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TASK |

Processing of Alloys

INTRODUCTION

Technical background of the current project on structure and property
control of alloys by utilization of the process step of rapid quenching of the liquid
has been fully described in the introduction to Semi~Annual Technical Report No. |,
June to December 1970. The general process flow sheet for production of "structure
and property controlled" material includes, in general, production of powder, either
coarse or fine; cleaning, if the powder is coarse and was water quenched; canning,
evacuation, and sealing; and finally consolidation by hot isostatic pressing, direct
extrusion or hot isostatic pressing followed by extrusion ("double consolidation").

Choice of a process route far production of consolidated material generally
implies "selection" of problems or "tradeoff" alternatives. Coarse powder technique
for example, while cheap, entails exposure of liquid metal droplets to an oxidizing
environment with significant effects on chemistry and morphology. Oxidized surfaces
generally require cleaning before consolid;:ﬁon, and totally effective cleaning has
proven to be difficult. On the other hand, fine powders produced by contemporary
state of the art processes previously described ] are expensive and may have their
own problems such as oxygen, nitrogen and carbon surface contamination with
consequent effects on interparticle bonding in the consolidation process. With
fine powders in research scale lots "cross contamination" in production and handling is

a very real problem and occurred in at least one case in the present program. Finally

in the consolidation step, selection of hot isostatic pressing conditions, time, temperature,

and pressure for full densification in general appears to require one or more iterations.

IIntroducﬁon to Semi-Annual Technical Report No. 1.
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In the first year program, coarse powder techniques were applied to IN-100,
a high strength nickel base superalioy; Vascomax 300, a high strength maraging
steel, and cobalt base allovs. Process limitations for specific alloys became evident
and experimental work aimed at process improvement was carried out. Cobalt
base alloys were added to the program in the last half year to take advantage of
promising earlier experience with stcam atomization of these materials.
Supplementary consolidation of commercial fine powders was carried out in
cases where coarse powder techniques did not produce "state of the art" powders.
Results in the process step of consolidation of powders revealed that this operation
requires careful consideration and analysis if the maximum potential of powder is to be
realizad. The chemistry of metal powders, particularly with respsct to contaminants,

both interior and surtace, has been identified as critical to the microstructure of the

consolidated powders.

EXPERIMENTAL WORK

A. Melting and Atomization

The melting and atomization equipment and arrangements used for coarse powder
production at the start of the program and after improvement have been fully described.]
One additional modification to the quench tank not previously reported was made which
permitted the quench water level to be raised within 6 inches of the atomization point in
argon atomization.

A summary of all melting and atomization runs carried out to date is given in Table I.
From Heat No. 185 on, screen analysis was not carried out except to obtain specific
size particles for chemical analysis. Emphasis in these later heats was primarily on metal
chemistry. |

The very high water quench experiment with maraging steel (VM-300) was carried

out in Heat Nc. 218. Results are discussed later under Powder Characterization.

! Semi-Annual Technical Report No. 1.
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Efficiency of the melting and tapping operation in maintaining alloy element
levels and low oxygen level was defined by the results of itt. No. 173 (maraging
steel, VM~300) wherein the tundish nozzle metal stream was sampled with a chill
mold during interrupted atomization. Chemistry results for this sample indicate that
reactive alloy elements (Ti, Al) have maintained substantially their furnace melt
values right up to the actual point of atomization. Oxygen pick up is also very low.

During the 2nd half year, some high speed photographs of steam atomization of
tool steel were taken (not as a direct port of the current program). This study indicaied
that in steam atomization the basic coarse of events is formation of liquid metal "sheets"
and "ligaments" under impact of the "second fluid". The falling sheets and ligaments
break up under presumed surface tension forces and the smallest droplets are seen to
break off the "edges" and "corners" of sheets. It would appear possible but not proven
that "involution" might take place under the highly dynamic conditions of droplet
farmation. In such a process an exterior "surface" could be surrounded by interior
liquid while surface tension forces ure acting to shape the droplets. Originarion of
the smallest droplets at the edges of sheets also is consistent with the general picture
of highest oxygen level and largest oxide inclusions in the smallest particles since
liquid metal sheet "edges" would have had the greatest surface to volume ratio and

consequent prior exposure to oxidation.

B. Powder Characterization

Coarse powders produced by steam, argon and nitrogen atomization were
characterized by shape, size analysis, packing density and chemistry. Findings for
each of the three types cf alloy atomized in the program (IN-100, VM-300, and cobalt
base) are summarized below. Data are related to Tables | and || covering Atomization

Runs and Chemistry.
1. IN-100 (Nickel Base Alloy)
a. Morphology

Three atomizations of IN-100 were carried out, Ht. Nos. 149, 175,
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and 199. In all cases the coarse powder produced was sharp and flaky
with a thin adherent oxide film. Ht. No. 199, for example, (see Table 1)
was tapped at a very high temperature of 3140°F giving ~ 700°F superheat,
This tap tempera ture, which represents a practical extreme, did not result
ir modification of liquid metal surface tension or oxide film formation to a
sufficient degree to produce rounded particles. As in previous heats, sharp

flaky powder was produced, Figure 1.

b.  Chemistry
Because of the unsatisfactory particle morphology generally

obtained with IN-100 coarse powder, powder chemistry was not obtained.

c. Microstructure

Structure refinement in coarse powder IN-100 has already
been shown'I . Since the rate of homogenization of a cast structure is
proportional to ]/|2 (1 = 1/2 dendrite arm spacing or concentration "half
wave |engfh“)2, a major gnal of the coarse powder technique in increasing
the ease of homogenization of IN-100 has been achieved in spite of poor

particle morphology.
2, VM-300 (Maraging Steel)
a.  Morphology

A total of 25 atomizations of VM=-300 were run during the first
year. With the exception of large particles ~ 4 mm in Ht. No. 171 which

were flake-like due to a high titanium level in the melt, all particles in

each atomization were essentially rounded. Figure 2 shows the morphology
of four separate size fractions of Ht. No. 218 after cleaning and hydrogen anneal.

The shape of these fractions is typical of all maraging steel heats atomized to date.

b.  Chemistry

In spite of nearly ideal coarse powder morphology, control of

1. . .
Semi-Annual Technical Report No. 1, Task | Section, Figures 2 and 3.

2, . .
P. G. Shewmon, Physical Metallurgy, Ed. by R. W. Gahn, John Wiley & Sons, N. Y.. 1965
p 370-372. '
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powder chemistry proved to be very difiicult and success has been limited
to date with VM=300 maraging steel. Oxygen pick up and titanium and
aluminum losses proved to be tvio major problems. The chemical analysis
data for Ht. No. 173 (see Table Il) indicate that with improved melting,
tapping and tundish practice the liquid metal stream arriving at the atomization
point has low oxygen and substantially correct titanium and aluminum levels.
As atomized powder is oxidized] and analysis of cleaned powder fractions
(see Table 1) revealed the consistent result that oxygen pickup increases with
decreasing particle size and that most titanium and aluminum has been lost
i1 particles which are -25/+30 mesh ( &~ .6 mm).

Atomization fluid was varied; steam Ht. Nos. 136, 145, 146, 147,
148, 150, 151, 152, 153, 166, 167, 168, 169, 170, 171 and 176; argon
Ht. Nos. 137, 172, 173, 1%3, 196, 197, 178 and 218; and nitrogen
Ht. No. 174, without substantial decrease in oxygen pickup or reactive
elemert loss. Quenching c-.nditions were varied including water at 6", 8"
and 36" below the atoraization point (Ht. Nos. 218 (6%), 195 (8") and all
other heats (356"). respectively except for an oil quench of liquid metal droplets,
Ht. No. 197, There is some indication that high quench water level (low free
fall distanc.e from atomization point to water) deceases titanium loss and oxygen
pickup particularly for large particles ~~ 4 mm, Selection of a narrow size
range for further processing unfortunately results in only a  ~10-20% yield
of useful powder from the meltz. Oil quenching, Ht. No. 197, did reduce
oxygen pickup and titanium loss but with accompanying carbon pickup ir. the
.1 - .3 wt% range. Since maraging steels require low carbon miartensite
(,03C max.) for formability and heat treating response, oil quench to prevent
oxygen pickup is not feasible.

Melt additions of Ti, Al and C vere made in several heats in attempts

to control powder chemistry. In Ht. No. 196 where .15% C was added to the melt,

ISemi-Annucll Technical Report No. 1, Task | Section, Figure 4.

2
Semi-Annual Technical Report No. 1, Task I, Figure 13.
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successively finer size fractions again showed increasing Ti and Al losses
as well as increasing oxygen pickup. In the smallest fraction analyzed,
-25/+30, the carbon level had been reduced to . .09% from ~ .18%
presumably through oxidation. Ti and Al were nearly completely lost
and the final ~.09% C level was high for a "low carbon" marteisite.

Titanium and/or aluminum additions were made in Ht. Nos. 167,
170, 171 and 198, The basic fi,nding was that recovery of titanium and
aluminum depended on particle siz:: so that a given metal chemistry could be
obtained only for a narrow pari...le size range. Table Il shows analytical
results for separate size fractions in various heats. Recovery of Ti and Al
in the -25/+30 mesh particle range in Ht. No. 198, for example, was only
~ 10% of the concentrations in the melt before tap. Obtaining a predictable
reactive element level by utilizing a large unavoidable loss to lower a high
initial level, is not metallurgically practical.

Low tap temperature was tested in Ht. No. 169. With this heat,
superheat at tap was only —~ 100°F. This is practical limit below which
freeze up in the tundish is a recurring problem. Analysis of Ti and Al in the
=14 mesh fraction powder, Table 11, showed substaniic.| losses.

In summary, control of the reactive elements Ti and Al in maraging
steel VM=-300 proved difficult. Under the exposure to oxidizing conditions
during steam, argon or nitrogen atomization no effactive mechanism was found
to limit oxidation. In other types of alloy this might be accomplished by high
carbon level, high chromium, or in nickel base alloys, high aluminum levels.
These alternatives were not feasible in the present case because of the careful

composition balance required in maraging steels.
c.  Microstructure

The unetched and etched structures of four separate mesh
fractions (-4/+5, 4.3 mm; -8/+10, 2.0 mm; -16/+18, 1.0 mm; and -25/+30,
0.6 mm) of Ht, No. 218 are shown in Figures 3, 4, 5 and 6. Powder fractions
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of this heat had, except for Ht. No. 197, oil quench, substantially the
lowest oxygen levels obtained for VM-300. Oxide inclusions persisted
nevertheless, with generally the largest inclusions occurring in the smallest
particles similarly to Ht. No. 172.] Secondary dendrite arm spacings

are also noted in the captions for each fraction. These values are comparable

to those: determined previously for maraging steel.

3. Cobalt Base Superalloy
a.  Morphology

Two heats of a cobalt base alloy with nominal composition
20% Cr, .25% C, 10% Ni, 7.5% Mo, 5% Hf and bal. Co were steam
atomized,  The first Ht. No. 185 was steam atomized without any
melt additions (see Table I). Resulting powder was "sharp" and "flaky",
Figure 7, left, with great similarity to |N-100 powder (see Figure 1). The
reactive metal hafnium is considered to strongly influence thin oxide skin
formation leading to the non-rounded morphology. The second Ht. No. 217
was made with additions to the melt of 0.83% Si and 0.04% B. These elements
were added on the basis of previous experience with cobalt base alloys as well
as the fact that oxides of boron and silicon are "glass formers" and frequently
decrease the melting point of higher melting oxides. Figure 7, right, (powder
in cleaned condition) shows the distinct improvement in particle morphology for
the cobalt hafnium alloy when steam atomized after these additions. Table |
shows that tap temperature for Ht. No. 217 was higher (3100°F) than for
Ht. No. 185 (2850°F). This difference is not considered the cause of increased

]Semi-Annual Technical Report No. 1, Task |, Figures 5 - 8.

2|bid, Task 11, Figure 4.
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particle roundness, since with IN-100 with no melt additions and the
presence of substantial titanium and aluminium, very high tap temperature

did not eliminate flake-like coarse powder.

b.  Chemistry

In the case of Ht. No. 217, cleaned powder was forwarded to

MIT, Task 1ll, for chemical analysis.

C. Microstructure

Figure 8 shows the fine carbide dispersion generated in Ht. Nos. 185
and 217. |n spite of differing particle morphology, dendriie siructure is
substantially identical for both heats and of the same order of magnitude as

that of IN-100" and VM-300, Figures 3 to 6.

Cleaning

Coarse powder produced by steam, argon or nitrogen atomization which
is, in turn, water quenched generally has an oxide coat regardless of the
alloy system. The cleaning method previously described 2 has been found useful
for iron, nickel and cobalt base alloys. Where clean coarse powder has been
required for consolidation, this method was applied and "recycle" performed
up to five times. In the case of iron base alloys, which tarnish on drying
from a water rinse, a final hydrogen reduction step, again as described, has

been used.

Powder Consolidation

1.  Objectives
The advantages of chemical homogeneity and structure refinement attained

by rapid quenching of liquid metals can only be realized if the metal powder can

]Semi-Annual Technical Report No. 1, Tas< |, Figure 2.

2Semi-AnnuaI Technical Report No. 1, Task I, Pg. 6.
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be "put together again" by appropricte process "consolidation" steps.
Therefore , in the present program two objectives were established:

1. production of material for test in Tasks 11l and IV, and 2. understanding
of the fundamental steps in consolidation.

For consolidation hot isostatic pressing, extrusion, and hot isostatic
pressing followed by extrusion were used in the present program. In the cases
of IN-100 and YM-300 where the coarse powder process was not successful
in producing "state of the art" powders, the consolidation processing was

carried out with fine powders produced by curreni commercial processes.

2. Hot Isostatic Pressing Runs

A summary of all hot isostatic pressing runs carried out in the present
program for production of material for Tasks Il and 1V or for study of consolidation
is given in Table 1ll. For HIP processing powders were sealed in mild steel cans
which had been degreased and hydrogen or vacuum annealed, cans were heated
in the range 600-800°F, vacuum evacuated and sealed by welding. Selection
of an appropriate hot isostatic pressing cycle for a given alloy depends on
some or all of the following factors:

1.  Minimum temperature, pressure and time for interpaiticle bonding.

2.  Temperature at which unacceptable structure coarsening occurs.

3.  Temperature at which incipient melting occurs.

4, Time and temperature for homogenization of dendritic cast

structure of powder.
5.  Nature and extent of further hot or cold processing after hot

isostatic pressing.

6.  Nature of phase transformations available for structure refinement;

in the case of steels this would be "normalization" .
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. Application of alloy for low, intermediate or high temperatures,
fatigue requirements, fracture toughness, etc.

8. Nature and concentration of surface and internal contaminants

in powder.
Experience may show additional factors which must be considered.

The "as pressed" microstructures of each of the three types of alloy processed
are discussed below. In some cases heat treatment response of the "as pressed"
structure was also studied and where this amplifies the understanding of the HIP
process, results are included.

a. IN-100

Figures 9, 10, and 11 show the first hot isostatically pressed
structures of IN-100 investigated in this program. Successively higher process
temperatures of 2100, 2200, and 2320°F have resulted in gradual elimination
of the "cast" powder structure, grain growth particularly at 2320°F, and coarsening
of the interparticle boundary structure. With coarser powder, Figure 12, and
lower HIP temperature of 2000°F, the " cast" grain size of powder is revealed
within larger particles. Grain boundaries appear to be pinned by carbides
(upper left, Figure 12). Complete solutioning and homogenization of the

pressed structure of Figure 12 is not achieved after 4 hours @ 2100°F, Figure I3.
Cast dendritic structure persists and the particle boundary structure coarsens.
Solutioning at 2200°F, Figure 14, eliminates dendritic structure and further
coarsens interparticle boundary structure. Segments of this structure appear fo be
carbides, Grain growth has been inhibited at particle boundaries. The same
-20/+40 mesh Homogeneous Metals powder HIP processed at 2300°F, Figure 15,
shows complete elimination of dendrite structure, grain growth and well defined
interparticle films. Additional solutioning of this structure, Figure 16, causes little
change but clearly shows the limiting effect of what are apparently carbides on
grain growth, particularly at particle boundaries. One extrusion billet 3 /4" g x
14" of Homogeneous Metals IN-100 powder was processed at 2300°F, No. 10. The

processing temperature was selected on the basis of expected homogenization as
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shown by previous data. in this case, however, pressure was only 15,000 psi
as opposed to 25,000 psi for No. 4 and 5, Table Ill. The unetched structure
showed some porosity, Figure 17. Solution heat treatment at 2300°F and
1 atmosphere pressure (normal furnace operation), of the 2300°F, 15,000 psi
compact generated numerous voids at particle boundaries, Figure 18. This
data clearly showed for the first time a significant effect of HIP process pressure
on interparticle bonding since higher pressure bonding (25,000 psi) of the same
type of powder showed no void generation on heat treatment. Cause of this
behavior is suspected (but not yet proven) to originate in residual gas content
of the compact or the powder due to the hydrogen gas used in the atomization
process.] In brief summary, HIP processing of IN-100 powders has indicated
that besides oxygen content, which has been established as a "fundamental
measure of purity, both carbon and "other" gas levels warrant future detailed
investigation.
b. VM-300

Figures 19 and 20 (No. 6 and 7, Table lll) show structures of the
first hot isostatic pressings made of coarse powder VM-300. The 2300°F pressing,
Figure 19, shows no traces of particle boundaries and a high degree of homogeneity,
but a few oxide inclusions which have persisted in VM~-300 coarse powder. The
2000°F pressing, Figure 20, shows traces of interparticle becundaries. In maraging
steel, coarse prior austenite grain size may decrease fracture toughness but if

the HIP compact were to be further worked, it would appear that 2300°F would be

a preferred pressing temperature. Fine powder VM-300 made by the Homogeneous
Metals "vacuum" process was hot isostatically pressed at 2300°F (No. 11, Table 1)
for an extrusion billet. This structure, Figure 21, shows no evidence of banding2
but a coarse martensite indicating large prior austenite grain size. A fourth HIP
compact for extrusion (No. 13, Table Ill) was made by VM-300 using Nuclear

Metals rotating electrode process powder. Figure 22 shows the structure which

-

]Semi-Annual Technical Report No. 1, Task |, Introducticn.

L 2Semi-AnnuaI Technical Report No. 1, Task Ill, Figures 1 & 2.
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has no detectable particle boundaries, excellent homogeneity and again a
coarse martensite structure reflecting probable large prior austenite grain

size due to the 2200°F pressing temperature. The martensite structure of steam
atomized coarse powder pressed at 2300°F (Figure 19) is finer than that

of the two commercial powders, Figures 21 and 22. This may be due to grain
boundary pinning by inclusions. For competitive powder processes structure

coarsening in HIP processing might be used as a "purity" indicator.

c. Cobalt Alloys

Figures 23 and 24 show the first HIP compact of steam atomized
Mar M 509 (No. 8, Table Ill). Prior particle boundaries are identifiable as
carbide free curved bands. This effect may originate in decarburiza‘ion during
atomization in an oxidizing atmosphere. Compositions of the cobalt base alloys
are given in Table V. In the case of Mar M 509 "+' (No. 9, Table Ill) prior
particle boundaries are outlined in some areas by both oxide inclusions and
voids, Figure 25. This finding indicates ti:cit a powder must be cleaned more
stringently and that a temperature > 2175°F should be used in HIP processing.
Incipient melting for Mar M 509 occurs at #»2350°F which establishes an upper
limit for HIP processing unless liquation is purposely desired. Mar M 509 was
pressed at 2300°F in billet form (No. 12, Table Il1) for extrusion. Figure 26 shows
the as pressed microstructure. Prior particle boundaries are less evident in this
structure than in Figure 23. A cobalt~hafnium coarse powder was HIP processed
for an extrusion billet (No. 14, Table Ill). In this case a poor structure with
voic's resulted, Figure 27. Process temperature was 2100°F. Higher temperature,
pr:rthaps ~ 2300°F, clearly is required. A final billet of Mar M 509 "+" was
processed (No. 15, Table Ill). Structure is shown in Figure 28. Voids at (see
Figure 28 ) the particle boundaries indicate that the process temperature of
2100°F was too low. The total experience witi cobalt base alloys to date indicates
that HIP process temperature should be ~ 2300°F tcr 15,000 psi minimum pressure

and 1 hr. minimum dwell time.



1

-13-

In the cobalt alloys the preference of carbides for intragranular sites
apparently has prevented continuous carbide film formation at particle boundaries
during hot isostatic pressing, see Figure 24, for example. This behavior is
in direct contrast to that of what are assumed to be carbides in the IN-100
HIP compacts Figures 11, 13, 14, 15 and 16 where interparticle films are
prevalent. In cast or wrought nickel base alloys, carbide films are undesirable
and may lead fo loss of ductility and decreased rupture life .] Powder compacts
of cobalt base alloys may ultimately prove to have advantages in certain applications
because of this freedom from interparticle carbide film formation.

4.  Extrusion Runs

A summary of all extrusion runs is given in Table IV. In the case of
direct extrusion of powder,canning was done in evacuated and sealed mild
steel tubing. For HIP billets, the solid billet was in some cases provided
with a mild steel tubular sleeve to bring the billet diameter to the working
range of the exirusion press liner. Structures of the exirusions are discussed
below.

a. IN=100

One HIP compact (No. 10, Table Ill) was extruded. Porosity which
was apparent in the HIP compact (Figure 17) persisted through extrusion, Figure 29,
Porusity is again primarily at particle boundaries. With this particular powder
(Homogeneous Metals - 20 mesh) full density by HIP processing clearly appears
desirable before extrusion.

b. VM-300

Steam atomized and cleaned coarse pov.der was direct extruded
early in the program, No. 3, Table 1V. Structure is shown in Figure 30.
Reduction was 10.5 x in extrusion and proved insufficient to eliminate all
porosity (upper right, Figure 30). The first HIP compact of VM-300 extruded
was No. 5, Table IV. Compared to the HIP structure, Figure 21, the exiruded
structure shows substanticl grain refinement. As in the HIP structure, banding

has been eliminated, and no clear evidence of particle boundaries is present.

R. F. Decker, Strengthening Mechanisms in Nickel Base Superalloys. Market Development
Dzpt., International Nickel Company, 1969, pg. 15-19.
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This material unfortunately proved to be contaminated with a second alloy
powder. Direct powder extrusion, No. 6, Table IV, of the same Homogeneous
Metals -20 mesh, VM=-300 powder as above shows, beside the unfortunate con-
tamination, some evidence of prior particle bcundaries, Figure 32. These
boundaries are indicated as faint lines of co-linear grain boundaries and may
be seen more easily by viewing micro at a low angle along the extrusion
direction. Extrusion of a HIP compact of Nuclear Metals Powder, No 10,
Table 1V and a billet of the same po wder uncompacted, No. 11, Table 1V,
shows improved elimination of particle boundaries in the HIP compact after
extrusion, Figure 33 vs Figure 34. The particle boundary structure may prove
to have significant effects on fracture toughness and transverse properties
of high strength alloys such as VM-300.

c. Cobalt Alloys

Three cobalt alloys were extruded, each after HIP compaction.

Mar M 509, No. 9, Table IV, Figure 35 showed break-up of the coarse pawder
dendrite structure, shown in Figure 26 after hot isostatic pressing. The extruded
structure appeared void free. At 500X, Figure 36, the extruded structure is
totally different than that of conventional cast Mar M 509.I Chinese script
and lamellar eutectic carbides have been replaced completely by spheroidal
carbides. The extruded structure is surprisingly analogous to those of carbide
dispersion strengthened cobalt base tool alloys produced by atomization and
studied by Reen.2 The second HIP compact extruded was coarse powder cobalt-
hafnium alloy, No. 12, Table IV. In this case porosity was known to exist in

the HIP compact but it was assumed extrusion would eliminate it. Figure 37 shows

IA.M. Beltran, C. T. Sims, and N. T. Wagenheim, The High Temperature Properties of

Mar-MAlloy 509. Journal of Metals, September 1969, pg. 39-47.

2Reen, O. W., Development of Dispersion-Hardened Cobalt-Base Cutting Tool Alloys

from Atomized Powders, Modern Developments in Powder Metallurgy, Vol. 2, Ed.
H. H. Hausner, Plenum Press, N. Y. 1966, pg. 182-201.



-15-

a large void in the extruded bar. This finding suggests preference for full
densification by HIP processing of cuarse powder before extrusion, since
extrusion does not necessarily close all voids. A HIP billet of Mar M 509 "+"
(see Table V for composition) was extruded, No. 13, Table IV. The extruded
structure, Figure 38, shows oxide stringers and in some cases associated voids.
These appear as black stringers and indicate requirement for greater cleaning

of powder .

. CONCLUSIONS

Significant findings from the program for production of solid bars from rapidly

quenched liquid metals includ e the following:

1.  Steam atomization at its present stage of development can be uted

successfully for cobalt base alloys.

2.  The effects of impurities on the bonding of metal powder particles in
hot isostatic pressing and extrusion are generally harmful with mechanisms
depending on the alloy system. Aside from oxygen, hydrogen, carbon,
and probably nitrogen may have detectable effects at povsder particle

boundaries.

S D —

3.  Extrusion does not necessarily close all voids in a powder or HIP billet.
This finding suggests that the best process route for solid material production

requires full densification by hot isostatic pressing before extrusion. !
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Figure 1.

IN-100. Heat No. 199, as atomized, steam.
IX.

VM-380. Heat No. 218, cleaned 5 cycles
+1600°F H, anneal. Size fractions |. to r.
-4/+5, -8/+10, -16/+18, and -25/+30. 1X.



po——
i

—

- Jo-

Figure 3.  VM-300. Heat No. 218, -4/+5 mesh (4.3 mm)
unetched |, etched r. Dendrite arm spacing
~ 6.4 microns. 500X.
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Figure 4. VM-300. Heat No. 218, -8/+10 mesh (2.0 mm)

unetched |, etched r. Dendrite arm spacing
~ 6.6 microns. 500X.
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Figure 5 VM-300. Heat No. 218, ~16/+18 mesh (1.0 mm)
uneiched |, etched r. Dendrite arm spacing
~ 6.6 microns, 500X.

Figure 6. VM-300. Heat No. 218, -25/+30 mesh (0.6 mm)
unetched |, etched r. Dendrite arm spacing
~ 5.2 microns. 500X.
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Figure 7.  Cobalt-Hafnium Alloy. Heat No. 185 as
atomized, no melt additions, left. Heat No. 217,
cleaned, Si & B melt additions, right. 1X.

Figure 8. Cobalt-Hafnium Alloy. Heat No. 185, left
D.A.S. ~ 3.1 microns; Heat No. 217 right,
D.A.S. A 2.8 microns. Etched 500X,
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Figure 9. IN-100. Federal Mogul, -60 mesh. HIP @

2]00°F, 15,000 psi, 2 hours. As pressed.
Etched. 500X.

Etched. 500X.




——

— r—— ey
| SN | S | S ——

| —

I

- 34-

Figure 11.

Figure 12,

IN- 100 Federal Mogul -60 mesh. HIP @
2320°F, 29,500 psi, 2 hours. As pressed.
Etched. 500X.

IN-100. Homogeneous Metals, -20/+40 mesh.
HIP @ 2000°F, 25,000 psi, 2 hours. As pressed.
Etched. 500X.
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Figure 13. IN-100. Homogeneous Metals, ~20/+40 moesh.
HIP @ 2000°F, 25,000 psi, 2 hours + 2100°F
solution, 4 hours. A.C. Etched. 500X.

Figure 14. IN-100, Homogeneous Metals, -20/+40 moesh.
HIP @ 2000°F, 25,000 psi, 2 hours + 2200 F
solution, 4 hours. A.C. Etched. 500X.
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Figure 15. IN-100. Hgmogeneous Metals, -20/+40 mesh.
HIP @ 2300°F, 25,000 psi, 2 hours. As pressed.
Etched. 500X.

Figure 16. IN-100. Hgmogeneous Metals, -20/+40 mesh.
HIP @ 2300°F, 25,000 psi, 2 hours + 2200°F’
solution, 4 hours. A.C. Etched. 500X.
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Figure 17. IN=100. Hgmogeneous Metals, -20 mesh.
HIP @ 2300 F, 15,000 psi, 1 1/4 hours. As
pressed. Unetched. 100X.
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Figure 18. IN-100. Homogeneous Metals, -20 mesh.
HIP @ 2300°F, 15,000 psi, 1 1/4 hours +
2300°F solution, 4 hours. A.C. Unetched.
100X .
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Figure 19. VM-300. IQAT 136, -4/+14 mesh. Cleaned.
HIP @ 2300°F, 25,000 psi, 2 hours. As pressed.
Etched. 100X.

Figure 20. VM-300. IQAT 137, -4/+14 mesh. Cleaned.
HIP @ 2000°F, 25,000 psi, 2 hours. As pressed.
Etched. 100X.
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As pressed. Etched.
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Figure 23. MAR M 5096 IMT 111, -8/+14 mesh, cleaned.
HIP @ 2175°F, 15,000 psi, 1 hour. As pressed.
Etched. 100X.

Figure 24, MAR M 5096 IMT 111, -8/+14 mesh, cleaned.
HIP @ 2175°F, 15,000 psi, 1 hour. As pressed.
Etched. Interparticle boundaries. 500X.
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Figure 25. MAR M 509 "+", |MT°] 12, ~8/+14 mesh,
cleaned. HIP @ 2175°F, 15,000 psi, 1 hour.
As pressed. Etched. 100X.

Figure 26. MAK M 5096 IMT 111, -4/+8 mesh, cleaned.
HIP @ 2300°F, 15,000 psi, 1 hour. As pressed.
Etched. 100X,
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Figure 27, Cobalt-Hafnium Alloyé IMT 217, -4/+14 mesh,
cleaned. HIP @ 2100°F, 14,500 psi, 1 hour.
As pressed. Etched. 100X.

Figure 28. MAR M 509 "+', IMTO'I 12, -4/+8 mesh,
cleaned. HIP @ 2100°F, 14,500 psi, 1/2 hour.
As pressed. Etched. 100X.
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Figure 29,

Figure 30.
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IN-100. HIP compact lBlo. 10, Table I11.
Extruded 14.3 x @ 2000°F. As extruded.
Longitudinal section. 100X,
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VM-300. IMT 148. -4/+35 mesh, cleaned and
Hpannealed. Extruded 10.5 x @ 2050%F. As
extruded. Longitudinal section. 100X,
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Figure 31. VM-300. HIP compact L\lo. 11, Table III.
Extruded 14.3 x @ 2000°F. As extruded.
Longitudinal section, 100X,

Figure 32. VM-300. HomogeneousoMefals. - 20 mesh.
Extruded 14.3 x @ 2000°F. As extruded.
Longitudinal section. Etched. 100X,
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Figure 33. VM-300. HIP compact (I)\lo. 13, Table Iif.
Extruded 11.5 x @ 2000 F. As extruded.
Longitudinal section. Etched. 100X,

Figure 34. VM-300. Nuclear Metals, -35 mesh. Extruded
11.5 x @ 2000°F. As extruded. Longitudinal
section. Etched. 100X.
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Flgure 35. MAR M 509. HIP compact No. 12, Table Hi.
Extruded 15.2 x @ 2000°F. As extruded.
Longitudinal section. Etched. 100X.
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Figure 36. MAR M 509. HIP compact No. 12, Table III.
Extruded 15.2 x @ 2000°F, As extruded.
Longitudinal section. Etched. 500X,
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Figure 37. Cobalt-Hafnium Alloy. HIP compact No. 14,
Table 11, Extruded 16 x @ 2000°F. As
extruded. Longitudina!l section. Etched. 100X.

Figure 38. MAR M 509 "+*, HIP compact No. 15, Table !II.
Extruded 11.1 x @ 2000°F. As extruded. Longitud-
inal section. Etched. 100X,
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TASK II - SOLIDIFICATION RESEARCH

by

P. A. Joly
R. G. Riek
R. Mehrabian
M. C. Flemings

ABSTRACT

The effect of a wide range of cooling rates (0.1 to 105°C/sec)
on the dendritic structure of Maraging 300 alloy is determined, and
the relationship d = 39€=0.25 petween secondary dendrite arm spacing,
d, and cooling rate, €, is established. Structures of atomized pow-
ders of Maraging 300 and IN-100 alloys are studied. Cgoling rates
during atomization of Maraging 300 alloy are 102 to 10°°C/sec with
resulting secondary dendrite arm spacings of 5 to 12 microns, in parti-
cles of 0.5 to 4.5 mm in diameter. A heat flow analysis is given to
predict solidification time during atomization.

A method for rapid solidification of rods of Maraging 300 and
In-100 alloys is described. Dendritic structures and measured secon-
dary dendrite arm spacings of these rods are presented. In 5/16" by
5/16" cross section rods of Maraging 300 and IN-100 alloys, the largest
secondary dendrite arm spacings are 15 and 17 microns respectively.

A process for consolidation of the rapidly solidified rods into
billets is developed which entails nickel plating the rods before
hot extrusion. Mechanical properties of samples machined from con-
solidated billets are as high as 276 ksi U.T.S., 268 ksi Y.S., 467
reduction in area, and 6.5% elongation. It is proposed that continu-
ously cast small cross-section rods of Maraging 300 or IN-100 alloys
could be used as an alternate starting material to obtain sound large
billets with very fine segregate spacings.
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INTRODUCTION

In the first year of this program, Task II (solidification
group) has conducted research on heat flow, microsegregation of mar-
aging 300 and IN-100 alloys and on consolidation of rapidly solidi-
fied rods of maraging 300 alloy. The general aim of the program has
been, (a) the study of heat flow and structure of the atomized parti-
cies (flakes, droplets, pellets) produced at IMT, (b) the production
of rapidly solidified rods of metal alloys, (c) the study of consoli-

dation of these rods by hot extrusion or hot gas isostatic pressing.

Specific aspects of the work have included:

1. Determination of the relationship between cooling rate and secondary
dendrite arm spacing for maraging 300 alloy.

2. Detailed study of heat flow and metallography of atomized powders
of maraging 300 alloy and the effects of atomization medium and temp-
erature on their structure,

3. Development of melting and casting techniques for rapid solidifi-
cation of rods of maraging 300 and IN~100 alloys.

4. Study of bonding characteristics of the rapidly solidified rods
during consolidation into billets by hot extrusion and hot gas iso-
static pressing. Finally, measurement of mechanical properties nf

these consolidated billets.
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1. EFFECT OF COOLING RATE ON STRUCTURE OF MARAGING 300 ALLOY

Coo'ing rate during solidification has a pronounced effect
on cast structures, particularly on fineness of dendrite structure
and of associated inclusions and microporosity. In order to ascer-
tain the influence of processing variables on cooling rates and
solidification structures of maraging 300 alloy, the following
study was undertaken.

The effect of cooling rate on secondary dendrite arm spacing
over a wide range of cooling rates, 0.1°C/sec to 105°C/sec, was
determined., The various cooling rates were obtained by levitation
melting and casting of small droplets (1 to 2 grams), unidirectional
solidification of a 2.5 Kg. ingot, and vacuum melting of 700 grm

charge in an alumina crucible and fuinace cooling.

Levitation Melting and Casting

Figure 1 is a sketch of the levitation melter and associated
apparatus. The details of thié apparatus have previously been des-
cribed(l). Droplets of the maraging 300 alloy were levitated inside
the glass tube in an atomosphere of helium. The temperature of the
droplets was continuously monitored using a two-color optical pyro-
meter. The molten levitated droplets were solidified and cooling

rates measured using the following techniques:
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(a) Gas Quenching. With sufficiently high flow rates of

hydrogen or helium, droplets were solidified while levitated.
Measured cooling rates, via the two-color optical pyrometer were

of the order of 1 - 15°C/sec.

(b) 0il Quenching. Somewhat higher cooling rate was ob-

tained by 1iquid quenching. The liquid quench tank was placed

where the splat cooler is shown in Figure 1; the power to the levi-
tation coil was turned off, and the charge dropped through the plastic
seal into the liquid. A cooling rate of 140°C/sec has been calculated
for oil quenching(2).

(¢c) Chill Casting. Chill castings in a copper mold with plate

shaped mold cavity of 0.08" thickness, inserted in the turntable in
the enclosure in Figure 1, were made and cooling rates on the order
of 103°C/sec were measured as previously described.(l)

(d) Splat Cooling. Maximum cooling rates (on the order of
1050C/sec) were obtained using the hammer and anvil type splatter
shown in Figure 1. The details of this technique have again been

described elsewhere(l).

Unidirectional Casting

A 2" by 2" by 5" tall unidirectional ingot of maraging 300 was
cast using a composite mold of C02 sand and insulating molding mater-
ial, fiberchrome. A water-cooled stainless steel chill was located

at the base opening of the mold. Thermal measurements were made by
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utilization of four Pt-Pt/10% Rh silica shielded thermnocouples located
along the length of the ingot mold. Measured cooling rates and sec-
ondary dendrite arm spacings at different locations in this ingot

are shown in Figure 2.

Vacuum Melting and Furnace Cooling

Several specimens of maraging 300 alloy weighing appreximately
700 grams were vacuum melted in an alumina crucible in a Balzer fur-
nace. These samples were solidified inside the crucible by decreas-—
ing tiue power input to the furnace at different rates and temperature
profiles were recorded with a Pt-Pt/10% Rh thermocouple inserted in
the melt, Results of cooling rates versus dendrite arm spacings are
again shown in Figure 2.

The mi~zrostructure of maraging 300 alloy is shown qualitatively
to be refined by increased cooling rates in Figure 3. Figure 2 is
a plot of the secordary dendrite arm spacing versus cooling rates.
Secondary dendrite arm spacing varies linearly with cooling rate on
this log-iog plot over the range of cooling rates studied. Equation
of the experimentally determined relutionship is:

d = 396—0.25

where d is secondary dendrite arm spacing in microas and € is the cool-

ing rate dT/dt in °C/sec,
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2. ANALYSIS OF STRUCTURE AND HEAT FLOW OF ATOMIZED POWDERS

During the course of this investigation, several batches of
atomized coarse powder samples of maraging 300 alloy were received
from IMT. A detailed study of the structures coupled with data
developed in the prcvious section have facilitated a simple heat

flow analysis during atomization.

Structure of Atomized Powders

The structures of steam, argon, nitrogen, and vacuum atomized
powders were evaluated using fineness of dendritic structure and
porosity as criteria. Table I shows the different series of coarse
powders received from IMT and Table II and Figure 4 give results of
measured secondary dendrite arm spacings versus diameters of atomized
powders, The results show that:

(a) average secondary dendrite arm spacings increase with increas-

ing size of atomized powders,

L
]

(b) 1in the maraging 300 alloy, different types of dendritic mor-
phologies were observed: (i) some of the steam or gas
atomized powders show many colonies of dendrites, whose
primary axis is perpendicular to the surface. This type of
morphology corresponds to a high rate of heat extraction due

to good heat transfer at the surface of the droplets during
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atomization, Figure 5. (ii) A second type of dendritic morphology
observed is showa in Figure 6. The center of the dendrite arms
appears to be white, indicating high nickel content. This same type
of structur: hag previously been observed in undercooled specimens
of Fe-257Ni alloys(3). (iii) In steam atomized coarse powders, there
is a tendency towards a duplex dendritic structure, Figure 7. The
finer dendrites are on the outside layer of the pellevs and the
coarser on the inside. It appears that these larger pellets were
only partially solidified during flight; thus the finer spacings cn
the outside edges of the sam:‘’es. The coarser structures m.st have
resulted from quenching in the water bath below. The steam formation
around each pellet in the water bath must cause a reduction in the
heat transfer coefficient, bence the coarse structures. (iv) A typi-
cal structure of a vacuum atomized powder of maraging 300 alloy is
shown in Figure 8.

(c) In general, steam atomized powders exhibit a larger amount

of gas porosity than argon atomized powders, Figure 9.
(d) Figure 10 shows a typical structure of vacuum atomized pow-

der of IN-100 alloy.

Effect of Atomization Medium on Secondary o A.S.

A careful examination of secondary D.A.S. measurements of maraging
300 alloy in Heats No. 30-137, 30-147, 30-148, 30-172, 30-173, 30-174,
and 30-176 shows that there is no direct correlation for a given size

particle between the three atomization media used and resulting dendrite
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arm spacings. As example, Table III gives the values of measured
secondary D.A.S. for droplets in the size range -16/+18 quenched in
three different atomization media.

On the other hand, vacuum atomized droplets of maraging steel,
obtained from Homogeneous Material, have slightly larger secondary
D.A.S. than steam, argon, or nitrogen atomized droplets of the same

size range, Table II,

The slower cooling rates obtained in vacuum atomization is due
to the absence of convective heat flow. Even though convective heat
flow is only a small part of the overall heat flow process in atomiz-
ation, it does manifest itself by the larger segregate spacings of

powders atomized in vacuum,

Effect of Tap Temperature on Secondary D.A.S.

There is a definite relationship between tap temperature and
secondary dendrite arm spacings, especially for the coarser particles
as shown in Figure 11. Lowering tap temperature leads to finer den-

drite arm spacings.

Heat Flow During Atomization

Newton's Law of cooling for a spherical droplet with "h controlled"

heat transfer is written:

BACT - T) = ¢ oviak (1)

<~
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where: To = medium temperature, °c
T = temperature of droplet, °c
A = area of the specimen, cm2
V = voluie of the specimen, cm3
p = density of the specimen, gcm“3
-lo.~1
Cp = specific heat of the specimen, cal,g” C
h = heat transfer coefficienti radiation plus
convection, cal.cm2sec.~loc-1
dT/dt = € = cooling rate at temperature T,

OCsec.”

Using the above expression, a value for the combined heat trans-
fer coefficient of raliation and forced convection during atomization
may be calculated from cooling rates obtained from Figure 2, using
measured secondary dendrite arm spacings of atomized droplets. For
example, measured secondary dendriie arm spacing of an atomized drop-
let, of maraging 300 alloy lmm in diameter, is about 7 microns, Figure 4.
From Figure 2 we can estimate a corresponding cooling rate of 103°C/sec
during atomization. Using the values of heat capacity and density, of
Fe-257 Ni alloy* and atomization temperature of 1500°C, the value of h

= 0.0095 cal/cmzsecoc is calculated.

* For Fe-25% Ni alloy, the following values have been reported (1,2):
C. = 0.107 cal/g C, p = 83/cm3, Latent heat 8f fusion, H = 72 cal/g,
aRd thermal conductivity, k = 0.115 cal/cm.sec C.
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Ranz and Marshall (4) in studies of forced convection around a sphere

derived the following equations for the Nusselt number, Nu:

Nu = 22 = 2.0 + 0.6 \/Re pr2/3 (2)
f
C u
where: Prandtl number Pr =C{%—)
f
and Reynolds uumber Re = _Dvpf
Ug

"f" refers to propertieé of the film around the sﬁhere.

D = diameter of sphere, cm

v = velocity of fluid stream away from sphere,
cm.sec™l '

= viscosity of fluid film, poise

£ = thgfgallconductivity of flﬁid film, cal.sec-1
cm KT .

(o]
o
[]

specific heat of fluid'film;ﬂcai.grm,
h = heat transfer coefficient, cal.?_cr.x-zsec-]'OC-1

p; = demsity of fluid film g e

Assuming a velocity of 80 cm/sec during steam atomization and a
droplet diameter of lmm ,calculated value of heat transfer coefficient

Zeecloc™l mnis value of

from equation (2) is 0.9 x 10"3 cal. cm “sec
heat transfer coeffirient is in good agreement with that calculatéd.in
the previous page using data obtained from Figure 2 and equation (1’;:
Solidification times can also be calculated from the informétion
available. Cooling rates of the order of 103°C/sec were obtained in

the thin plate chill castings made from molten levitated droplets.

-loK-l-_--
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These measurements were made by embedding a small Pt-Pt/10% Rh
thermocouple (No. 38 wire) in the side of the plate casting. The
output was recorded on an oscilloscope giving cooling curves over

a temperature range of 1425°C to 1300°C. I' is assumed that the

rate of heat extraction during solidificaticn is equal to the rate
of heat extraction over this temperature range. A heat balance for
the "h coitrolied" heat flow is made and solidification time computed

from: = d—T = —v—-—
q CppV T Hp — (3

f

where dT/dt is measured cooling rates in the temperature range above,

in the solid, and tf = golidification time, seconds, thus

te =@/ &F )

Using the predicted coolzng rate of 103°C/sec for & lmm
droplet of maraging 300 alloy, a solidification time of tf = 0.67
seconds is calculated from equation (4).

A second method of predicting solidification time theoretically
has been outlined in a recent publication by Szekely and Fisher(s).
They have considered solidification of a metal droplet due to thermal
radiation alone. A ve:y simple asymptotic solution is given, which is

valid for the size range of atomized droplets under consideration here.

The equations of interest are:

2R/D = (1 - ct)l/3 5)
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C=-Sa Ty - (1, + 219" (6)
where: Tmp = melting temperature of droplets,OC
R = position of the solidificatiorn front, cm
D = diameter of droplet, cm
¢ = Boltzmann's constant = 1.35 x lo—zcallcmzsec.K4
E = total emissivity of the droplet
Te = temperature of the environment, °k

When 2R/D = 0.28, 98% of the spherical droplet is solidified. Therefore,
we have used this ratio and an emissivity value of 0.5 in our caléula—
tions, with all other data same as above.

The calculated value is C = 0.7 sec—1 and the resulting solidi-
fication time tf = 1.4 seconds, This calculated value is twice as
large as that estimated from measured dendrite arm spacings and cooling
rates. However, considering the fact that only heat flow by radiation

is considered here and the uncertainty of the data used, the discrepancy

is acceptable.

ol TN
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3. MELTING, CASTING, AND STRUCTURES OF RAPIDLY SOLIDIFIED RODS

(a) Meltiﬁg and Casting

The starting material for melting and casting was maraging 300
and IN-100 alloys purchased in rod form. The castings were prepared
in a Balzer VSG 10 vacuum induction unit with a 30 KW, 10 KC power
source. A set of copper chill molds were designed and constructed to
fit in this furnace. Figure 12a shows the melting and casting arrange-
ment inside the Balzer furnace. Figure 12b shows a section of the mold
used in casting of rapidly solidified alloy rods of 5/16" by 5/16" by
5" long. The charge was melted in an alumina crucible, vacuum degassed
and poured at 175°C superheat. Temperatures were recorded using a Pt/
Pt-10%Z Rh the.mocouple which was shielded in an alumina protection tube.

(b) Structures

The cast product in each heat was a set of 6 rods. The structures
of these rods were examined in detail and secondary dendrite arm spacings
measured. Figure 13 shows the cross-sectional structure of a rapidly
solidified rod of maraging 300 alluy. Figures "4 and 15 show the measured
secondary dendrite arm spacings along the small dimension of the rods of
maraging 300 and IN-100 alloys respectively. OCur results show that chill
cast rods of maraging 300 and IN-100 alloys exhibit secondary dendrite
arm spacings cousistently less than 15 and 17 microns, respectively.
These fine structures are comparable with. etructures of coarse powder

obtained from the atomization process.
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4. BONDING CHARACTERISTICS OF RAPIDLY SOLIDIFIED RODS AND MECHANICAL

PROPERTIES OF BILLETS CONSOLIDATED FROM THESE RODS

“The as cast rods of maraging 300 alloy were machined to remove
surface imperfections and polished down to 600 grit p~per. Three billets
were consolidated, each from a set of 12 rapidly solidified rods. These
three billeté were processed using the following techniques:

(1) The as <cast rods were polished, canned, and hot isostatically
pressed.

(ii) The as-cast rods were polished, nickel plated, hot isostatically

pressed, and finally extruded at 2000°F.
(iii) The as.cast rods were polished, nickel plated and extruded at
2000°F.

Table TV shows the various methods used in consolidation of each
set of rods and subsequent heat treatments of eight tensile specimens
machined from these three billets.

(a) Nickel Plating of Rods

Surface preparation to remove imperfections was done on a milling
machine and all samples were subsequently polished down to 600 grit paper.
Chemical cleaning of surfaces consisted of 5 steps: o

(1) The rods were immersed in an ultrasonic bath of acid solution

of 40% HySO,+ H,0 first as anodes for 10 seconds and subse-
quently as cathodes for 5 seconds at 4 volts.

(i1i) The rods were immersed in an ultrasonic bath of acid solution

of 407% HNO3 + 10% HF + H,0 for 5 seconds at zero voltage.
(ii1i) The rods were immersed back in the ultrasonic bath of (1)
above, as cathodes for 5 seconds at 4 volts.

(iv) The rods were rinsed in deoxidized water for 10 seconds.
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(v) A 0.0002" layer of nickel sulphamate was deposited on the
rods by electroplating.
Rods thus prepared were stored in acetone or freon for subsequent
canning before hot isostatic pressing and/or hot extrusion.

(b) Hot Isostatic Pressing

After surface preparation the rods were wrapped in a mild steel
foil, placed ir a 1/8" thick wall steel can, and surrounded with maraging
300 alioy powder. The material was then degassed at 500°F for 3 hours
to a pressure of 2 x 10 ° mm Hg and sealed in the can.

Two different treatments were used during hot isostatic pressing.
The first unplated set of rods were pressed fo: 1 hour at 2250°F under
30,000 psi pressure of.helium. The next set of rods, which were nickel
plated; were pressed for 1-1/2 hours at 2150°F under 15,000 psi pressure
of helium and subsequently hot extruded.

(c) Hot Extrusion

The two billets that were hot extruded were:
(1) The nickel plated rods that had already been hot isostatically
pressed.

(11) The nickel plated rods that were directly hot extruded.

In each of these two billets the starting material was wrapped in a
mild steel foil placed in Sheloy seamless tubing (1.500" I.D. x 1.975"
0.D.), surrounded by mild steel powder, degassed at 0.1 mm Hg at room
temperature and sealed. The liner and the¢ die used during hot extrusion
were 2.050" and 1.00" in diameter, respectively, giving a reduction ratio
of 4,2,

The billets were heated up to 2000°F for 1/2 hour in an argon

atmosphere and placed on the liner which was heated to 600°F and lubricated
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with Delta 31. The extrusion conditions are reported in Table IV.

(d) Structures and Mechanical Properties of Billets

Cross-sectional structures of billets consolidated from the rapidly
solidified rods were studied to determine the bonding characteristics of
the material in the four different conditions reported. Figure 16 shows
the junctions of rods after consolidation. Figure l6a shows the nonplated,
hcit isostatically pressed material. The cracks observed between the
rods lead to poor ductility in the billets after heat treatment. Figure
16b shows the bonding obtained after plating and hot isostatic pressing.
No cracks were observed between the rods. Figure l6c shows the bonding
obtained after plating and hot extrusion. Finally, Figure 16d shows
the bonding obtained after plating, hot isostatic pressing and hot
extrusion. The width of nickel plating still observable between the
rods decreased significantly after both hot isostatic pressing and
extrusion due to the diffusion of the nickel to the interior of the
rods. Thus it appears that a high temperature homogenization treatment
after consolidation of plated rods would be a method of reducing the
weaker areas between the rods. Finally, the bonds shown in Figure léc,
plated and hot extruded, have a central dark region that seems to be
oxidized. This could be eliminated by canning the rods at high temperatures
and better vacuum conditions, as in the case of the hot isostatically
pressed samples.

Grain size measurements of the billets are reported in Table V.

Hot extrusion reduced the grain size of the maraging 300 alloy from about

1l mm to 10 nicrons.

The mechanical properties of tensile bars machined from the three




4
 V——

—

-64-

billets are reported in Table V. The heat treatment a... consolidation
conditions of each of the samples are reported in Table IV. The noa~
plated rods did not possess any ductility due to existing cracks between
the rods after hot isostatic pressing. Samples Nos. 2, 3 and 6 were
machined from the plated, hot isostatically pressed and extruded rods.
Samples 2 and 3 yielded U.T.S. of 276 and 270 ksd and 48.4% reduction
in area each, respectively. The slightly lower properties of sample
No. 6 from the same billet can be attributed to the different heat
treatment given this sample. Samples machined from the billet smale
of the plated and hot extrude:i rods possessed comparable mechanical
properties as shown in Table V. It appears, from the results obtained
thus far, that the intermediate step of hot isostatic pressing is :un-
necessary in consolidation of plated rods of maraging 300 alloy by hot
extrusion.

Scanning electron micrographs of the fractured surfaces of three
samples taken from each of the three billets are shown in Figure 17.
Figure 17a shows the brittle fracture of the large grained, nonplated,
and hot fsostatically pressed rods. Figure 17b shows the ductile
fracture of the plated and hot extruded sample. Figures 17c and d show
the fractured surfaces of the plated, hot isostatically pressed, and
hot extruded sample at two different magnifications. The junctions of
the rods seam to be the weakest areas in each billet. It appears that
a high temperature homogenization treatment should be included in the
heat treatment cycle to facilitate diffusion of the plated nickel to
the interior of each rod.

Presently research is continuing on the effect of high temperature
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homogenization treatment on the redistribution of the plated nickel
and elimination of microsegregation in the as-cast and consolidated

rods.
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CONCLUSIONS

Secondary dendrite arm spacing in Maraging 300 alloy varies
proportionally to cooling ratc to an exponent of -1/4.

Cooling rates during steam, argon, nitrogen or vacuum atomiz-
ation of powders of Maraging 300 alloy are in the range of

102 to 103°C/sec with resulting secondary dendrite arm spacings

of 5 to 12 microns, in particles of 0.5 to 4.5 mm in diameter.
There 1s no observable difference in segregate spacing for a

given size particle among the three gas atomization media of
steam, argon, and nitrogen. On the other hand, vacuum atomized
powders exhibit slightly larger segregate spacings in the absence
of convective heat flow during atomization.

Lowering tap temperature leads to finer segregate spacings in
coarse powders of Maraging 300 alloy.

Rapidly sonlidified, chill cast, 5/16" by 5/16" by 5" long rods

of Maraging 300 and IN-100 alloys exhibit secondary dendrite

arm spacings consistently less than 15 and 17 microns, respectively.
These fine structures are comparable to structures of coarse
powders obtained by atomization.

Hot extrusion of nickel plated, continuously cast, rapidly solidi-
fied rods of Maraging 300 alloy is an alternate method of producing
sound large billets with fine segregate spacings.

A short high temperature homogenization treatment will be a method
of diffusiny the nickel plating to the interior of the rods and
eliminating microsegregation in the billets.

Samples from a consolidated billet of rapidly solidified rods of
Maraging 300 alloy possess mechanical properties as high as 276 ksi

U.T.S., 268 ksi Y.S., 46X reduction in area, and 6.5% elongation.



L ! i l [ ,‘ i i

i

-67~

REFERENCES
W. E. Brower, Jr., R. Strachan, M. C. Flemings, "Effect of Cooling
Rate on Structure of Ferrous Alloys,' Cast Metals Research Jourﬁal,
V. 6, No. 4,1970, pp. 176-180.
W. E. Brower, Jr., "Solidification-Structure-Fracture Relations
in Inclusion Bearing Iron,'" Ph.D. Thesis, Department of Metallurgy
and Materials Science, Massachusetts Institute of Technology 1969.
T. Z, Kattamis, M. C. Flemings, "Solidification of Highly Undercooled
Castings,' Trans. A.F.S., V. 75, 1967, pp. 191-198.
W. E. Ranz and N. R. Marshall, Jr., Chem. Eng. Prog., V. 48, 1952,
pp. 1l4l1-146, 173-180.
S. Szekely and R. S. Fisher, "On the Solidification of Metal Spheres
Due to Thermal Radiation at the Bounding Surface," Metallurgical

Transactions, V. 1, 1970, pp. 1480-1482.

T LT o)



b

s N s

SE+/0€- ‘0t+/sz- “Sz+/0z- unnoBA === ‘3BR “wojy 00T-NI
Se+/0e- ‘0€+/Sz- ‘sz+/0z- unnoeA -_— I8 WOy W
se+/0e- ‘otg+/cz~
ST+/0Z- ‘8T+/9T~ “OTI+/8= ‘S+/%- weals 4,06L2 9LTI-CE ®  ® m
SE+/0€~ ‘0c+/ST~
ST+/02- ‘8T+/91- *0T+/8- ‘S+/4~= uagoayyu d4,S18¢ ; YL1-0€ D o
SE+/0E= “0E+/SZ- *Sz+/02~
‘8T+/9T~ “OT+/8- "G4/~ uosae 3,0€82 €LT-0¢ 7 o
o 0E+/ST= ‘ST+/9T- OT+/8- ‘S+/9- | uo3ae 4,582 cLT-0¢ woowow
| 0E+/SZ- “STH/9T- *0T+/8- ‘S+/y- weals J4,080€ 8¥1-0¢ “ o ouou
| OE+/ST- 'ST+/9T- ‘OT+/8- ‘S/y- wzas 4,060€ LYT-0¢ N
. 0E+/9T- ‘YT+/21- “S+/y= uoBae 4,0STE LET-0E IAI 00€-hA
9ZTS w._wu.nu.umm no.numnuﬁoum wuzumuwamwm uw.ﬁmm [eTa93em
00T T3uoduy pue LoIlvy oo¢ SurSexey 3o
S13pm0d 251BO) pPazTwoly jo satduey -
I °1qeL
lwml
2 T30 OO /2 O — =} |2 O o o = 3

-89 -

=]



g ety 9 36 | 279 _ _ _— 00T-NI *33W *uoH wnnoey
v €9 §* 7 L%9 g 7oL S S —_— w w  I% “Woh unnoep
M A N 9" 399 | £ 1s9 . S BN AR €° 1 S°8 € 3 1°6 6w 9LI-0E ua8013 TN
; L L
S<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>