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i ( SUMMARY Rele 1
}This program is being conducted for the purpose of applying the principle .*
= of fast solidification to superalloy powders and subsequent development of stronger -;";,:-3
& compositions for jet engine turbine airfoils. Centrifugal atomization and forced ‘;J
= convective cooling of the material are being used for producing the fast cooled "5
- material. During this report period, conditions for stable operation of the device )
;l:‘, used for fast cooling were investigated, and material thus produced was evaluated :;‘;'_.’i
with respect to the effect of fast cooling on microstructure. It was found that :ﬁ::‘.'-_:f‘
:.- molten metal stream stability is a fundamental requirement for useful operation. -2:;':.
T High tangential velocities of the atomized metal are required for high yields of .
': fast coolad powder. Cooling rates in excess of %%/sec are attainable for
}'-"' IN100 alloy powder. IN100 alloy cooled at these rates exhibited a total suppres=-
|2 sion of the ‘7/' phase and significant suppression of the primary carbide phase.
|i Product quality commensurate with present quality standards for superalloy
- powder appears attainable.
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SECTION I
INTRODUCTION

L= A}
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The strongest superalloy turbine airfoil used in today's most advanced
jet engine is cast from a composition developed more than 15 years ago. This
composition is the alloy Mar M 200, and the application is in the Pratt & Whitncy
Aircraft F100 engine, which is used in the F-15 and F-16 aircraft. Better com-

] ponent design and better materials processing have enabled significant gains in

jet engine performance since the alloy was introduced; howecver, it is apparent
that further improvement in turbomachinery will requirc better superalloys

than now available,

e The major contributing factor to this 15-year period of no alloy improve~

4 ment has not been the lack of devclopment interest; every major aerospace

organization has performed intensive efforts to circumvent this stoppage. Rather,

P it appears that the boundary conditions imposed by the exclusive use of vacuum-

induction melting and vacuum arc (or electroslag) remelting for alloy improve-

ment have been reached and cannot be expanded without a change to this very

basic mode of processing, These boundary conditions appear in the form of

l chemical segregation of ingot or casting, which subsequent solid-state operations
do not eliminate. Owing to this segregation are such alloy conditions as insta-
bility in the form of TCP phases, reactions to massive carbide, eutectic forma-
tions, and low incipient melting temperature. Each is known to causc degradation
in alloy strength.

1

5 Superalloy powder metallurgy studies conducted by P&WA/Florida show '..-';:::

5 that the use of powder, particularly powder solidified at very high rates of cooling, -»::jt.:::

3 can circumvent chemical segregation and eliminate the present boundary conditions ‘j

1 imposed by conventional melting practices. Suppression of sigma phase has been Er.“

observed in high Ti 7' alloy powders cooled near 102°C/sec, suppression of 7 :_

observed in high Ti/Al ratio alloys at rates near 103°C/seC. and suppression :':"f

y / of both carbide and 7' observed in high C, high Al alloys at rates near 105°C/sec. 3

f All of these reactions are noted in ingot, which typically solidifies and cools e
at rates near 10-2°C/sec. Also, for each of the powder cases cited above,

incipient melt temperatures are higher than ingot products of the same com- ;;:jﬁ

- positions, and massive formations of eutectic *', common to ingot, do not occur.

!} These observations clearly show that powder metallurgy methods can, in fact, ‘:!'.
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circumvent the boundary limits of ingot casting and can be used as a basic RS
mode of processing to develop stronger superalloys than the Mar M 200 com- ol
position, 4
it d

The use of superalloy powder has proved to be a viable production method :

that can meet the most demanding quality standards, as attested to by the fact ; :::E‘
that the F100 bill-of-material high compressor and turbine disks are produced @]

from superalloy powder. Further, superalloy powder metal components that

have been forged by the GATORIZING™ process can be subsequently heat
treated in a manner to effect abnormal grain growth, a condition that signifi-
cantly improves material strength at temperatures above 1/2 T,,. Mechanical
tests with Mar M 200 alloy, in fact, have shown that GATORIZED Mar M 200
powder (after heat treating) is as strong or stronger than the same composition

cast in a directional mode.

P&WA/Florida has constructed a powder device that can produce metal
powders solidified and cooled at rates near 106°C/sec. The underlying principal
is forced convective cooling, whereby powder particles of controlled size are
accelerated into a high thermal conductivity gaseous medium maintained at high

AT between itself and the metal particle.

The purpose of this ARPA-sponsored program is to refine the process
mechanics used with the powder producing device for fast quenching bulk lots
of powder and, subsequently, apply the technology of rapid solidification to the
development of an alloy composition that is stronger than the existing Mar M 200
alloy and that can be implemented for the production of better turbine airfoils.

The program is a 40-month effort and is organized as a progression of
events starting with a parametric study of the requirements necessary to achieve
high yields of fast quenched powder and terminating in the fabrication and testing

of turbine airfoils., This report is the first technical report and covers the o
first 3 months of the program. It deals exclusively with the study of producing %
fast quenched superalloy powder and includes observations on resulting material e
characteristics.
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SECTION II
PROCESS MECHANICS

In previous work conducted at P&WA/Florida, a series of analytical and
experimental studies were carried out in an effort to define a means for pro-
duction of fast quenched powders that could be implemented with a minimum
amount of technological development. Several prerequisites were apparent.
First, any useful approach would have to be capable of providing materials in
significant quantities; second, the material produced should adapt itself to simple
screening techniques for uniformity of cooling rate; third, the material should
be easily handled; and, fourth, for subsequent operation, the material should

have inherently high pour density and good flow characteristics.

Initial work paralleled that of many investigators in attempting to attain
high quench rates by conductive heat removal from the solidifying bodies.
Although the results showed the attainment of desired cooling speeds, the
material thus produced exhibited variations in size and thickness (leading to
variations in cooling rate) and, at no time, could a steady-state operation be
achieved. Particle adherence to, and erosion of, the conducting heat sink were
the principle problems encountered. None of the above criteria were satisfied

in any of the attempts made.

Concurrent analytical work, however, showed that forced convection
cooling, adequately controlled, could be used to produce powders quenched at
fast rates. In fact, the rates possible were analytically determined to be within
an order of magnitude of the theoretical limit for ''splat' (1-dimensional heat
transfer) and within about 2-3 orders of magnitude of the theoretical limit for
any method (3-dimensional heat transfer). This relationship is shown in fig-

ure 1.

The analytical model used to derive the cooling capacity of gas quenching
media was based on the use of a particle generator that was itself capable of
producing spherical particles and accelerating them into a quenching environ-
ment. The incremental hcat )>st by such particles at temperature Tp can be

expressed as

AH
At

: hA(Tp - Tg)+ Aw(Tg = Ti)

-
-




Pratt & Whitney Rircraft
FR-7627

where

A = surface area of particle
h = interfacial heat transfer coefficient
€ = emissivity of the material
o = Stefan-Boltzmann constant
Tg = temperature of the local environment
T,, = background temperature
KNu

d
A= ndz, where K = thermal conductivity of the environment and Nu = dimension-

For spherical particles of diameter d, h can be expressed as h = , while

less Nusselt r.amber,

The Nusseli number has been empirically detcrmined by a number of
investigators in the field of heat transfer and is of the form Nu=a + bPrmRen,
where Pr is the Prandtl number and Re the Reynolds number; the former has
been determined for a variety of gases and may be obtained from tables of gas
properties, while the latter has the form Re = eVd

m where V = relative velocity,

# = density of the gas, and u = dynamic viscosity.

g
1011 T Y
8 = @, Spheres ‘ u{"’ ?w,-_.:\ ;
§ 1010 h = @ , Splat! RV (o R
é I < (}4" < § ::.r
= 109 <—H2 At 1000K —— N ()‘ g
X | C 3 (4
1 2 “3 M
8 i AT (ﬂ ‘
n; 7 y {,vy" o .
- 10 I v
3: H 500 _/ .’y" ’ J) \‘Jy
6 e at 3500K N \ /\P Pl
1 B .'. W4
4 (¢ a\" Y
< 05 ‘
%01 1.0 10 100 1000 -
Particle Diameter, u
TRuhI,RC, "Cooling Rates in Splat Cooling”,
Materials Science and Engineering, Vol 1, 1967, Pg 313
Figure 1. Cooling Rates Possible by Forced FD 92937

Convection Compared to Theoretical
Limits
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Investigators in heat transfer have reported good corrclations of the - i',:l'
Nusselt number for spherical particles with a = 2 and with 1/2 < b <2/3, v
m = 1/3, andn = 1/2, for 2<Re <£800. Although the majority of cases of intcrest. .J

have 2 £Re <100, b = 1/3 was selected to produce conservative results.

Substitution of the pertinent expressions yields:

: 1/3
All . . 1/3 { oVd R 2) L e
=T rdK [2 +1/3 Pr (——-“ ) ]<1p 1g> + nd€0 (Tp 'lw>

where the first expression on the right of the equality rclates heat transferred

from the particles by forced eonveetion, while the sceond relates heat trans-
ferred by radiation during the time increment At, In the latter term, for a given
material, only the partiele diameter and initial temperature ean be eonveniently
varied and, for materials and particle sizes of intercst, the tcrm is relatively
small when eompared to the foreed-conveetion term. Examination of this term
implies that the important parameters are the propcrties of the gas, the particle
size, the rclative (particle-gas) veloeity, and the temperature (particlc-gas)
difference; the actual temperature change of a particle depends upon its size

and the hecat eapaeity of the material at Tp. One ecan then caleulate the hcat
content at the beginning of the time increment, thc approximate heat lost during
the increment and, thus, the new temperature of the particle at the end of the

time increment,

Calculations for this purpose were carried out by computer since the
equation must be solved simultaneously with the equations of motion. Also, the
relative velocity of the particles and gas is not constant but is a function of gas
and particle velocities, drag, acceleration of gravity, and the propcrtics of the
gas. Too, the heat capacity of the material is a function of temperature, and

the temperature is a function of time.

For several reasons, it is not appropriate to say that the predictions
rendered by this technique are exact. First, the heat capacity and emissivity,
as functions of temperature, are not known over a wide enough range for most
materials and necessitate extrapolation., Second, the degree of undcrcooling
that might occur was not known and could well vary as a function of cooling rate
and particle size, Too, there have been some reports in the literature that
indicate that under sufficiently high cooling rates, the heat of fusion may not
be released. Also, in the actual situation, a range of particle sizes is likcly
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i to be encountered, and, as these particles will decelerate and cool at different
rates, they may interfere with one another.
! This model does allow, however, evaluation of the relative merits of gas ._
type, pressure, temperature, and velocity; and particle size, initial tcmperature, ::;:‘- .
E. and velocity. Other effects on cooling rate, such as suppression of the release ':'-j‘..
of the heat of fusion and the degree of undercooling, can also be studied. '3351
The accuracy of the model is good, subject to the constraints mentioned.
The majority of programming was conducted with the straightforward Euler t:.’f::i:‘
technique and single precision on an IBM 360. Comparison with a run incor- ____j
porating a quartic Runge-Kutta technique and double precision implied that errors t""...‘
due to "roundoff'' and the Euler technique amounted to less than 15% for the finest .:
particles and to less than 5% for the coarser particles. Though conduction within 5
the particle has been neglected, the effect on mean cooling rate predictions for ..,4
alloys of the superalloy type was trivial, A finite difference technique was used ti"".-;
to consider the case where the interfacial heat transfer coefficient was infinite E’.:-::Ej
and the cooling of the particle was conduction limited. The rates obtaincd for :\
this case approached three orders of magnitude higher than the practical rates .".;.:
predicted for helium. Thus, since the heat can be conducted to the surface ;@"j
much faster than it can be removed through the interface, the particles are \j
essentially uniform in temperature, and conduction within the particle can be .-.'_j'.:'_'_i
neglected. e
=
While the program can calculate trajectories and cooling rates for any 1
desired particle size, it relies on macroscopic interaction of the gas, and \“
the predictions are not expected to be valid when particle size approaches the :E
mean free path length of the quench gas molecules; for helium near STP, this ;’i
is about 0.19 #, while for hydrogen near STP this amounts to 0.12 u, This R
was not considered a problem, however, since the sizes of interest occurred _.':-“l'
in the 10 # - 200 1 range. It should be noted further that the approach was f\“t
restricted to the action of the gas on the particles, and was thus applicable ;f -
to powder making processes only where the gas and particle velocities were _.—.
high enough and the powder production rate low enough that the action of the p 1
particles on the gas and on each other could be neglected. ~
The initial studies considered argon, helium, and hydrogen at mean pres- ’.’."
sures of 1, 5, gnd 10 atmospheres. Gas velocities selected ranged from 0 to _‘
'.:::E'::
6 o
ey
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0.7 Mach, with an inlet gas temperature of 350K. IN-100 alloy, in particle
sizes from 10 u to 200 » diameter, was selected for study, with particle velocities
of 50 m/sec and 100 m/sec. An undercooling of ~ 0,075 the normal liquidus

was presumed. Mean cooling rates were calculated from the presumed liquidus

to 0.5 that temperature.

Initial studies indicated that hydrogen and helium were superior to argon
by more than one order of magnitude in mean cooling rate, and argon was there-

fore dropped from contention as a desirable quench environment.

These studies also emphasized that particle size was the most significant
variable affecting cooling rate, with gas type second and mean gas pressure,
inlet temperature, and relative particle-gas velocity having minor contributions.,
It should be noted that by minor, it is meant that modest variations of these
variables had signficantly less effect on mean cooling rate than did comparable
changes in particle size or type of gas. For example, the study indicated that
a. 50 uparticle cooled by hydrogen at 600 m/sec, 5 atmospheres mean pressure,
and 350K inlet temperature would have a mean cooling rate of about 6.5 x 109°C/
sec. Decreasing the inlet temperature to 100K (which is a 70% reduction in the
inlet temperature) results in a cooling rate of 8.2 x 109°C/sec, while a 20%
increase in particle size results in a cooling rate of 4.6 x 105°C/sec. The former
represents a change in cooling rate of approximately 26%, while the latter repre-

sents a change about 30%.

On this basis (that gas quenching can achieve cooling rates commensurate
with those generally associated with ''splat'), the study was taken further to

define a practical means for implementation and proof testing,

A central rotary atomizer was selected as the best means for producing

RN

r
r
L)

the particles because, under this condition, particle generation and size control

¢ 7w
]
e

could be isolated to a single entity., In nonrelated industry usage, rotary (cen-

D'
1
[4

4
‘

[

trifugal) atomization has proved to be an effective means for steady-state pro-

duction of particles and can be used to produce a narrow particle size distribu-

.Cjem

tion, a desirable feature from a high yield point of view. Generally, atomizers
of this type have been used to produce coarse powder materials, but only be-

cause of physical limitations with respect to speed and mass flowrate.
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L Emperical relations have been derived for rotary atomizers that take the \J
form of i ) i ) : __ai

. ety 3

i % K( 0.3 _0.6 Rz du/:/& .3

i !

) where d = mean particle diameter (surface/volume) E‘;—

" 'K = constant :i‘

- M = mass flowrate :‘:_'3

£ r = atomizer radius 7

b w = rotational speed

2 ¢ = surface tension

{2 # = viscosity

3 p = density

(:h From experimental work conducted for wetted (coupled) surfaces, K = 1/3. For

& IN100-type material, the relationship of anticipated mean particle sizes to

f:; rotational speed is shown graphically in figure 2. Three flowrates are depicted

for two atomizing diameters,

The particle size range of interest falls into a convenient speed range of

15,000-35,000 rpm. Calculated horsepower to accelerate the liquid metal was

l small, on the order of 10 hp and less. A requirement of this magnitude was 3

considered well within the state-of-the-art for today's turbomachinery.

o

A prototype device incorporating these principles of rotary atomization

[
Cd

\_;..1

and forced convective cooling was constructed to test the feasibility of fast t::::]

Ef quenching in a gaseous medium. The rig, designated AGT400,000, is illustrated \\j
in figure 3 and is capable of handling metal charges up to 23 kilograms (based on é_“

f'«". nickel). Principal design parameters were based on metal atomization rates of T;f. 3
A Hois
= about 151 grams per sec. The gas nozzle assemblies were constructed and :-Z:j-l
& located in a manner to maintain a high AT and velocity profile for the solidifying jI-_f:IjT
t:'-' particles relative to the gas itself. ;,*.’]1

Initial trial runs with IN100 alloy confirmed that predicted cooling rates
could be achieved.

R L ey = 7.,

[ JCA
=
1N

#

le
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Figure 2. Predicted Tangential SpeZi vs Resultant FD 98316

Particle Size for IN100-Type Material

The effort expended durin‘g this report period was directed toward defining

control limits, environmental effects, and regions of criticality for stable opera-
tion. Seventeen runs were made during this period for this purpose. All runs
were made with IN100 alloy, an alloy of nominal composition 9. 5% Cr, 15.0%
Co, 4.5% Ti, 5.5% Al, 3.0% Mo, 1.0% V, 0.17% C, 0.06% Zr, 0.02% B, and

the balance Ni. In breaking down the sequence of operations, categorization can

[ A I
RO

be made as follows:

° Melting
' 3 [ Pouring
j:.: °® Atomization
. s Quenching
- ° Collection
t':
\®
t::l
&,

a & _® . - -0 = » e e ‘. e R g RN et e X P O o e S i SR S - Y E ST FRET S e ¢ w8 » ° e
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3 in. Manifold
Separate Supplies

! Recirculator

\
Deflector 2nd N n Ist 3rd l Heat :
3 I Nozzl
Shield Nozzle Nozzle G Exchanger
= jE' L —
Turbine

i Cyclone
Q‘ / Separator

N\

Turbine Drive

Air and Coolant ————J—|["
Exhaust Air C———/ -

Collector

Collector

Figure 3. Experimental Powder Rig FD 92738

The following paragraphs describe the influence of each on the overall

process as observed during the 17 runs.,
MELTING

The melting phase was conducted in a conventional manner for superalloys.
The process was straightforward, involving induction heating in a ceramic crucible
under vacuum. The crucibles and pouring lips used throughout were ZrOy and
were replaced after every four runs. Although superheat is desirable from an
atomization point of view to reduce surface tension, the amount of superheat
was maintained fairly low, i.e., about Tm + 250°K., The charge was composed
entirely of vacuum=-induction melted and vacuum arc remelted stock, nominally
7.62 em, in diameter, Two roots blowers, each 1600 cfm and each backed by
a 400 cfm mechanical pump, provided the means for chamber evacuation. Vacuum

levels throughout the study were held to about 20uto 40 #, with leakup rates on the
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order of 60 #/min. Thecse ratcs were considered somewhat high and werc attrib-
uted to leakagc around the turbine sealing mechanism. An argon blced was used
successfully as a differential gas supply to ensure no air contamination into the
chamber and, during operation, continuous O2 analyzing showed no existence

of Og >17 ppm. The seal is presently being redesigned to eliminate entirely

any supporting need for argon,
POURING

The flow of liquid metal from the crucible to the atomizer was analyzed
in detail during this report period. The purpose of this work was to guarantee
that the liquid metal could be metered and eontrolled at any given rate and in such
a manner that uniform liquid atomization occurred. A tundish assembly was
used for receiving the molten charge from the crucible and metering it via bot-
tom pouring onto the atomizer. Materials of construction were the same as
those of the melting crucible and preheating to a given temperature was achieved
by radiation. The initial location of the tundish and size of orifice were selected
in a somewhat arbitrary manner., This location, relative to the atomizer, was
based principally on noninterference with other components and ability to locate
recording devices throughout the vicinity of the atomization. The free fall
distance, therefore, became about 30 cm. Orifice size was selected on the basis
of delivering approximately 151 g/sec to the atomizer, a rate that seemed
reasonable from the standpoint of bulk quantities, turbine hp, and He mass
flow requirements for quenching. Control over rate was attained by manually
controlling the head of liquid metal in the tundish. Relating back to mass
flowrate effects on atomization, control of +10% was considered adequate for

these purposes.

Torricelli's theorem, q = pa \/-2-g—h, states that the flowrate of the liquid
issuing from an orificc is a function of the nozzle area and level of the liquid
in the container. In the above cquation, o, a, g, and h are the density, nozzle
area, gravitational constant, and height of the liquid, respectively. During the
experimental work, it was found that the equation gave reasonably good predic-

tions for flow of liquid superalloys.

Transients that occurred during filling and emptying of the tundish were
considered relative to the overall operation but were found to be of minor import

since, after somc expericnce with the pouring mechanism, it was found that these
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transients could be held to a combined total of less than 14 sec. Figurc 4 il-

. lustrates the typical time function of the two transients,
Powder Production Rate - 10.3 kg/min
200 ¢ -

o % | |
~ —— 181.4 grams/sec
= | : Average Flowrate
@ § 150 : t
I @
2 £ | l

@
: & ]
i} o 100 ' +
Y = :--‘-Steady Flow~-—' j

2 il 5
& a.To. Tundish Eill T mi: --} Transfer Tube Drain Time
50
Uil -+ Tundish Drain Time
Ji Tube I l l
- Fill 1 o1 J
s Time Time - 10 sec/Major Division
:;.
w Figure 4. Liquid Metal Flowrate vs Time for FD 98317

RSR-18 Powder Run

o

Level probes and total automation of the pouring rate were studied and
. results showed reasonable success. The probes were based on the use of ceramic-
;‘:: coated refractory metal rods spaced a short distance apart inside the tundish,

enabling the operator to visually locate the level of the liquid and manually con-

P trol the flowrate from the crucible. For the experimental work now being per-

formed, this method has proved entirely satisfactory.

4 A

For extended periods of time, however, a better method will probably be

needed, and the one being considcred is control through the usc of ceramic-

'{-3 coated refractory wires that are electrically conductive at melt temperatures.

i This means of control is simply an extension of the manual means, only the i

t‘j pour rate from the crucible would be controlled by an electric motor being sig- ‘ :
(¥ naled by one conducting probe as too low; the othcr, too high. ,_g!
:.’ Stream stability from the tundish to the atomizer was recognized early in :_:-_;
= the testing to be a dominant factor in producing useful quantities of powder. In - :::’.
C:' the first series of studies, high-speed cinematography rcvealed one flow :';:3'
- characteristic that totally negated the ability of the atomizer to function properly. g
b Figure 5 is a photo reproduced from one frame of a 400-frame/sec film. It \:
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shows that the liquid stream had separated into large droplets prior to reaching
the atomization surface. The effect was two-fold. One, it caused excessive

splashing on the surface, and two, the periodic nature caused nonuniform atomi-
zation since each drop was seen to atomize separately from only a discreet por-

tion of the surface.

Concurrent with continued testing in the AGT 400,000 rig, model studies
were started to define how best to circumvent this condition of noncontinuous
flow. The model that was constructed is shown in figure 6. It consists of a
liquid reservoir with metering valve, and a tundish-transfer tube assembly with
interchangeable metering nozzles. Measurements of stream length were made
with a standard scale and strobe unit. Water and mercury were used for the

study.

Preliminary tests revealed that the location of the pouring stream could
effect subsequent stability if the liquid were maintained at too low a level, i.e.,
~1,25 cm. Pouring directly into the center of the transfer tube also produced

instabilities and premature breakup, especially when the tube length was short.

Figure 5. Characteristics of Atomization Under FC 33518
Unstable Stream Conditions
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/—- Liquid Reservoir

- /—Tundish

\

T 1 //——- Transfer Tube
Liquid e Nozzle

Height 7
— = Scale
_ /
Strobotac . /
= ~~— Container
- ﬂ//
Figure 6. Schematic of Apparatus to Measure FD 98318

Liquid Stream Breakup Length
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< The length of a continuous stream from a nozzle can be expresscd by the

equation
! L =Kv (d3 g > V2 ?é
U e
9 =
g where ::::‘.7
e
] K = constant :._1}
" v = stream velocity "1
. d = nozzle diameter "
: o = liquid density __E
v = surface tension k:‘
y The principle underlying the above expression as it applies to 2 molten :'
& superalloy is that stream instability occurs because of high surface energy as-
; sociated with high surface tension. Any disturbance of the stream during atomiza- e 4
tion can cause "varicose'' breakup and subsequent rapid spheroidization. The W 4
:j opposing forces that assist in preventing stream breakup are viscous and inertia __
! forces. However, for liquid metals, which typically have low viscositics '.
i (around 4~5.5 centipoise for nickel at 1895°K), only inertial forces play a role, =_;
l Consequently, for a liquid metal stream, length prior to breakup can be in- f:j::
* creascd only by increasing the velocity of the jet or by increasing nozzle diam- -
S eter. i
Low velocities are highly desirable for the process in order that erosion ,"‘b
- in the tundish metering nozzle is minimal, and, likewise, large nozzlcs mean
p higher than desired mass flowrates. “
. Returning to the expression for stable stream length, expcrimental studics
s determined a value of ~ 3 for K. The K values for water decreased slightly
:: with decreasing head, but remained essentially unchanged for mercury. Calculat-
ing stable stream lengths for molten IN100 from these data showed that distances
S on the order of 8 em, rather than 30 em, were more proper if continuous flow
to the atomizer was desired. The experimental data with water and mercury
and observed and calculated stable stream lengths for liquid IN100 are shown \ .
' in table 1. Also shown in the table are the velocity profiles associated with ':;_f-j
. stable flow under these conditions. It can be seen that they are extremely low -:_":.-'
" for the given conditions and, in all probability, would result in little, if any, &‘.‘
% nozzle erosion during actual generation,
(4 N
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: TABLE 1. LIQUID STREAM BREAKUP LENGTH EXPERIMENTAL
VALUES (K = L/v (d3 x 0/0)1/2

d, h, Do Dy B L, K @
Liquid cm cm cm/sec g/cm dynes/cm cm -
H20O 0.32 6 108 1 70 10 4,3 :
Hy0 0.32 13 160 1 70 15 3.3 2
\ HoO 0.32 20 200 1 70 13 3.0
HoO 0. 40 6 108 1 70 13 4.0
HoO 0.40 13 160 1 70 18 3.7
i . HoO 0.40 20 200 1 70 19 3.1
| Hg 0.32 6 108 13.6 435 9 2.6
Hg 0.32 13 160 13.6 435 13 2.5
Hg 0.32 20 200 13.6 435 15 2.3
Hg 0.40 6 108 13.6 435 13 2.7
i Hg 0.40 13 160 13.6 435 19 2.6
Hg 0.40 20 200 13.6 435 27 3.0
INI00 0.32 6 108 7.85 1700 E -
IN100 0.32 13 160 7.85 1700 - =
i INIOO  0.32 20 200 7.85 1700 7.5 3.0
IN100 0.40 6 108 7.85 1700 - -
! IN100 0.40 13 160 7.85 1700 = =
i IN100 0.40 20 200 7.85 1700 >7.5 -
] CALCULATED STREAM LENGTH FOR IN10? (K = 3)
7 d, em h, em L, cm
0.32 6 4
0.32 13 6
5 0.32 20 7.5
0.40 6 5.5
0.40 13 8
! 0. 40 20 10 L
The data reported above were used to modify the AGT100,000 tundish assem-
bly from one having a drop length to the atomizer of 30 em to one of about 8 em. ';:'.Z?‘::
; For cxpediency, the tundish was modified to include a transfer tube loeated in :_.i
the tundish base such that the metering noz-le could he relocated without E«:
T
16 od
R
! .

o RO el o s R ol I R e AT SR Ty I R i S R AR e ST NS LU B e .-‘-.-‘ ._. 5 i
bf:\.aAJ‘.'.A.‘.rﬁ"l.rl'g'A.h TR R D T O R O B S IR W SRR, e W0 W PRI W) B %30 Froy, W A S RSP P PR N Y B Ol e S |




4 R (B SRR -.."\._1'. S ae e _’\."\“V“\‘-"' -\‘T‘-‘ .r_:r‘..-‘.\- .‘- p SR A I R e A it

Pratt & Whitney Rircraft o
FR=-7627

extensive rework of the basic device. The present arrangement is shown in
figure 7. This scheme has been used for the past 8 runs and, in every case,
stream continuity to the atomizer has been achieved. Figure 8 shows the typical
stream appearance to the atomizer with this modified system. If desirable in

the future, further changes, such as loecating the tundish metering nozzle immedi-
ately above the atomizer, can be made. Such has not been done now since the .h._
present method works well, and poses the least interference to the recording 2

systems being used for data analysis.

prny o)

e K ‘
i ) .

- &0
Aol

<= Tundish Holder

@

: Tundish ]
’ --:--]
Liquid Level '.:\lj

! & — k@
! rl_ .| -:::-'.':j
s [ Insulation l :::'.}.:.
- / He Manifold e Auxiliary Heater :‘:'«’.'.]
' ). ‘;m.]

.
.
>

P

N

g el
SN L

.

AL S &

.‘.A

— Transfer Tube
Protective Shield = LM_‘%.

0
)

X
] Nozzle ""‘.;
L] _‘:..:‘:1
Figure 7. Schematic of Metering Tundish, Transfer FD 98319 o
i Tube, and Nozzle System for Continuous j{:}j
. Stream .{:.;«jj
ATOMIZ ATION o
. The experimental runs madc during this period were conducted principally
to check out the struetural integrity of the rig, stability characteristies, and %
interaction effeets among the threc major operations - pouring, atomization, K .
and quenching., The atomization speed range was on the low end of the scale v
that is being considered for operation and was typically in the range of 5,000 b
to 16,000 rpm. The upper limit of 16,000 rpm was an cquipment limitation
. in the form of a transient temperature condition in the turbine bearings, The =
LYY
' ecausc for this was the use of an oil mist lubrication system that limited the S
p amount of oil injected into the bearing compartments. An oil jet system has '.:-::
' 17 i
) ~1
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been designed and is presently being implemented into the turbine drive system

. to circumvent this problem. This oil limitation likewisc caused a speed decay

,-
; L

during operation that hindered the subsequent analysis of metal powder yield as

L. a function of speed.

Nevertheless, atomization studies proceeded smoothly in areas of atomizing =

surface requirements and interaction effects.
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o Figure 8. Characteristics of Atomization Under FD 33521 9
' Steady-Stream Conditions
o)

.'"; The surface conditions that are being considered in this program include 1
y conditions for which the surface is either above T, forming no skull and a
13 operating in a noncoupling mode, or below T forming a skull and atomizing -
= from a coupled surface. Each has its advantage. Surfaces operating above T, :}:
can take ready advantage of superheat and entirely eliminate the need to design ::‘1
- imbalance characteristics into the rotor assembly. Surfaces operating below '.'1
. T,, operate as wetted surfaces and, according to most published reports, pro- -9
% duce finer particles. For studies of surfaces operating above Ty,, zirconia- f::
coated tantalum was used. The assembly was insulatcd from the rotor mechanism -::

! and was brought to temperature by contact with the metal strcam itself. Studics ;}
’ of surfaces operating below T, were conducted with water-cooled copper. %
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Of the 17 runs made, the first 6 were run with strcam instability causcd

¥R S PRI

by the condition of pouring. In cach of these cases, atomization amounted to

.|

about 507 of the pourcd weight, while splashing accounted for tne balance. Sub-
sequent film analyscs, such as thosc shown in figurcs 5 and 8, showed clcarly
that the molten mctal that did atomize did so in independcnt fashion and in a
manner lcading to a condition that will be termcd "channcling,' a state whercby
the liquid mass did not flow uniformly to the atomizer rim but rather followed

a path leading to atomization only over a very small portion of the periphery.,
Sueh a eondition, even though it yielded useful amounts of powdcr, was considered

totally unsatisfactory because of its unstable, unpredictable nature,

Six of the seventeen runs werc made with zireonia-eoatcd tantalum, three of
these prior to stabilization of the liquid metal stream. In all cascs, surfacc tem-
pcrature above T = was achicved in about 1 to 2 sec. Wherc stream instability
occurred, splashing and laek of control were common. Under conditions of
stream stability, atomization took place uniformly and frcc of skull, The attach- ot

ment means uscd to hold the disk to the rotor proved to bc unreliable, however. s,

Initially, the tantalum was spot welded around thc periphcry to a second tantalum i

*

’.' PR

>

holddown ring. Thesc welds failed at speeds in excess of 10,000 rpm and a

’ ':‘

U0’ 0

0wy
. 13

second method involving rivets was employcd. This method was no better, At

0
Y

> o

R SO0

present, the entire assembly is being redesigned to provide a fail-safe holddown

)
v

.
‘va
’

0,
’

mechanism.

5
L)
’

Water-cooled copper surfaces, which were used in the balancc of the runs,

LY

proved to be most interesting. At the start of the program, it was known that a

20 e
"N ". "- 4

particular heat balance would be required so that heat lost to the water eoolant

-
]
P}

would not set up an uneontrollable skull formation. The first runs with copper

1] “',
K]

were made to determine the extent of skull buildup under conditions of no heat Fr;
balanee and also to provide data nceessary to definc heat flux on the disk. The .?
typieal skull formation during these runs is shown in figure 9. What is evident
is eontinuous growth during running and severe ehannelling of the liquid stream
to the periphery. Imbalanee loads as high as 900 g-cm, an extremely higb :.-
amount, were measured from skulls of this type but were not detrimental to L%

the rotor assembly for the speeds considered. }".'~

The preliminary heat flux profile on the eopper surfaee is shown in fig- oy

ure 10, and is translated to total heat lost to the atomizer in figure 11, This o
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amount represents about 16% of total heat in the systems. Calculating require- '-':'.',.-;

F ments to hold a stable skull from these data indicated that copper, because of L@

its high conductivity, was not a reasonable choice for the atomizer surface,
N Rather, a material of low conductivity (the alloy itself, perhaps) was more
desirable and could be designed into a configuration whereby a stable skull

could be maintained.

)
yun s

For simplicity at this time, the copper surface was insulated with about
0.25 mm of zirconia and the runs repeated. The results were dramatic in improve-
o ment. What was found was the ability to stabilize the skull at a thickness around
1.27 mm for the flowrates considered. During operation in this mode, coupling
(wetting) to the skull was attained, channelling appeared minimal, and atomization
proceeded uniformly around the periphery. No instability was observed from
L start of run to completion, The typical skull for these conditions is shown in

figure 12, The previous figure 8, which shows a stable stream occurrence, was

l‘*

taken immediately upon achieving constant liquid head in the tundish on one run

“

f
[

using insulated copper. Figure 13 is a frame from the same film taken immediately
before the head of liquid metal started to decrease at the end of the run, No

differences can be observed. No imbalance resulted during this operation.

e

L:‘

»‘-

lo Figure 9. Typical Skull Buildup Without Heat FAL 37557
. Balance, RSR Run No. 14

i
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:.'. It should be pointed out that the runs to date are insufficient to state that
even a near optimum condition has been identified for surface control on the :j'-:.
l particle generator. Study of heat flux profiles as a function of speed, surfacc —J_O‘
- area, metal flowrate, and superheat will be continued, and iterative analyses will : u
i~ be used in the next report period to provide a degree of refinement to this present j
\ data, _j
n Where stable operation of thc device was achieved, with the exeeption of :'..!
2 the previously noted speed decay oecurrence, yield characteristies werce de- :
- termined for comparison to the data calculated for rotary atomization (figure 2). o
These results are shown in figure 14 and are all from runs made with a 7. 62 c¢cm

diameter disk surface. Agreement with the predicted data appears good. It will

R be necessary, of course, to signifieantly enlarge thc data base prior to reaching
| basie eonelusions relative to the atomizer and its handling of the superalloy S
. material. S
- E )
QUENCHING nee
LS
'.‘3 o) c '.'4
i - The AGT400000 device is constructed in a manner to provide He mass flow- R
rates up to 0.9 kg/see and to distribute the gas according to an analytically L1l
i defined eross flow pattern. This actual setup in the rig uses three annular gas pat

’

otk
o ‘2 e
.

b Vo

nozzles for this purpose, each sized to maintain a high AT between the He environ-

i:., ment and the cooling particles. These nozzles can be used simultaneously, ‘_:'.}_',-4
- singly, or in any desircd combination. The analytically predicted heat release ::'_:;:jtl
. to the lle atmospherc is shown in figure 15. It is independent of particle size ""ﬂ
Y as long as all the particles reach the same final temperature. Particle size, j:'_'::::j
L. trajeetory, and cooling gas distribution establish the heat release profiles; the :'.:j:f::f
:_Jf smaller the partiele diamcter, the closer to the atomizer that the heat is released. i_-::
. Figure 16 illustrates this principle. 5:—:!]
[ A
‘J' In the series of runs eonducted during this period, the lle mass flowrates '.:_:':":E
were varied from a statie environment (0. 129 MN/m?2) to 0.9 kg/see. The bulk )

‘f}"_ of these runs werc made at 0.23 kg/sec. Although it was desired to use the :_'.':".\t:'
B higher mass flowrates for maximum queneh effcet, it was found during the initial *1-!
‘;-. runs and from 1/3 model studics that a turbulent condition is caused by the inner-
P most nozzle that ean change the stability eharaeteristics of the operation., This \
. turbulent eondition can be eliminated by introdueing a shield between the generator ‘:':'\::'
{-l and the nozzle, This was not done because it would compromise the ability to 5*‘:"‘,
b A
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analyze particle generation (no field of vision). However, it was felt that until a
: better defined state of particle generation was attained, maximum quenching
. was unnecessary. Further, the analytical prediction of effect of high gas flow
predicts that cooling rates increase by less than a factor of 2, and in studies of
resulting microstructures, which are discussed subsequently, desired rates were

being attained with the system operating as described.

. Thermal probes installed in the device to record local temperature tran- : .-":.
) sients that could confirm the conditions expressed in figures 15 and 16 have not .::E
,'-;-_. been entirely successful, This was due to difficulty in locating the probes where ::E:IL‘
- meaningful data could be obtained while, at the same time, where they would not -~e,-_'1

. E’ ‘
h

interfere with the atomizing itself. Infrared is being considered presently as an

9% alternative method.

‘..
’l ..
o

Oy L

»

o .
RO

The helium being used is Bureau of Mines Grade A quality. It is certified

g ik

at less than 10 ppm Og2 and less than 30 ppm moisture. At no time during opera-

o tion did it appear that the gas quench could contribute to contamination. :}
. In addition to the study of cross-flow nozzle assemblies, further attention ‘~
r is being paid to the use of more advanced delivery concepts. The particular con- .’;’: ;
cept being considered is the use of a swirl jet, which by centrifugal force can “e -
. set up an extremely sharp temperature transition from the particle generator to :“ ‘
the quench environment without imposing difficulties in construction. It must be N
anticipated that the particles leaving the atomizing disk will consist of a range ;,:‘*‘

g of sizes traveling at a range of speeds at, generally, a small angle to the plane _':}
B of the disk. k"\

= LS
::; On this basis, it follows that the cross flow of the gas at any point must be E__.
such that the heat absorbed from the particles does not cause a large increase in :_!

the gas temperature if the cooling rate of the particles is not to be impaired. ::.f--_?
Conversely, if the temperature rise in the gas is small, increasing the cross _:::j:

X flow would have a minor effect on the cooling rate, except as it affects thc ::E
o relative velocity between the particles and thc gas and, thereby, the heat trans- ;._“’\_'!\
= fer coefficicnt, Ef:
i N
i

e kg
i e
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The particle density and the heat released decreases as the distance from Sl

the rim of the atomizing disk increases: 2

o

D=k/Vr st

Where D = particle density :."::::

V = radial particle velocity j

r = radius :.2.!

k = constant -

For particles leaving the atomizing disk tangentially, the radial component i 4

of velocity tends to increase as the trajectory becomes more nearly parallel to :",;:]
a radius, while aerodynamic drag decreases the velocity. Typically, the radial \..
component of velocity is at a maximum a few inches from the rim of the disk. -\
The particle density and the radial component of velocity for conditions assumed Z_T_::-.
to be of interest are shown in figure 17, _,4

3
.
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The rapid decrease in particle density with increasing radius suggests

that it might be advantageous to extend the hot environment outward from the

_I atomizing disk and terminate it in an abrupt transition to the quenching gas jet. .
In this way, the lower particle density would lower the temperature rise of the :"::.:-:4
quenching gas. Such an extended hot region would necessitate bounding its sur- \j
face by opaque, insulated walls; otherwise, heat loss by radiation and convec- \_,4
] tion would be prohibitive., It would also be required to provide a window through .!
. which the particles could pass into the quenching gas jet. Heat loss by convec- - .:.','_.:
tion would need to be restricted so that the temperature of the hot environment g
2 could be maintained and the hot gas would not dilute the cold quenching gas sig- Lo
5 nificantly. Because the velocity of the quenching gas is high in order to remove ".i
; the heat liberated by the particles, a tendency toward hot and cold gas mixing is '.ij-':j-.i
possible and is believed to be proportional to the shear between the hot and cold :4
:: masses. ::.-::,:::5
: FEo]

This tendency for mixing can be counteracted by centrifugal forccs acting

e 2]
b .l (]
l. l' *

s

on the density gradient in the gases, which is associated with the temperature

.
.
D3

ERRPRE
5

gradient. A swirling jet of the quenching gas concentric with the hot region can j'.. ::-::
i provide the high centrifugal accelerations at the aperture. Initial calculations f:“.i
estimate that an effective gas swirl jet would have a tangential component of o) 3
8 velocity in the range of 60 to 300 m/sec and an axial component sufficient to re- ::.'_'::j;‘:
= move the heat liberated by the particles with a small temperature rise in the ::_'.::::';
' gas. Centrifugal accelerations of 1600 to 62,000g's would exist for apertures ,..:.‘1
30 cm to 46 cm in diameter, il
- A model apparatus has been constructcd for studying the effect of centrif- : .:l*.:
§ ugal force on the separation of gases of varying density despite shear between l-.-.-:t.'.'

the gases. The model is shown schematically in figure 18.

- Rather than creating a density gradient by means of a temperature gradicnt
. as in the present apparatus, the model employs gases of different molecular
weights., Helium is being used to simulate the hot gas, and air to simulate the
cold gas. Vanes in the airflow impart swirl to thec air jet, with conservation of
angular momentum causing tangcntial velocity to increase as thc apcrturc is

approached.
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A computer program that assumes compressible, inviscid flow has been ;?_:E::::
used to calculate gas velocity, static pressure, and static temperature as a func- ::_'::C'
tion of position for a variety of swirling jets. The jets were assumed to be f"‘ -
generated by turning vanes followed by a transition section that could be either RO
] 'a\-!
a nozzle or a diffuser. A subroutine that was adapted from the program dis- \'
cussed earlier in the report calculated the trajectory and cooling rates of metal » .
particles considering the effect of centrifugal forces on the particles.
The results of these calculations indicated that swirl jets produce equivalent o

cooling rates to straight cross-flow cooling with significantly reduced mass flow
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of quenching gas or higher cooling rates with equivalent flows of gas. This is

illustrated in tigures 19 and 20 for a typical sct of conditions:

Alloy -

Flowratc of metal -

Initial temperature of metal -
Particle diameter -

Initial radial velocity of particles -

Initial tangential velocity of particles -

Mass flow of helium -
Total pressure -

Total temperature -

Vane angle -

Outer radius at vanes -
Inner radius at vanes -
Outer radius at aperture -

Inner radius at aperture-~

i
-y
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IN100

151 grams/sec
1811°K

50 microns
51 m/sec
1.83 m/sec
0.9 kg/sec

1 atmosphere
350°K

1.25 radians
73.79 cm

68. 58 cm
35.56 cm
22,86 cm

The tangential velocity for typical conditions is the dominant factor in

determining the relative velocity between the particle and quenching gas. In the

swirl jet model, this velocity exceeds the axial component by a factor of seven.

Since the cooling rate increases with relative velocity, the mass flow for straight

flow would have to exceed that of the swirl jet by nearly that factor to produce

equivalent cooling rates. The cooling rate as a function of relative velocity is

shown in figure 21. Although the rate increased continuously with rclative velocity,

the increase was not as rapid as the increase in kinetic energy of the jet (except

at velocities below 91~122 m/sec). Figure 22 shows the rclationship between the

incremental increase in cooling rate per unit of kinetic energy of the jet and the

relative velocity.

COLLECTION

The AGT400000 rig is equipped with two collectors, each of which can be

sealed independently from the unit itself for inert transfer to any subsequent

operation. One of the collectors is located immediately below the atomization

chamber. The second is located below an appendage cyclone separator. Duct-

ing to and sizing of the cyclone device was based on 0.9 kg/sec He gas exhaust

velocities being above the critical velocity for fine particle motions.

30
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The collectors appear to operate completely satisfactorily. No difficulties
have been encountered in any form of environmental contamination. The number
of runs made is still low, however, and a degree of temperance must be exercised
in this judgment. Transfer equipment to accept the inertly containc:' powder is
presently being fabricated for future work. At present, the powder is being

handled in the ambient atmosphere following its production.
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SECTION III
MATERIAL EVALUATION

The powdered material produced in each run is being evaluated with respect
to cooling rates attained, effect oi" such rates on microstructures, and product

acceptability relative to present quzlity standards for superalloy powder.,

The typical appearance of the alloy powder is shown in figure 23. The
material is spherical and free from aggregate formation like that which occurs
when molten particles impact one another, The surface structure becomes
progressively finer with decreasing particle size, indicative of faster cooling.
Flake can be seen as part of the collection and the extent was found to vary from
run to run, depending on the atomization speed, operational stability, gas flow~
rate, etc. It is attributed to coarse particles impacting with the chamber prior
to solidification and, subsequently, breaking up into a variety of sizes. Once
desired operating conditions are attained, it is reasonable to believe that such

occurrences will be negated.

Dendrite arm spacing has been used by numerous investigators as a means
to experimentally determine cooling rate. This relationship is shown in figure 24.
Accordingly, these same measurements are being made for the powder material
produced in this program. These measurements, by necessity, require a high
degree of precision since minor errors can lead to substantial misjudgment
relative to true cooling rate. The method used in the present work is based
entirely on metallurgical replication procedures and subsequent analysis by elec-
tron microscopy. Reasonably large sample sizes, (i.e., on the order of 50
independent samples per run) are also being used to determine whether any sig-
nificant differences can be detected from particle to particle. Further, because
of geometric consideration, measurements are being confined to those dendrites
in which the central arm exhibits secondary arms on both sides and where the

dendrite length exceeds the central arm width by at least a factor of 5.

The cooling rates determined by this method for the IN100 alloy are shown
in figure 25 and are also compared to the analytically predicted capability of the
AGT400,000 device. The data points shown are representative of samples for
which the gas quench was operating at 50% of capacity or greater. The correla-
tion appears reasonably accurate and confirms that cooling rates in excess of

109°C/sec can be achieved when particle diameters are less than ~ 100,
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Surface Appcarance of INL00O Alloy Powder

Figure 23,
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Journal of Materials Sci., 9, 1974, p. 1449
And
Matyja, H. et al, “The Effect of Cooling Rate on the Dendrite Spacing in Splat-Cooled
Aluminum Alloys,’”” Journal of the Inst. of Metals, Vol 96, 1968, p. 32 o
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Figure 24, Cooling Rates as a Function of Dendrite FD 98341 :

Arm Spacing :::: 5

s The typical microstructures revealed during this effort are shown in fig- *:_;'
ure 26 and are being used in conjunction with electron microprobe and X-ray mj
studies to determine what effect fast cooling had achieved over conventional -.3
{", processing. The study is far from complete at this time; however, the results _,\'
to date from powder exhibiting cooling rates greater than 109°C/sec show that ;_j
suppression of the secondary y' phase has been achieved. Eutectic formations ?q
X and the like are, naturally, nonexistent. A significant, but not complete, sup- \-5
: pression of a carbide phase has also been achieved, presently being detected j

only in the surface replicas used for dendrite arm spacing measurements. o=

Chemical segregation studies by elemental X-ray mapping showed no preferential -‘:
conditions. Composition of the powder did not vary with change in particle size. J
E:; Product quality has been analyzed in a somewhat casual manner to date. \::’\-j
The reasons for this are two-fold. First, the existing capability for handling L5
< the powders involves breaking to an ambient environment, rather than maintain- :‘
- ing the inert atmosphere under which the powder was produced. Second, many \\.4
of the runs were made under conditions where operational instability of the rig ::
was known to affect the quality of yield. tea@
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y For those cases, however, when all attempts were made to produce high Lo
Ej quality yields, the results were encouraging. Ceramic reactivity during the -
melting and pouring cycles appeared insignificant by visual checks, physical E@!
E: measurements, and by optical and X-ray fluorescent indications during evaluation ::[::::
) of the powder itself. Molten metal exposure times to the ceramic components ‘:::;:j?
,‘::'_, have been short, naturally, and continued investigation is certainly in order. "::::'
Y The low superheat circumstance and the low metal velocities through the nozzle, ;_fi_!
™ however, should assist greatly in preventing an irreversible condition of degrada- ‘-I.‘;_::
o tion by ceramic entrapment. i
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w2 Simple sampling procedures are being prepared in order to provide statis-
tical insurance that the methods used for analyzing inclusion content have reasonable
! reliability. The method to be employed involves compaction of the powder and
. subsequent cross-sectioning to expose large areas (relative to the powder) for
study. For 50u particles, for example, it should be possible to attain 99. 9%
; confidence that the inclusion content is less than 10 ppm by analyzing 35 cm?2
? per kilogram of material. This method will be used when inert handling capability
. is achieved.
:\' Oxygen concentrations are being determined for the po;)vders also since

absolute control over Oy pickup is considered essential to the success of the

program. Less than 100 ppm Os has been set as a program goal. The remelt

e )
a7
P’

stock being used presently is running about 25-30 ppm Os9.

>
2,4

0%

In runs made where instability was evident (such as failure of the atomizer

surface), Oo levels higher than 1000 ppm were determined for all powder size

v
.

fractions. However, where stability was achieved, coarse powders (~ 150#)

-
Ll l‘ Jl
%

v

were found to contain less than 100 ppm, although the fine powder (~ 504) showed

= Oy levels in the 300-500 ppm range. Samples taken concurrently from the re- e
' sidual crucible skull exhibited levels on the order of 50-60 ppm Og. These ;']
. latter results with powder were considered reasonable since the measurements ;’j
:',: were made after exposure to the ambient environment and since similar measure- :::’_,
N ments on superalloy powders purchased from suppliers who have consistently .j
- produced high quality material showed essentially the same results when tested '.1’
= in the same manner. The pickup of about 25 ppm Og2 in the residual skull from B :
“ the remelt crucible was not expected, however, and present efforts are being ;
& made in an effort to determine why and to correct accordingly. _:
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