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I I I .  MACHINE CASTING INJECTION TRIALS

A. INTRODUCTION

Several series of machine-casting trials were per t ormed to evaluate both the machine-casting
unit and casting parametric behavior. These series included the assessment of the machine-
casting unit  for operational modificat ions evaluation of machine casting parameters , and op-
eration of a mechanical transfe r system installed on the casting unit .  The details of these
various series of evaluation are discussed below .

B. SERIES I - INJECTION TRIALS

The initial series ot’ injection trials (approximately 25 shots was conducted to determine the
operating characteristics of the machine casting system. Haynes 31 (Alloy X~4O).* an air-
melted cobalt-based supera lloy, was selected for the in ection trials , as it represented a reason-
able balance between availabili ty (in the rheocast form ) and applicabili ty.  It was supplied to
MIT as investment cast bars which were rheocast in their continuous casting unit .~

4
~ A typ-

ical quenched microstr u cture of the MIT rheocast product is shown in Figure 1 5.

~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~.1 -
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Figure 15 !Iai ’nes 31 Quenched Specimen Taken I r,,i (‘ontinuous Rheocast Run Preformed at ~1I T
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Preform volume fraction solid was varied by changing penetrometer loads , and die tempera-
ture was varied in this particular series of trials. it was found that with this system die
fill was inadequate because of excessive ingate length. Long preform transfe r times (5-7 sec-
onds) also contributed to the observed problems. Modifications , including the die design
shown previously in Figure 9 . were made to the unit to relieve these conditions. Sufficient
quantities of test material were obtained , however , to machine specimens for some prelimin-
ary testing. The results of this testing are reported in Section IV-C .

One additional complicating factor observed in this initial injection series was that the
Fiberfrax container system used to hold the rheocast preform tended to adhere to the pre-
form surface and fragments of Fiberfrax ended up as inclusions in the injected casting. In
addition , transfe r of the pre form from the heater to the machine casting unit was impeded
by the lack of rigidity of the Fiberfrax container at the preheat temperature . This resulted
in the periodic loss of th entire test specimen through leakage of the alloy from the container.
To alleviate this problem , mullite and shell molded Al 103-SiO , tubes , both with Fiberfrax
bottoms , were evaluated. The three types of containers are shown in Figure 16. The preform
containers are cut to about two inch lengths and Fiberfrax discs , soaked in colloidal SiO-, .
are then positioned in one end of th~ tubes and the assembly is baked to bond the Fiberfrax
in place. A prefo rm is loaded in the container , heated in the furnace (vertical position), and
manually transferred to the loading cradle (horizontal position) . The injection ram then
punches out the Fiberfrax bottom while injecting the prefo rm material into the die. Because
of the smaller size of the ram relative to the preform container inner diameter , neither the
Fiberfrax bottom nor the container cylinder f ra gment to the po int where additional inclu-
sions are injected into the part forming portion of the die. The injection sequence is shown
schematically in Figure 1 7. As a result of the ease of handling provided by the tube rigidity.
the use of this type of container design reduced transt ’er time to about 3.54.5 seconds. Fur-
thermore , it was found that  the Al  ,03-SiO, shell material  provided additional shock resis-
tance as compared with the high de?isity mu’fl ite and it . therefore , was adopted for use through-
out the remainder of the program .

A

Figure Jo Preform Container — A )  Formed Fiberfra x Container , B)  Mullite Tube With Fiberfrax Bottom
and C) A1203 - Si02 Shell Container With Fiberfrax Bottom

~ 
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A~ PRIOR TO INJECTION

Ni DI.JR I NG INJECTION

Figure 17 Schematic Representation of Injection Process Using A l.,O,TSiO2 Shell Containers With Fiber-
f r ax Bottom

One other significant modification made to the machine casting unit following the Series I
trials was to change the preform heater from a susceptor-coupled induction system to a
directly coupled induction system using an induction coil designed to minimize axial tem-
perature variations. Direct coupling resulted in reducing pre form heat-up time from about 20
minutes to less than four minutes.

C. SERIES I I -  INJECTION TRIALS

After the aforementioned modifications were made to the machine casting system , a second
series of castings (approximately 35 shots) was made. The first trials in this series indicated
that the die fill characteristics of the system had been significantly improved. Examples of
simulated airfoil castings so produced are shown in Figure 1 8 and a comparison with a gas
turbine engine compressor vane is shown in Figure 19. To gain further assessment of the in-
fluence of injection parameters on blade quality, both preform volume fraction solid and die
temperatures were varied as before in the Series I trials. Since pre form volume fraction solid
was monitore d by means of a penetrometer , the solid content of the specimen could be ad-
justed by varying the penetrometer weight. The penetrometer stylus used was 0.150 inch
in diameter and the two weights employed were 50 g and 25 g. The heavier weight typically

14 
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yielded higher voluii ie  fr aL - t i on - . ot solId III th e L~ I~~t part.  ind ica t i ng  tha t  higher penetrometer
weights normall y correspond t i l  Iti ~ .- r pr~ I O F I U  t elu per atu res.

A — CONVEX SURFACE

B — BACK OR FLAT SURFACE

Figure 18 Slac/une (us!  (7/ ,iv u c i )  .S imuluhl -11 - I u - f ,  /1 (a s ,  I nto Jhui if ied Die / l sscm hI I -  Showing -1
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A) COMPRESSOR VANE B) SIMULATED AIRFOIL
CONVENTI ONA LLY MACHINE CAST
FORGED

Figure 19 Comparison of A )  Conventional Forge d Compressor Vane With B) Machine Cast Simulated
Airfoil

Die temperature was varied between 600° F and 1000° F to gain an initial insigh t as to its in-
fluence on part quality. It was possible to control the die temperatures to within about
±20° F of the desired set point temperature . It was noted , however , that at a 1000°F die
temperatures there was evidence of accelerating die wear.

Basic machine settings controlling injection speed were held constant (8 in./sec.) for all cast-
ings made ,~n this test series. As mentioned previously in Section lI-A , a relatively large
(0.062 in.’) gate was employed to prom ote plane front filling with the viscous alloy slurry .
Under these conditions , the die cavity fill time was calculated to be about 0.03 2 sec.

D. SERIES II- INJECTION TRIAL EVALUATION

The castings made with the above mentioned variations in preform and die temperatures and
reduced lengt h of die ingate were examined both metallographically and nondestructively
(radiography and visual examinations) . The metallographic evaluation indicated that at the
low penetrometer load (25 g) the resultant castings were generally 60% liquid as shown in
Figure 20A. The higher penetrometer load (50 g) normal ly resulted in a higher volume frac-
tion solid (50%), more typical of the values commonly used in the earlier MiT work (see
Figure 20B.)
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B) HIGH V/O SOLID

Figure 20 Mach ine Cast Simulated Airfoil Showing Resultan t Micmstructur c From A )  Part Using 25g
Penetrom erer Load (Low I -O Solid) and B) Part Using 50g P cnetrome;er Load (High
V/O Solid) (50V 1
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The microstructure that existed at the remelting temperature was found to be preserved by
the rapid cooling of the slurry in the die. During such solidification , t h e  surfaces of the pri-
mary solid particles provided nucleation sites for dendrites , Figure 21. Furthermore , the
growth of these dendrites was more rapid at particul ar locations on the surface of the pri-
mary solid particle s. The apparent orthogonality of these preferred growth regions suggests
< 100 > -type orientation. Since the primary solid particle s are oriented randomly in the
slurry, this results in a corresponding random mix of dendrites in the prior liquid regions.
The implication of this observation on mechanical properties will be discussed later , in Sec-
tion IV .

4.

-S

4.- .

(A)
•

5’

(B)

Figure 21 Scanning Electron Micrograph of II a i ’nec 31 .S ’/iow,ng A )  Nuckation of Dendr ites On Surface
of Primary Solid P articles During Mac/, in Thivocasting and B)  The Random Den trite
Stntcture In the Prior Liquid Region
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Another microstructural feature of a “typical” machine thixocast si~-nu 1ated airfoil section ,
shown in Figure 22 , is the presence of a prior 100 percent liquid layer at the surface. The
section contained less than 40% prior solid particles. This layer became much thinner and less
distinct in inje ction trials containing higher prior solid contents , as shown in Figure 23, where
in this case, the injected part contained ~ 60% prior solid. This indicates that this layering
phenomenon is due to the slurry flow characteristics and not to variations in preform heating
characteristics. Further examination of the inject ed part shown in Figure 23, however, showed
that there was a gradation of prior solid particles varying from 45-50% at or near the surface
to about 60-65% near the center. It could be surmised from these observations that any pc-
tentia l effects of liquid layering could be negated by insuring that machine cast parts contain
high volume fractions of solid.

Radiographic analysis indicated a significant difference in quality between castings initially
containing low volume fraction solid and those containing high volume fraction solid. Ex-
amina tion of radiographs, shown in Figure 24, revealed that the degree of shrinkage type
defect s was higher in the low volume fraction solid materials than in the high volume frac-
tion solid materials. These data are consistent with the propensity for shrinkage type defects
associated with die casting of liquid alloys.

Visual examination f cast parts showed a difference in surface texture between those parts
cast using a die temperature of 600°F and a die temperature of 1000°F. A smoother sur-
face existed at the higher die temperature , as shown in Figure 25. This effect was more
thoroughly studied and documented in the next task of this program. There appeare d to
be no surface smoothness differences resulting from variations in preform tempera ture.

E. SERIES Ill - INJECTION TRIALS - STATISTICAL EVALUATION

The overall quality of machine cast components can be affected by several process variables ,
including preform temperature , ga te velocity, die tempera tu re , tra nsfer time, and gating con-
figuration. To assess these parametric effects , a statistical test plan , described in Appendix
“A”, was prepared. The test matrix from this plan is shown in Figure 26. The parameters
selected are as follows:

Die Temperatu re : 100°F, 400°F, and 800°F

Injection Velocity: 15 in./sec , 20 in./sec and 30 in./sec

Penetrometer Weight: 25 g, 40 g, and 55 g
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Figure 22 Microstructure of Machine Thixocas t Haynes 31 Simulated Airfoil Section From Preliminary
Runs: A )  Genera l View and B) Detailed Micro structure Near Center of the Airfoil Section
Showing the Quenched Rheocast Microstr ucture Showing the Soild/Pri orLiquid Mixture at
The Center of the Airfo il and The Prior Liquid Lay er at the Surface.
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A) LOW VlO SOLID B) HIGH V/O SOLID

Figure 24 Radiograp h of Machine Cast Blades Showing A )  High Levels of P op osity Associated With High
Preheat Temperature (Low V/U Solid — <20 V/ U) and B) Low Levels of Porosity Associated
With Lower Preheat Temperature (High V/U Solid — ~~50 V/ U)
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A) 1000°F B) 600°F
DIE TEMP DIE TEMP

Figure 25 Comparison of Machine Cast Simulated Airfoil From Trials Employing A )  1000°F Die Tem-
perature and B) 600°F Die Temperature

TEXT MATRI X

Ti T2 T3 DIE TEMPERATURE

vi V3 V2 Vi  V3 GATE VELOCITY

Si x x x

S2 X

S3 X X X X
0

X - TEST POINT

Figure 26 Statistical Test Matrix for Evaluation of Machine Casting Par ameterc
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Die temperature s were selected to give as wide a range as possible for variable evaluation.
A maximum temperature of 800°F was selected because of potent ial the rm al effec ts on the
I-I- I I die as mentioned previously in Section 111-C. Injection velocity was varied from the
maximum rate (30 in./sec) to one-half the maximum rate (15 in./sec). Using the die shown
in Figure 9, these rates correspond to gate velocities of 380 and 190 in./sec., respectively .
Penetrometer weights were varied within a fairly narrow range , corresponding to experience
with the inje ction capabilities of the machine casting unit. Significantly higher penetrometer
loads led to a high incidence of die-filling problems. It should be noted that both injection
and die clamping pressures are well below those normally used in conventional die casting. In
addition the transfer time for each injection trial was recorded. The measured effects of these
parametric studies were volume fractio n solid (metaliographic evaluation), internal quality
(radiographic evaluation), and surface quality (visual examination).

Volume fraction solid was measured by point count (50 points per examination) techniques.
Radiographic evaluations were based on the criteria shown in Figure 27. Visual ex aminations
were based on the criteria listed in Table I. The injection series was performed according to
the matrix plan and each part was analyzed as described above. The parametric conditions
and anal ’- sis of results are listed in Table II .

It should he noted that there was some variation in volume fraction solid with penetrometer
loadin g . It  is suspected that the specifi c penetrometer system used with the machine casting
unit had not operated with consistency, thus causing variations in the volume fraction solid
in the finished part . It was noted that there was significant variation in the rate at which the
penetro ineter stylus penetrated the specimen , but no correlation could be made between
this penetration rate and resultant volume fraction solid. This variation ranged from a mini-
mum of about one second upwards to 15 sec for a 0.3 inch penetration. It is also possible
that unmonitore d thermal fluctuations in the heating system caused inconsistent heat-up in
the startin g prefo rm.

Siii~e there was a variation of volume fraction solid as a function of penetrometer loading,
Lt ~~aS deLided to use the volume fraction solid as the controlled variable rath er than pene-
trometer load in the statistical analysis. Three ranges of volume fraction solid were employed
below 41 percent , 42 to 60 percent , and above 60 percent. Examples are shown in Figure 28.

The ini t ia l  statistical analysis was run to determine first-order (noninter active ) effects of in-
je ction speed , die temperature , and volume fraction solid on surface and radiographic quality.
it was found that for both internal quality there was no direct correlatio n with the processing
variables when the latte r were treated as noninteractive variables. There appeared to be some
effect of volume fraction solid on surface quality.

Interactive effects were next measured between die temperature and injection speed, die
tem perat u re and vol u me fraction solid , and injection speed and volume fraction solid. All
th ree interactions showed effects internal qual ity. For low volume fractions solid (below 4 1%),
maximum die temperature and injection speeds produced the best internal quality. This is
generally consistent with liquid die casting experience. A similar effect was noted for moder-
ate volume fraction solid (42 to 60%). Finally, at high volume fraction solid (above 60%),
low speeds and die temperatures produced improved internal quality.
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Figure 27 I- xan:plc s of  X-Radiog rap I~s Il lust ra t ing the V-Ra t ’ Qua/ itt ’ Ranking C’riteria
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TABLE I - SURFACE GRADING CRITERIA

GRADE DESCRIPTION

Smooth surface , free of laps, cracks , flowlines.

2 Grainy or pebbly surface. No flowlines or laps.

3 Light flowlines and laps (probably not an acceptable
casti ng for service).

4 Deep flowlines, some cracks.

5 Very deep flowlines , longitudinal cracks, grainy surface-
connected porosity.

The relation of die temperature and injection speed showed somewhat improved internal and
ext ernal quali ty wi th lower speeds at high die temperatures and the opposite injection speed
trend at low die temperatures. This apparently was caused by the wide variations of volume
fraction solid noted previously.

One last effect measured was transfe r time which varied from 3.2 to 6.2 seconds. There was
no measurable correlation of transfer time with any of the above mentioned variables , which
implies that within this range of times, pre form heat losses are minimal because of the insula-
tion provided by the ceramix container.

In summary, interactive effects control the internal and external quality of machine cast
parts, implying a rather complex behavior of reheated rheocast material during injection
and solidification. Detailed analysis beyond the scope of this program would be required
to defi ne the specific parametric behaviors necessary to consistently machine cast high qual-
ity gas turbin e components. The results of this evaluation are tabulated in Appendix “A”.
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TABLE II

MACHINE CASTING DATA SUMMARY

Dia. Penetrometer Inj ection Total Transfer
Test Temperature Weight Velocity V/0 Solid Time X-Ray Surface

Number °F Grams in/sec Sec Quality Quality

02070 1 1000 Std 30 52 3.4 3 5
0:0702 100° Std 30 34 3.6 4 3
020703 100° -10 30 52 4.1 3 3
020704 100° -10 30 67 3.5 2 2
020705 100° -20 30 73 4.1 2 3
020706 100° -20 30 54 3.7 3 2
020707 100° -30 30 60 32 3 5
020708 1000 -30 30 — 5 5  - —

020709 100° .30 30 37 3.2 5 4
020901 100° Sid 20 75 4.7 4
020902 100° Sid 20 65 — 3 I
020903 100° Std 20 73 - 3 5
02 1001 100° Sid 30 56 3.6 3 4
021002 100° Sid 30 75 3.4 3 2
02 1003 100° Sid 30 63 3.5 3 2
021004 100 ° -30 30 53 3.3 2 2
021005 100° .30 30 7 1 3.5 2 2
021006 100° -30 30 — — - --

021007 100° -30 30 56 3.5 3 2
02 140 1 100° -30 20 50 4.3 4 4
02 1402 100° -30 20 27 4.3 4 5
02140 3 100° -30 20 69 4.3 4 2
02 1404 400° -15 IS — — 5 -

~

021405 400° -15 15 29 5.6 4 4
021406 400° - 15 15 65 6.2 3
02 1407 400° - 15 15 — — — —
021408 400° -15 15 75 6.1 3 S
021 501 800° Std 20 63 4.7 2 4

021502 800° Std 20 46 4.6 4 3
021503 800° Std 20 65 4.4 3 3
02 1504 800° Std 20 — 4.5 — —
02 1505 800° Sid 20 56 4.5 3 3
02 1506 800° Std 20 63 4.3 2 3
02 1507 800° Std 30 67 3.4 5 3
02 1508 800° Std 30 60 3.3 2 4
02 1509 800° Std 30 29 3.4 4 3
02160 1 800° -30 30 23 3.8 3 4
021602 800° -30 20 79 4.l 3 3
021701 800° -30 30 58 3.6 4 5
02 1702 800° -30 20 73 4 4  3 5
021703 800° -30 20 63 4.4 2 5
02 1704 800° -30 20 65 6.0 2 2 

-~~~~~~~~~~ 
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F. SERIES IV INJE CTION TRIALS — DIE MODIFICATION , PREFORM P R E P A R A -
TION , -~N I) MECHANICAL TRANSFER SYSTEM

I. Advanced Simulated Vane 1)ie

The gat ing fo r  t he  advanced s imu la t ed  die , shown in Figure 10. was suggested by gat in g
studies using high—sp eed c i n e m a t o g r a p h y  of a die cavity s imi la r  to tha t  used in the  ear l i er
stages of the program. Figure  29 slu )w s a selection of parts  made in th is  die . A d d i t i o n a l
complex i t i es  in the fo rm of a p l a t f o r m  and root t an gs were added to the  s imula ted  van e to
more closely approx imate  an actual  compressor vane conf igura t ion :  an advanced s i m u l a t e d
vane and an actual  vane is shown in Figure 30. Because in jec t ion  tr ia ls  wi th  this  die ~ crc
conducted late in the pro gram, no mechan ica l  property specimens were machined from the
pa rts.
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1-’~gi~re 2V Sacc , , th ’ ( ,o ‘i c c _ c . 1 I ah  HI 1/u - I i~~ii ’~ .-lc/ia ,u - ec/ $o, u i/ a tc J i ‘1 ‘ii C ‘ill/ car ed
.-hl ianc -  ‘ ii Siciii Iap ec l -I irf , i i l  Ii ‘i t / i  a, ? - I f o a l  ( ‘/ 1 1 / f l  \ F I cine
I) ie ( ‘a i - i l l  ( i i  i1~i 11,1! i, F?

With  th i s  advanced die . the  incoming  m e t a l  t ended to sep ar ate  e~ en at reduced inj ec t ion
speeds. p roducing pa r t ia l  sh o t s  t h a t  c on s i st e d  of t h e  t~~o cn d s  oi t h e  L , c s l i n ~c . hut  no centra l
portion. This in al  immnL t ion was correlated w i t h  a part  i a l l ~ b lock ed g a t e  cu t  rai l ce which in-
creased the  me ta l  s t r eam v e l o c i t y  through the re m a m i i i  ng u iblocked t c area aho~ e t h a t  c~ -
pee led tron i  c a l c u l a t i o n ’ . Rad iography  showed impro ~e m n e n I s  in i n t e r n a l  q u a l i t y  as coi n —
pared to L- a s t l i l g s  w i t h  t h e  o r ig ina l  die when  c l ear  g, ’te c o n d i l i o n s  s’~cre m a i n t ained.

2. Preform Preparatio n

Standard  p rac t i ce s  t h r oug l io u t  the  program were to prepare rh e oca st  pre forms by san dhl ad t ing
to remove the  surface  ox ide l ay e r  present  on the  as-rc cci s ed r l i e oc ast  bars a mi d  to m a i n t a i n
a Ilowing argon a tmosphere  in Ihe  r e h i e : i t i n g  c h am b e r  d u r i n g  h e a l — u p  in p i e p a r a t in i l  for mach ine
cas t i n g .
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Analysis of fai lure origins in early mechanical property specimens suggested that an improve-
ment in properties could be expected if nonmetallic inclusions could be eliminated from the
microS tr uctur C .

An end view of an as-received rheocast bar is presented in Figure 3 1 a, showing the distribution
of ’ inclusions near the surface of the bar. A longitudinal section through a casting made fro m
such a preform is shown in Figure 3 lb. Figure 3 Ic shows a cross section of a preform from
which 0. 1 inch of the surt ’ace layer had been re m oved , and a longitudinal section through a
casting made from a preform prepared in this manner is shown in Figure 31d. Clearly. remo-
val 0

1 a majority of’ incoming inclusions had significantly improved the cleanliness of the
casting. Such surface removal techni ques are well-established in the processing of melt stock
t’or ii iVC Stniei l t casting.

On the theory that some of the porosity of the final casting might be caused by preexisting
pores. a number of preforms fro m which the surface had been removed were subjected to a
hot isostatic pressing cycle to reduce the porosity of the starting material. However , no reduc-
tion in porosity was noted in castings produced from these preforms. It is concluded, there-

fore . that turbul ence and shrinkage are the primary sources of porosity, not the porosity of
the rheocast preform.

3. Mechanical Transfer System

The system for mechanic ally transferring the heated specimen from the induction coil to the
injection position ( Figure 14) was constructed and operated. With this system. transfe r tim e
(measure d I’roiu start of specimen motion to start of injection) was reduced from the 3.5 —
4.5-second range to a consistent 2.5 seconds. The path traversed by the specimen is shown
by the multiple-exposure photograph in Figure 32.

The reduced and consistent transfer time appeared to improve microstructura l consistency
from shot to shot. although some variations persisted because of irregularities in penetrome-
ter operation.

G. INJECTION TRIALS/SU MMARY

The machine casting characteristics were evaluated through the performance of four series of
injection trials . The results of these trials are :

I .  The machine casting un it .  as modified , was effective in producing simulated airfoils
out of Haynes 3 I cobalt-base superalloy.

2. Die designs used in these studies were not useful for fabricatin g parts with uniform
quality.

3. Parametric analysis of process variables indicate that high volume fraction solids
in the preform. relatively slow injection speeds , and low die temperatures would
lead to improved nondestructive qual i ty .
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4. The p oro si t \  in the  ~, s t  p a r t s  appears to he p r i i n a r i l ~ a f u n c t i o n  c c l  m n j c c t i o , i  and
die desi gn and no t  the  pon~~ t~ in t h e  pr e f orm.

5. Remova l  ol s i i r t ~mc c n o n m e t a l l i c  inc l i i s i ’c n s  I ron i  t ime  p reform i l i i p r o \ c s  ti m e i n t e r n a l
q u a l i t y  of  the  m a c l im e— c a st  p a r t s .

6. \ I c e h a n i z a t i o n  of t i c  m a c h i n e  c a s t i n g  ~~ stem?? red I ces pr ocessing t ime  and can pro—
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IV. MECHANICAL PROPERTY EVALUATION

A. INTRODUCTION

The mechanical properties of machine-cast specimens were evaluated throughout the various
development stages of the thixocasting process. The evaluation was conducted while the ex-
penmental setup and casting procedures were undergoing evolutionary modifications and re-
finements. Briefly during the initial casting trials (Series I), incomplete die-fill was experien-
ced , but changes in the design of the die eliminated this problem. Subsequent cast trials,
using the revised die (Series II , III , and IV), involved variations of the casting procedures.

Cast parts were chosen for mechanical property evaluation on the basis of their relative x-
radiographic quality and surface appearance , and not on process parameters. Tensile , stress-
rupture , and high-cycle-fatigue ( I-ICF) properties were obtained from Series II and III cast
parts. Only tensile tests were performed on the Series I parts. A limited numbe r of stress-
rupture and HCF tests were performed using Series IV cast parts.

Although complete die-fill was achieved with the die used for the Series II, III , and IV trials,
die and gat ing designs were not optimized. During injection , turbulent flow of the semisolid
slurry occurred in the die , resulting in a considerable quan tity of trapped porosity which ad-
versely affected the tensile , stress rupture , and HCF properties. This deficiency was largely
negated by hot isostatic pressing (HIP) of the cast parts. The HIP conditions used , however,
did not significantly change the thixocast microstructure and, therefore , some of the observa-
tions from this material presented below should be representative of Haynes 31 parts fabri-
cated by the machine thixocasting process .

B. EXPERIMENTAL CONDITIONS

I . Specimen Fabrication and Test

Cylindrical tensile specimens (Figure 33a) were machined from machine thixocast parts re-
sulting from Series I trials. Sheet-type of specimens — more compatible with the geometry
of the simulated airfoil produced in Series U , HI and IV trials were used for tensile, stress
rupture, and HCF tests. The same specimen design (Figure 33b) was used for both tensile
tests and stress rupture tests. A miniature version of the specimen (mini-Krause , Figure 33c)
was used for HCF tests. These specimens were tested as-thixocast , as-thixocast plus HIP or
as-thi xocast plus HIP plus heat treated .

Heat treatments were performed on selected thixocast simulated airfoils prior to machining
into specimens. All the specimens were oriented with their longitudinal axis parallel to the
thi xocast simulated airfoils. Except for two noted tensile specimens , a ll t he specimens were
from the same batch of rheocast material.

Tensile tests were performed at room temperature , 1 000°F, and 1450 °. Room temperature
elastic modulus was also obtained in the tensile tests from the strain-gage and stress measure-
ments . Stress rupture tests were performed at I 450°F with a stress of 30 ksi. High-cycle-
fatigue tests in fully reversed be nding mode were performed at room temperature , using a
limited alternating stress range of 40 ksi to 60 ksi and a frequency of 450 cycles per minute.
All specimen surfaces were tested in their as-machined condition.
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the Testing of Rheocast Material
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To determine if test results are affected by specimen geometry, stress-rupture, and HCF tests
were conducted on conventional cast Haynes 31 using the specimen designs shown in Figure
33. To determine the effect of microstructure , tensile and stress-rupture tests were also con-
ducted on the rheocast material, the starting material used for the thixocasting process. These
specimens were taken from the interior regions of rheocast bars. The machined specimen
blanks were then hot isostatically pressed for three hours at 2250°F and 15 ksi. The speci-
men geometry for the tensile and stress-rupture tests is shown in Figure 33b.

2. Heat Treatment Procedures

Preliminary heat-treatment studies were performed on the rheocast material to determine
the aging response and the variation of amounts of solid at temperature s between solid and
liquid. All heat treatments were performed in an argon atmosphere.

For solution and aging treatments, a muffl e furnace was used which had a temperature con-
trol of better than ± 10°F. The quenching experiments from which the volume fractions of
solid were determined at various temperatures were carried out in a vertical , platinum-wound ,
tube furnace. A specimen with dimensions about 0.2 x 0.2 x 0.5 inch was suspended in the
furnace with an alumina crucible. After the desired thermal exposure , the specimen was
dropped into the quench bath. The time of flight for the specimen was less than 0.1 second.
The quenched microsti-ucture was, therefore , assumed to be the same as that existing at the
high temperature (i.e., coarsening of the primary solid particles during cooling was assumed
to be negligible).

3. Metallographic and Fractographic Techniques

Metallographic samples of the conventional cast , the rheocast , and the thixocast Haynes 31
were all prepare d alike. The samples were mechanically polished using standard metallogra-
phic techniques. The polished specimens were then electrolytically teched at two volts for
two seconds, using a Pt cathode at room temperature in Michigan B (47 mu sulfuric acid ,
41 mu nitric acid, 12 mil phosphoric acid , and 5g nickelous chloride). Unless otherwise noted ,
longitudinal sections of the samples were mounted for examination.

Lineal analysis was used to determine the average size and the volume fraction of the primary
solid particles in the thixocast specimens. To obtain information on the fracture processes in
ten sile , stress-rupture , and HCF tests , fracture surfaces were examined using a scanning elec-

F tron microscope (SEM) . The SEM results are supplemented by metallographic observations
on longitudinal sections through the fractures. In the case of the HCF fracture s which (as
shown below) were all surface initiated , the crack nucleation sites were determir. r by polish-
ing away the machining marks. A surface layer of approximately 0.003 inch was removed by
this procedure .
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C. RESULT S AND DISCUSSION

1. Microstructures

The microstructures of Haynes 31 produced by conventional casting, rheocasting, and thixo-
casting are i llustrated respectively in Figure s 34a , 34b , and 34c. The conventional cast ma-
terial consists of dendrites which are delineated by the interdendritic MC-type carbide. By
contrast , the dendritic structure is not present in the rheocast microstructure , which consists
of equiaxed grains surrounded by a network of primary carbide. The equiaxed grains evolved
from the spheroidal primary solid particles by coarsening during cooling through the solidus-
liquidus temperature range.

The basic difference between the machine thixocast and rheocast microstructures is that the
prior liquid solidifies much more rapidly during thixocast and results in formation of den-
drites. Note the finest of these dendrites compared with that of conventional cast material.

The shape of the machine thixocast simulated airfoil is shown in Figure 35a. The simulated
airfoil is 2.5 inches long. 1.0 inch wide , and has a flat and a convex surface. The maximum
thickness is 0. 1 inch and the edges are 0.025 inch thick.

2. Effect of Thixocasting Processing Conditions on Microstructures

In general, the pr inci pal effec t of rehea ting tempera tures and holding time can be expected
to be in the volume fraction of primary solid. Higher reheat temperatures and longer times
favor lower volume of solid and smaller primary solid particle size. The upper limit of the
solid par ticle size is determined by the initial rheocast microstructure.

Depending on the thermal insulation around the preheated slug at temperature , coarsening
and coalescence of the primary solid particles occur during the transfer from the preheat
chamber of the die. Over the range of transfer times observed in this program (thre e to six
seconds), no significant effect on microstructure was observed. The primary solid particle
sizes ranged from 0.003 to 0.005 inch for most of the specimens tested.

Although injection speed and die geometry affect the flow of the slurry into the die cavity,
these parameters had no effect on microstructure over the range studied. Other parameters
being cons tant , the die temperature determines the rate of solidification. Because of the
thickness of the simulated airfoil (maximum thickness 0.1 inch), solidification occurs very
rapidly even for the highest die temperature used (1000°F). The effects of die temperature
can be observed from the dendrite structure in the prior liquid region. With the die at room
temperature , the dendrites (Figure 36a) are short and nucleate randomly. By contrast , at
higher die temperatures the dendrites are larger and nucleate at the surfaces of the primary
solid particles as well as in the prior liquid (Figure 36b and Figure 37). This resulted in a
scalloped primary solid-prior liquid interface , compared with the rather smooth interference
whe n a room-temperature die was used. The effect of this interface m orphology will be dis-
cussed later.
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Figure 37 Nucleation of Dendrites Fro m Surfaces of Primary Solid Particles During Thixocasting

3. Heat Treatment Response

Fraction of Solid at Various Preheat Temperatures

When rheocast material is overheated to temperature s within the solidus and liquidus pre-
ferential. remelting occurs at the primary carbides located at the prior liquid regions. The
equilibrium amount of primary solid ~resent durin g reheating depends on temperature , as
depicted in Figure 38. The microstruc tures obtained after one-hour thermal exposure fol-
lowed by water-quenching are ii l ustr ated in Figure 39 .

Aging Response of Rheocast Haynes 31

The microstructures of the rheocast 1-laynes 3 1 after solutioning at 2250°F and aging at
various temperatures are shown in Figure 40. The solution t rea tment  results in partial dissolu-
tion of the primary carbide and coarsening by coalescence of the primary carbide (Figure 40a).
Preferential precipitation of M 23C6 type of carbide at suh grain boundaries and grain boun-
dary regions can barely he observed after aging at 1350 °F for 24 hours ( Figure 40b). Much
heavier precipitation of M 23C6 can be observed when the aging was at I 500°F.
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Discrete carbide particles are distributed rather uniformly, and those in the grain matrix tend
to align along crystallographic directions(Figure 40c). Similar observations can be made of
the aging at 1650°F except that the distribution of the carbide particles is less uniform and
tend to cluster at grain boundary regions(Figu re 40d). The observed relative quantities and
distrib utions of the M,3C6 carbides precipitated during aging at various temperature s are
those expected from the C-shape temperature-time-transformation (TTT) precipitation kine-
tics of M 23C6 carbides. In this report , the aging response of rheocast Haynes 31 niay be
considered as typical of those conventionally solidified.

The room-temperature Rockwell hardness corresponding to the microstructure s in Figure 40
is illustrated graphically in Figure 41. The hardness after solution treatment at 2250°F is the
same as the as-received rheocast material , R~ 27. indicating very little additional solutioning
of carbon during the heat treatment (for comparison , the hardness of a conventionally cast
Haynes 31 is R~26). The hardness increases with aging temperature and reaches a maximum
at about 1500°F which corresponds to copious precipitation of rather homogeneously distri-
buted M 23C6 carbide particles (Figure 39). Aging at temperatures above 1500 °F resulted in
heterogeneous precipitation and coarsening of M 23C6 carbide particles , thus the observed
decrease in hardness.

Effect of Solutioning on Machine Thixocast Haynes 31

The microstructure s of machine thixocast Haynes 3 I after I-H P (2200 °F, 4 hours , 15 ksi),
HIP plus 2250°F for 8 hours , and HIP plus 2300°F for 10 hours are shown in Figures 42a ,
42b , and 42c . respective ly. HIP at a lower temperature of 2000°F for 4 hours, 15 ksi (micro-
structure not shown) resulted in no discernible change of the thixocast microstructure. HIP
at 2200°F for 4 hours. 1 5 ksi produces spherodization of the interdendritic (primary) car- -

bide . but otherwise the thixocast microstructure remained essentially unchanged.
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Figure 41 Hardness of Rheocast Haynes 31 Versus Aging Temperature. The Heat Treatment
Conditions and Their Resulting Microstruc rure are Those Give,i in Figure 40

As shown in Figure 42b , a significant amount of primary carbide was solutioned after
2250° F for 8 hours. Spheroithzation of the primary carbide and grain growth are also evi-
dent after the treatment. Solutioning at 2300°F for 10 hours resulted in coarsening of the
primary carbides and incipient melting of the coarsened carbides (Figure 43). Compared with
the 2250°F treatment , no significant grain growth was observed even at the incipient melting
temperature.

Because of the unique thixocast microstructures and the high rate of solidification , the com-
position of the primary carbide is expected to be metastable and rather different from that
of the conventional cast Haynes 31. Solution treatment after thixocasting would tend to re-
store the primary carbide composition to one more stable. These changes in the primary car-
bide composition can in fact be observed from the electron microprobe generated X-ray
energy spectra , the results of which are summarized in Table III. The compositions of the
primary carbides shown in Table III are characterized in terms of the ratios of the X-ray
energy peaks of three principal metal elements present in the primary carbides: Cr , W, and
Co.

Table III shows significant differences in Cr/Co and Cr/W ratios between the thixocast and
conventional cast materials. These ratios increase with solution temperatures (i.e., the pri-
mary carbide becomes progressively more Cr-rich as the thixocast material is solutioned at
higher temperatures). At the incipient melting temperature , the primary carbide composition
should approach equilibrium. The Cr/Co and Cr/W ratios are 19.4 and 10. 1, respectively . For
thixocast material , the corresponding ratios for the conventional cast material are 18.9 and
5.7. This difference in the primary carbide composition may be responsible for the observed
difference in the incipient melting temperatures which have been reported to be at least
70°F higher for conventional cast material than that observed for thixocast specimens.
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TABLE HI — EFFE CT OF HEAT TREATMENT ON PRI MARY
CARBIDE COMPOSITION OF THIXOCAST HAYNES 31

Heat Treatment ‘ Cr ’1CO ‘Cr~ W
None , As-Thixoca st 3.2 2.1
HIP5 + 2200°F/4 Hr 7.5 3.1
HIP 5 + 2250°F/8 Hr 13.3 6.6
HIP~ + 2300°F / l O H r  19.4 10.1
None , As-Conventio nal Cast 18.9 5.7

5HIP - 2200°F for 4 hours at 15 ksi

4. Tensile Tests

Th e tensile propert ies of 1-laynes 3 1 produced b~ conventional casting. rheocasting. and ilia-
chine thixocasting are given in Table IV . The yield strengths of the thixocast material are 58,
65. and 79 percent higher than the conventional cast material at room temperature , at
1 000°F, and at 1450 °F, respectively. As shown in Table IV , the yield strengths cannot be
correlated with the volume fractions of the primary solid particles. For example , a micro-
structure having no I)rim arY solid (S/N 46) has essen t ially the same yield strength as that
having l5~ primary solid (S/ N  47). A qualitative correlation between the yield strength and
the rate of solidification can , however , be observed.

The yield strengths increase in the same order as the rate of solidification : conventional
cast. rheocast. and thixocast. Since Haynes 3 1 is a carbide strengthened alloy, the increase in
yield strength is relate d to the finer dispersion of carbides associated with faster rate of soli-
di f ication. For the same reason . the yield strengths of the Series I specimens are slightly
lower than those from the Series II .  This becomes evident by comparing the scale of the den-
drites resulting from Series I trails shown in Figure 44a and from Series 11 trials shown in
Figure 39. Fi gure 44 also illustrates the concomitant change in the morphology of the inter-
face between the primary solid and the prior liquid with solid ification rates, as described
previously.

As shown in Table IV , hot isostatic pressing of the th ixo cast material at 2200°F for 4 hours
has no effect in yield strength. As mentioned pr eviously, this HIP condition results in spher-
oidization of the inter dendritic carbide , but does not change the scale of the carbide disper-
sion.

The tensile ductility of’ the thixocast material is considerably lower than conventionally cast
ma ter ial because of poro sity and inclusions in th e  specimens. Without such defects , tensile
fracture would initiate at the interface between the primary solid and prior liquid and in the
prior liquid region (see Figure 45a ) . For comparison, the modes of tensile fracture in the
rh eocast mate rial and fully-liquid die-cast mat erial (S/N 46) are also shown in Figures 45b
and 45c, respectively.
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TABLE IV — TENSILE PROPERTIES OF HAYNES 31

Thermom echan ical 0.2% vs UTS El RA
S/N Microstructure Treatment (ksi) (ksi) (%) f%) Comment

75°F Tests

MXOI-O l Thixocasi. 80% Solid None 50.0 52.0 1.0 Series I , a
MXO I-05 Thixocast ,60% Solid None 71.0 82.0 2.9 4.0 Series l,a

7 Thixocast , 60% Solid None 78.7 102.5 7.2 4.9 Series II , a
11 Thixocast. 78%- Solid None 88.3 119.2 5.0 5 .0 Series II, a
48 Thixocast, 36% Solid HIP5 78.3 91.0 2.0 — Series ll, b

— 34A Rheocast HIP 77 .4 95.6 2.3 3.2
38 Rheocast HIP 74.6 104.2 3.7 2.5

AMS5 382 Conventional Cast Bar None 50.0 83.0 4 7

1000°F Tests

MXO I -02 Thixocast , 50% Solid None 43.0 59 .0 6.1 10.9 Series 1 , a
MXOI-06 Thixocast , 62% Solid None 43.0 47.0 3.0 7.8 Series l , a
AMS5 382 Conventional Cast Bar None 26.0 65.0 10 8

~~~014,0 F Tests

5 Thixocast , 35% Solid None 41.0 54.5 6.0 5.0 Series II , a
8 Thixocast , 42% Solid None 38.1 53.4 6.8 6.4 Series II . a

47 Thixocast , 15% Solid HIP 44 .3 75.6 11.8 13.0 Series H. c
46 Thixocast, 0% Solid HIP 43.6 78.5 43.8 - Series II

32A Rheocast HIP 37 .1 59.7 6.2 8.0
34 Rheocast HIP 35.8 57 .5 6.3 7.5

AMS5382 Conventional Cast Bar None 24.0 58.0 8 6

5Hot isostatically pressed at 2200°F under a stress of 15 ksi for 4 hours.
a. Failure initiated at large pores.
b. Failure initiated at large inclusions.
c. Specimen contained surface-connected porosity.

46 

—~~~~ -.— -~~



‘,
-

.I

~

u

~~~~~~~

~~~~~~~~~i

~~~‘%

~~~~~~~~~~~ _- lf 2Opm i
Figure 43 Incipient Melting at the carbide. The Mu-, - ’.str uetur e and I/ea t Treatment Condition

Arc Those Given in Fig ure 42C

- 
- - - 

~~
-. - - - -4

,~~~~~~:
—: _ 

,.~: ~~~~~ -

~~
‘ 

~~~~~

,1 
- 

~, ; ~~~~~~~ _ ,t ’ —

a

j~~~

•
~,

_ --s.- ~ ~
, . 

- — , -. 

~~~~~Z

- -
- - - 

.
, 

~~~ 

‘
;..

- .* 
. 

- I -
~~~_ - ~~ -

- - - 
~~~~ 

-
~~~~?

‘
- -

‘ 

~~~~~~~~~~~~~

b
-
. 

~~~
~ - \ .  :

4 ç ~. ~~~~~~~~~~ -. ‘- ‘

~

1 0.lmm 1
J ”igurc 44 ~1u-r, ‘.ctruc -tir r, -~ ‘t h a ~m-~ - / i~; 1 d )  / lu l~ ‘~ , ii, ii au,/ (h i  Thin Sectio n of a Casting

47

-- - -
~~~~~~

- -- _— —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~~~~~~~i.i _~~~~~~~~~~~~~~~~~~~~~~~~~~~
-
~~~~~ .-  

-
~~~~~~~~~~~



~~~~~~
- 

— --
~~~~ . 

w—

-:.,

,IIII~lIPP/l.IItIUul,4.i
: 

‘.. .
,

— 

-

. 
-.

. 
~~~~ ~~

,. • , 4.~~~, 
. 

~1~.. 
I . 

- -
- 7 .

~ ~--‘~-k---I. I ~t . . 4

~~~ 
.
~~- 

~~~~ 
-

I 
- 

~~~~~~~~~~ .. ~

. . 
.

,.

~~~~~~~~~~ - 

-

.

-

~~ .~~~~~~~~~ .: :~ 
~~~ 

_ _ _ _

b

d 

- 
-,

- ,. ..
. “~ 

- , Oimm 1
C

Figure 45 Longitudinal Section Shooing the tlodes , ‘l Tensile Cracking in (a)  ThLvoeast
Microst rueture , (I; ) Rheocast ,tf t (-r ostr uciu r (- and (e) Thi.vocast .~1icrostrueture li lt/ i
\~~ P r imar i- Solid

48 

~~~~~~~~~~ --~~~~~- - - ---~~~~~~~~~-- --~~~~-



The signifIcance of the results from S/N 46 is that as a consequence of the high solidification
rate , a large increase in tensile yield strength and ductility (43% elongation) are realized.
These results suggest that the fine dendrite matrix of the thixocast material is inherently
ductile . There fore, the primary solid-prior liquid interface plays a key role in determining
the tensile ductility of the thixocast material. One method of changing the interfacial
strength is to modify the morphology of the interface. This can be achieved simply by vary-
ing the rate of solidification , as illustrated in Figure 44. A rough surface , or one where den-
drites nucleate and grow , would produce a torturous crack path and , the refore , result in
higher ductility. Direct , supportive evidence has not been obtained in the present work. How-
ever , different modes of tensile fracture resulting from differences in interfacial morphology
have been observed.

Figure 46a shows a smooth interfacial separation in a rapidly solidified thixocasting. A
rougher interfacial separation in a relatively less rapidly solidified thixocasting is illustrated
in Figure 46b which also shows that in the case of dendrites growing on the primary solid.
the fractures occur at the dendrite rather tha n at the interface. In view of the high tensile
ductility of the dendritic structure resulting from the thixocasting, the latter interfacial
microstructure is perhaps more desirable.

In summary, the tensile results show that thixocasting results in high yield strength which is
independent of volume fraction solid , and somewhat lower ductility compared with conven-
tionally cast material properties. Contributing factors for the observed low ductility are in-
clusions , entrapped porosity, and early pri m ary solid-prior liquid interfacial separation. It is
suggested that the interfacial strength can be increased simply by using a slower solidification
rate which can be achieved by having lower fraction solid (higher preheat temperatures) and
by heating the die to higher temperatures.

5. Stress Rupture Test Results

The results of the stress rupture tests at 1450°F and 30 ksi are presented in Table V. The
thixocast material was tested in four different conditions: as cast , hot isostatically pressed
at either 2000°F or 2200°F, and solutio n-and-aged following HIP. In the as-thixocast condi-
t ion the stress rupture lives are less than 10 hours irrespective of volume fraction of primary
solid present or the machine thixocast parameters . The reason for the low rupture lives is ob-
vious from the fracture surfaces which invariably show casting pores.

Hot isostatic pressing can close the casting pores, provided the pore s are not surface-connec-
ted. As shown in Table V, HIP substantially improves the rupture lit ’e of the thixocast mater-
ial. After the 2200°F HIP , the stress rupture lives are about 30 to 40 hours , with no apparent
correlation to the volume fraction of solid present. The latter observation implies — as in the
case of tensile strength - -  that  the tine dendrite matrix plays an important role in stress ru p-
t it re properties. For comparison, the average rupture lives of the rheocast material and the
conventional cast material are 59 hours and 1 55 hours. respectively. There fore , it appears
that stress-rupture life (un like tensile strength) is inversely related to the rate of solidification
which decreases in the order of machine thixocast , rheocast , and conventional cast. In term s
of microstructure , this means that the coarser the microstnmcture the better the stress rupture
properties. In this respect , coarsening of the thixocast microstructure by HIP at temperatur es
above the incipient melt in g temperature may improve the stress rt~~ture capability. For con-
ventional cast material this has been demonstrated to be the case~~ .
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TABLE V — 1450 °F/30 KSI SMOOTH STRESS RUPTURE LIFE HAYNES 31

Thixocasting
Parameters

Die Temp. Ram Speed Ther momechanica l Life
S/N Microstructure (°F) (in./sec ) Treatment (hr)

3 Thixocast . 69% Solid 1000 8 None 3.8
10 Thixocast , 13% Solid 900 8 None 3.6
12 Thixocast , 44% Solid 75 8 None 5.5
27 Thixocast, 65% Solid 75 30 None 8.5
28 Thixocas t , 62% Solid 75 30 None 4.7
65 Thixoca st , 33% Solid ISO 30 None 3.0
67 Thixocast, 63% Solid 800 20 None 0,5

21 Thixocast , 44% Solid 75 30 2200°F HIp(a) 357
23 Thixocast, 55%- Solid 75 30 2200°F HIP 42.1
24 Thixocast , 55% Solid 75 30 2200°F HIP 28.7
20 Thixocast. 0% Solid 900 8 2200°F HIP 34.7

31 Rheocast — - -  — — 2200°F HIP 41.7
32 Rheocast — — -— — 2200°F HIP 75.6

18 Thixocast, 4% Solid 900 8 2200°F HIP + SA(b) 0.5
19 Thixocast, 44% Solid 900 8 2200°F HIP + SA~

t’) 2.2

55 Thixocast ,58% Solid 75 30 2000°F 1~j 1p(a) 11.8
58 Thixocast , 66% Solid 75 30 2000°F HIP 18.0

51 Conventional Cast — — - - — None 53.1
52 Convent ional Cast — — --- - None 256.9

AMS Conventional Cast — — - - None 30
5382

(a) Hot isostatically pressed at 15 ksi for 4 hours at indicated temperature.
(b) Solutioned at 2250°F for 8 hours , rapid aircool and aged at 1 500°F for 20 hours , aircoo l .

The modes of fracture in the thixocast, rheoca st, and conventional cast microstructures are
illustrated in Figures 47a , 47h , and 47c , respect ively. In the thixocast microstructure , crack-
ing occurred at the prior liquid as well as at the interface between the primary solid and prior
liquid regions. It may be possible to increase the rupture life by reducing the latter mode of
cracking by changing the interface morphology as mentioned previously.

The general morphology of the fracture surface is illustrated in Figure 48a. The particulate
appearance resultin g from interfacial separation between the primary solid particles and the
matrix is clearly evident. Cracking occurred in the rheocast microstructure at the carbide in-
terface between the primary solid particles and at the grain boundaries. In case of the conven-
t ional mic rost ruct ure, the cracks progressed along the interdendritic regions.
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As shown in Section IV- ( — 2 .  t h e  m n l c I o s t n i c t u r e  ol I la~ 1L ’~ .~ I ~ r a t h e r  rL ’s pc - in~ i~ C to solut ion—
and—age type  of heat t r e a t m e n t s . I I c ’” . . \ er . as i m i d i .  p i e d  in I .ihk ’ V . a st r . - s’~ r u p t u r e  deN t re-
sulted from one such treat  ii en t used iii th e  pr esen I st imd I hi’ in j e rost r t ic t  nrc a t ’t er th e h eat
treatment is shown in Ft~rur e  4Th.  I h . t p p e t i . i t i . ol t h e  t i  u p . - s u r t , i . - e I p~p i re 4~ h )  i ndi -
cates that in this case the  st rcss r u p t u r e  I . n l i i r  was cau sed p r i n t .  I~ hs i n t c r g r a n u l a r  f racture .
This may he a consequence cit cop iou s p r c . l p i t . i t i o u i  ci t  et i l l i  h o u n d a r ~ , . i r h idc -s upon ag i n g .  
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Hot isostatic pressing at 2000°F under IS k si also resulted in closure ot ’ casting porosity in
the thixocast part. However, as shown in Table V. the gain iii stress-rupture life is consider-
ably less than at 2200° F.

The microstructure of a longi tudinal  section through ti le t’ractur c is shown in Figure 49 . As
can be observed, in addit ion to tile two modes of cracking at the 2000°F HIP (see Figure 48),
intergranular cracking also occurred in the present case. The lat ter  mode of cracking may be
responsible for the lower rupture life.
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6. Hi gh-Cycle-Fatigue Tests

Results of the fully reversed room temperature bend tests of the th ixocast and conventional
Haynes 31 are presented in Table VI and as S-N curves in Fi gri re 50. The two curves show
the estimated typical and estimated design re qtmi r eme mi t  data for conventional  cast mater ial~

6
~

Relative to the conventional counterpart . the HCF capabil i ty of the thixocast material seems
to be lower. However , as indicated in Table VI . all except one specimen failed from foreign
inclusions which are shown to be e i ther  Si or Si and Al r ich , It  is probable that continued im-
proving the cleanliness of the material would result in thixocast microstructure having HCF
capability equivalent to that  of the conventional cast mat erial.
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Figure 50 S-N Curves of the Conventional Cast Haynes 31 Relative to HCF Results of the
Thixocast Material After HIP at 2250°F/ 15 ksi/4 Hr. The solid line and the dotted
line are estimated typical and design minimum data respectively fo r  conventional cast
material

In the absence of foreign inclusions, fracture would initiate preferentially at slip bands in
the primary solid. This observation is illustrated in Figures 51 a and Sib.  The latter shows an
intergranularly nucleated crack propensity in the prior liquid toward the edge of the speci-
men. As Figure 52a shows, cracking propagates intergranularly across the primary solid parti-
cles rather than along the primary solid-prior liquid interface. This results in facets on the
fracture surface (Figure 52b). These facets are separated by featureless areas corresponding
to separation at prior liquid. These observations suggest that a simple way to improve the
fatigue capability of the thixocast material would be to decrease the volume fraction of pri-
mary solid and to reduce the size of the primary solid particles. The latter can be achieved,
for example , by increasing the shear rate on the semisolid slurry during the rheocasting pro-
cess.

D. SUMMARY AND CONCLUSIONS

The tensile , stress-rupture , and high-cycle-fatigue properties of Haynes 31 fabricated by
machi ne thi xocast ing techniques have been determi ned . Relative to the conven tion al coun-
terpart , the thixocast material has significantly higher yield strength and marginally satisfa c-
tory tensile ductility. The higher yield strength was shown to be attributable to the fine den-
drite matrix resulting from a high rate of solidification. Contributing factors to the low ten-
sile ductility are the entrapped porosity, forei gn inclusions , and early separation at the pri-
mary solid-prior liquid interface. The stress-rupture life after HIP at 2200°F exceeds the es-
tablished minimum of the conventional cast material. The fine dendrite matrix also plays an
important role in determining the stress rupture life . The HCF capability is slightly lower
than the conventional cast material. The small fatigue debit resulted primarily from the in-
clusions introduced during the rheocast and machine thixocasting processes.
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TABLE VI - FATIGUE TEST DATA
(Mean Stress = 0)

Stress Cycles to
S/N Microstructure Treatment (±ksi) Failure Comment

39 Thixocast , 67% Solid Hlp *(a) 43 1 .55 X 10~ Series H , b
40 Thixocast , 74% Solid HIP 43 1 .57 X J0~ Series II , b
62 Thixocast , 60% Solid HIP 40 2.41 X io6 Series Ill , c
66 Thixocast , 65% Solid HIP 43 2.15 X ~~ Series lii , d
69 Thixocast , 65% Solid HIP 43 1.36 X i o6 Series HI , d
70 Thixocast , 60% Solid HIP 40 1 .83 X io6 Series III , ab

76A Conventio nal Cast None 60 6.4 X 1O4
76B Conve ntional Cast None 60 9.6 X JO 4

a Hot isostatically pressed at 2200°F under 15 ksi for 4 hours.
b Fracture initiated at multip le inclusion- nucleated crack origins.
c Fracture initiated at single natural crack origin.
d Fracture initiated at single inclusion- nucleated crack origin.

To improve the tensile ductility and stress rupture life , the following techniques are sug-
gested from results of the present studies:

( I )  Reduce the solidification rate in thixocasting to produce a coarser dendrite structure
and nucleation of dendrite from the surface of the primary solid particles.

(2) Reduce the volume fraction of primary solid.

(3)  Improve the cleanliness of the rheocast and thixocast processes.

To improve the HCF properties, techniques (2) and (3) can be used. Reducing the size of
the primary solid particle should also be beneficial.

It can be surmised from the observations concerning volume fraction solid that the inter-
relation between properties and non-destructive quality are not understood, particularly in
the case of Haynes 31 alloy. This effect should be more thoroughly studied on different al-
Joys and equipment in future programs.
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V. ECONOMIC CONSIDERATIONS FOR MACH INE CASTING

A. INTRODUCTION

The most recent thrust in manufacturing technology-type programs for gas turbine engine
components has been to approach the “net shape ” or nearly finished part concept to reduce
finish machining costs. Traditionally, many gas turbine components , such as airfoils, have
been fabricated by fo rging or investment casting techniques and have required extensive mach-
ining to reach the final dimensional shape. These machining costs make up the bulk of finished
part cost and have been the target of cost reduction efforts for the past several years.

The application of machine casting, as the shaping or conversion process for airfoils, could
result in part s with near-ne t shape dimensions. Based on prior die casting work perfo rmed by
fe rrous die casting fi rms under Pratt & Whitney Aircraft sponsorship, the near-fmished shape

F concept was demonstrated as shown in Figure 53. Machine casting should achieve dimensional
control similar to the die castin g process.

B. COMPARISON OF FORGING AND MACHINE CASTING

The forging of airfoils consists of converting bar stock through several forming steps into an
airfoil shaped envelope. The envelope , including the root attachment , is then finished mach-
ined. A cost breakdown of the forging process is required to make a process cost comparison
between forging and machine casting of airfoils. Analysis of forged airfoil costs indicates that
fully three-fourths of the final cost is consumed in finishing (machining) operations as shown
in Figure 54.

Machine casting can potentially reduce these finishing costs by as much as one-half because
of the ability to produce parts which require minimal finishing.

Conversion or forming costs (equipment, dies, labor , . . .) should be similar for either process
and , in both cases, comprises a small part of the overall product cost. Input m aterial s costs
also comprise a small portion of the overall cost , although , in the case of machine casting,
more material per part will be consumed because of gating, runners , injection biscuits , .

The comparison of the thre e cost elements (namely, material , conversion and finishing costs)
for the two processes is shown in Figure 54. This data implies a potential cost savings of as
much as one-third for machine casting when compared with forging. Obviously, part geometry
and size will cause variations in this analysis. It should be noted that these comparisons are
also based on the additional significant assumption of similar process yields.

The sensitivity of overall cost to variations in the above three cost elements is shown schemat-
ically in Figures 55 , 56, and 57. A wide variation in input material cost (Figure 54) should
have little effect on finished machine cast part costs. Conversion costs, or more specifically
die costs, should not adversely impact fmished part costs if: I) multiple cavity dies can be
employed and 2) reasonable die lives on the order of 2000 or more injections (with appropriate
die repairs ) can be achieved (Figure 55). Technical advances in die material performance
would also reduce per-part die costs.
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Figure 53 Comparison of Forged and Finished Compressor Vanes (left and r ight) and Die Cast
Vanes (center) Showing Die Casting Capability to Achieve ‘Wot Shape ”
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Figure 54 Comparison of Forged Blade and Machine Cast Blade Costs
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The primary economic impact  of machine  casting resides in the finishing cost arca as shown
in Figure 56. Any significant deviation from achieving net or near-net shape will adversely
affect the cost savings tha t  could he generated b y using the mach ine  casting process in place
of forging for airfoil fabricat ion.

C. COMPARISON OF INVESTMEN T CASTING AND MACHINE CASTING

A similar cost anaI ~ sis has been made for  the inves tment  casti ng of airfoils. Again , the same
items (material, conversion, and f in i sh ing  l~ r a t~ pica l inves tment  cast blade are included in
the analysis. It is estimated tha t  appro ximately two-thirds of the part cost for investment
casting is in the area of finishing, as shown in Figure 58. The th ixoc astin g equivalent is also
shown in Figure 58.

A larg e portion of the finished cast part cost is associated with the complex and expensive
setups for finish machining of cast airfoils. Costs for machine-cast parts would he affected
by the same setup costs for detail  f ini shing in investment  forging comparison made previously.
The conversion costs for investment  casting, shown in Figure 58 , include some post cast pro-
cessing work whic h is done prior to machining. Conversion costs for machine cast parts are
projected to be less than those for inve stment casting. primarily due to a reduction in the
post-cast proces sing requirements included in the conversion area. Material costs should be
similar in both processes.
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The p rojected impact of variations in these thre e cost component s (Figures 59 , 60, a nd 6 1) on
the overall cost is similar to impact obtained from the study for machine casting versus forg-
ing. Materials cost changes should have minimal e ffect (Figure 59) ,  while die cost variation
would have effects similar to the previous analysis (Figure 60). Again , the primary economic
potential of the machine cast process is to be realized in the area of finishing costs (Figure 60).
This. however , is not felt to be as great as in the case of machine cast versus forged parts.

D. SUMMARY

The concept of net shape forming is the primary ingredient in any potential cost e ffectiveness
which the machine casting process may possess. A comparison of machine casting to forging
indicates that the former process may be able to save 30-40 percent of the finished part cost
because present forging techniques do not produce a net or neat -net shape airfoil. For the
case of machine casting versus investment casting, savings on the order of 25 percent may be
possible; but the cost motiva tion becomes less and less attractive as the investment cast parts
are made closer to net shape. It should be noted that the assumption of both similar process
yields and property level achievement are requisites for this comparison.

Finishing 65%

Finishing 50%

Conversion 25%
Conversion ~15%

- Materiai 10% Material ~ 10%
Investment castin g Machine cast ing

Figure 58 thmpa ri~~n of Investment Cast Blade and Machine Cast Blade Costs
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VI. CONCLUSION AND RECOMMENDATIONS

The following general conclusions may be reached from the work performed on this program ;

1. Machine casting as a fabrication process has the potential for converting rheocast
material into useful solid airfoil shapes for gas turbine engines.

2. A parametri c evaluation of cri tical machine-casting variables indicated that for
high volume fraction solid prefor ms, low die temperatures ( 100° F to 400° F) and
moderate gate velocities (250 in./sec) would result in “finished” parts with accep-
table nondestructive and visual qualities.

3. Mechanization of the machine casting process is both practical and desirable from
a process consistency standpoint.

4. Mechanical properties (high-cycle-fatigue , stress-rupture, and tensile ) are not ad-
versely a ffected by the thixocast microstructure and , generally met goals for con-
ventional Haynes 31 alloy. Hot isostatic pressing was necessary to close internal
porosity probabl y aggravated by the particular die configurations and machine
casting unit used for this program.

5. The economic evaluation indicated that  the machine casting process should he
capable of effectively competing with conventional fo rging as long as net shapped
parts with minimum finish machinin g can be attained . It does not appear that
machine casting will effectively compete with investment casting because of in-
vestment casting ’s growing potential for net shaped parts.

To achieve the full potential of machine casting (or other means of thixofo rmin g) for gas
turbine components . it will he necessary to further evaluate the following:

1. Vacuum rheocasting of nickel base superalloys presently used for compressor
airfoils.

2. Special equipment specifically design and constructed for thi xot’orming application .

3. Thixoforming parametric behavior. The evaluation would require more detailed
analysis and would include die materials and die d esign.

4. Thixocas t properties , including heat treatment responses to determine property
levels for comparison with bill-of-materials part property requirements. The eval-
uation should be comprehensive and should include studies of debits, if any, and
their impact on gas turbine requirements and on the economics of thixofo rmed
parts.
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APPENDIX “A”

STATISTICAL TEST PLAN
FOR

MACHINE CASTING

Statistical methods are used to plan , analy ze, and process results of experiments containing
factors corresponding to those associated with complex development problems. By varying
these factors in a planned manner , it is possible to isolate and study the effect produced by
any one factor , or combination of factors upon the problem.

The use of statistical techniques widens the scope of the progra m by providing the maximum
use of test information. By implementing these methods in the test program , cost savings
are achieved through the reduction of the number of tests required and the time to obtai n
productive information is mini.nized.

For these reasons , statistical techniques will be used throughout the machine casting program
where it is considered the most cost effective means of providing the desired information.

PROG R AM PLAN

Initially, the factors of gate velocity, die temperature , volume percent solid , and gate place-
me nt will be investigated for their effect upon blade quality. A statistically designed test
program of the Box-Wilson type will be employed in this stage of the program. Shown both
schematically and in matrix form below , testing will be conducted for each of the gate sizes
to be examined.

The test plan illustrated not only quantitatively measures the impact of the four variables on
blade quality, but it assesses the blade quality. Furthermore , the statistical plan permits a
quantitative evaluation of the relationship between the variables and the response parameter;
this is a capability which is not generally possible with the typical engineering approach.

The tests will be fully replicated for each gate geometry . The rational for repeat tests is
threefold :

(1) The possibility of extraneous random effects introducing bias into the test results can
be detected if such should occur.

(2) A measure of the inherent variation in the machine casting process can be obtained and
used as a reference point when assessing the reproducibility of the process.

(3)  It provided a means of analytically assessing the significance of the process variable
effects.

DATA ANALYSIS DECISION TECHNIQUE

The Analysis of Variance (ANOVA ) and regression analysis will provide the means of iden-
tifyi ng the significant effects of the variables and evaluating their trend.
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The ANOVA will be applied to the data contained in the factorial design illustrated. This
analysis rests on a separation of the variance of all the observations into parts , each of which
quantitatively measures the variability attributable to some specific factor or combination of
factors . This method of analysis, therefore, ha s two important advantages over nonstatisti-
cal methods:

I . The analysis results in consistent assessments of the factor’s effect on the response. If
two or more indepen dent anal yses of the data are performed , they will arrive at the
same measurement of the relationship between the factors and the response.

2. The analysis provides a method of interpreting the degree of certainty of the relation-
ship between the factors and the response, i.e., whether the measured effect of the fac-
tor associated with the response is real of if it is due to random variation.

The table which follows illustrates the mechanics of the ANOVA and how the significan t
factors are identified.

Sum of Degrees of Mean
Source of Variation Square s Freedom Square F Ratio

Main Effects
Die Temp (1) SS1 DFT (SS/DF)T MST/MSE
Vel (V) SS~ DFv (SS/DF)v MSV/MSE
Vol. % Solid (S) . - I:
Gate Geometry (G) - . . . , 

-

Interactions
TXV
TXV

SXG
TXVXS
TXVXG

VXSXG
TXVXSXG

Erro r SSE DF E (SS/DS)f
Total SSTota l NTota l~’
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The use of the F-test in the ANOVA is as follows :

I . A table of the probability that the ratio of mean square s will be equal to or exceed a
given value (F - table) may be found in most statistical textbooks. The value to be used
in this table is determined by: (a) stating a probab ility (confidence level) that one
wants to associate to the statement of whether the factor caused a significant change in
the response , and (b) knowing the number of degrees-of-freedom associated with the
numerator (the factor mean square) and the denominator (the error mean square) of
the ratio. The confidence level to be used will be 90%.

2. If the test index of any first or higher order factor is greater than or equal to the F -
table value , the factor will be considered to have a significant effect on the response.

3. If the test index is less than the F - table value , it will be concluded that there is insuf-
ficient evidence to believe that the factor had a significant effect on the response.

Multiple regression analysis will be used to develop a response surface incorporating the vari-
able main and interaction effects identified as significant process variables in the ANOVA.
The mathematical model of the machine casting process will thus be based on meaningful
parameters and will be considered a useful description of the physical quantities that go into
making up the process. The relationship will be of the form

Y a + b 1 x 1 + b 2 x 2 + 

Where Y = quality characteristic measurement
x1 = variable main or interaction effect
a = intercept

b1 = the average change in the response associated with the change in the
variable

The values of a and the b 1 ‘s are determined from the standard least squares solution whereby
(y• - ‘.j )2 is minimized. Y1 is the actual response obtained from the test

program and Y is the response calculated from the regression equation.

The results of the statistical analysis of the machine casting para meters are tabula ted in
Tables A-I and A-2.
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MACHINE CASTING SCHEMATIC

( ; A I F  V I  I~uC ITY

TEST POINT5 ,

_ _ _ _ _ _ _ _ _ _ _  
7 _- ____________________________ DIE T E M P ER A T U H E

~~OLU(~’E PER CENT SOLID

I
M A C H I N E  CASTING M A T R I X

Ti T2 T3 DIE TEMP ERATURE

Vi  V 3 V2 Vi  V3 GATE VELOC ITY

Si X X X X

S2 X E

S3 X X X X

X = TEST PO I N T

-j
0
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TABLE A-I

X-RAY QUALITY
ANALYSIS OF VARIANCE TABLE

Sourceof Sumsof Mean Variance Significance H
Variation Squares d. f. Square Ratio Priority

Volume%Solid 0.2456167 2 0.12280835 0.3069

Die Temperature 0.0080083666 1 0.0080083666 0.0200

Gate Velocity 0.0080083666 1 0.0080083666 0.0200

Volume%Solid - 1.114316633 2 0.551583167 1.3924 3
Gate Velocity
Interaction

Volume % Solid - 0.7693166334 2 0.3846583167 0.9613 4
Die Temperature
Interaction

Gate Velocity - 1.7252083 1 1.7252083 4.3 114 1
Die Temperature
Interaction

Volume%Solid - 1 .74062417 2 0.870312085 2.1749 2
Gate Velocity -

Die Temperature
Interaction

Fxperimenta l Erro r 23 0.40015361

Total 5.6110917

I
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TABLE A-2

SURFACE QUALITY
ANALYSIS OF VARIANCE TABLE

Source of Sums of Mean Variance Significance
Variation Squares d . f . Square Ratio Priority

Volume % Solid 2.444866667 2 1. 222433334 0.93033

Die Temperature 0.05 3333666 1 0.05 3333666 0.04059

Gate Velocity 0.140833336 1 0.1408333336 0.107 18 4

Value % Soiid - 0.9108666664 2 0.459333332 0.34666
Gate Velocity
Interaction

Volume % Solid - 1.5055866666 2 0.752933333 0,57302 3
Die Temperature
Interaction

Gate Velocity - 1.203333333 1 1.203333333 0.91580 2
Die Temperature
Jntera ction

Volume % Solid - 0.2 198646274 2 0.109932137 0.08366 5
Gate Velocity -
Die Temperature
Interaction

Expe~imental Error 23 1.31397607 2

Total 6.47 896466
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